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1.0 INTRODUCTION 

This report covers Contract Number F33615-84-C-3229, 
. lfQuantification of the Effects of Various Levels of Several Critical 

Shot Peen Process Variables on Workpiece Surface Integrity and the 

Resultant Effect on Workpiece Fatigue Life Behavi~r.~~ This contract is 

the continuation of a program with a previous contract, 

P33615-83-C-3252, 19Development of a Mathematical Model for Predicting 

the Percentage Fatigue Life Increase Resulting from Shot Peened 

Components, Phase I," final report dated April, 1985. The previous 

contract report was published by the Air Force Wright Aeronautical 

Laboratories in April, 1985 (AFWAL-TR-84-3116). The program is funded 

through the Small Business Innovative Research (SBIR) grant program of 

the U.S. Department of Defense. This effort represents Phase I1 of the 

three-phase effort prescribed by the Federal Small Business Innovative 

Research Act (SBIR) of 1981. 

The purpose of the program is to acquire a statistical data base 

from which a mathematical model of the interaction between various 

materials and various levels of critical shot peen process parameter 

values on fatigue behavior can be established. The objective is for 

this model to predict optimum process parameter values and tolerances 

for specific workpieces of known material chemical and physical 

characteristics and operational environmental conditions. 

Phase I1 of this program continued to address the identification - 
of shot peen process parameters and variables whose quantitative level 

affects workpiece fatigue strength, and the qualification and 

quantification of these effects in several materials that are 



extensively used in transportation vehicle structures. During the 

program, 1148 fatigue specimens were tested in 3 material types, 7 

waterial groups, and 9 material sub groups (per Table 1). 

wi@torically, the published technical literature concerning shot 

peening has pribarily focused on applied research relating to specific 

components or fatigue test specimens of specific materials and the 

benefits obtained from shot peening at specific intensity levels. The 

great majority of technical emphasis brought to bear on toe shot 

peaninq procees has been placed on the magnitude and depth of +he shot 

peen process induced residual stress and other phenomena related to 

the residual stress profile. Little new $nformation was published 

betweep 1945 and t 9 8 0  concerning the pattern of effect on workpiece 

fatigue strength Of varying peening intensities. (See First 

International conference on shet Peening; Paris, 14-$7 Septeplbsr, 

1981, w f ; ; l s n a . )  The effect of varying levels of process variables 

within given inteqsities additionally received little attention in 

applicable specifications (MIL-S-13165B). In recent years, it has 

been generally believed that the fatigue life of shot peened specimensj 

was relatively insensitive to changing levels of ehet peening 

intensity. T h i ~  is witnessed by the large number of technical 

publicqtions relating the effects 00 shot peening at a given intensity 

with no saxplanation qs to the choice of or detailed description of 

pee~ing condition or possible further work identifying the effects of 

other peening conditions. (See First International Conference on Shot 



peening; Paris, 14-17 September, 1981, Publications. See also Second 

International Conference on Shot Peening; Chicago, 14-17 May, 1984, 

&e~rints. See also Second International Conference on Impact 

- Treatment Processes, 22-26 September, 1986, Publications.) In Phase I 

of this effort it was theorized that, while the compressive residual 

stresses induced by shot peening and their depth profile are certainly 

significant factors in developing workpiece fatigue life benefits, a 

highly significant and largely undefined factor, workpiece surface 

integrity phenomena, was involved in achieving the highest possible 

fatigue strength benefits from the shot peen process. The existence 

of this factor is resultant from certain quantitative levels of shot 

peening and causal to the timing and location of primary crack 

nucleation. It was theorized to be a critical factor in determining 

the shot peening process variable levels associated with optimum 

fatigue resistance benefits generated by the shot peening process. 

This metallurgical phenomenon was identified as a specific type of 

process induced surface deformation. It was hypothesized that, for a 

given set of peening conditions, if the extent of process induced 

surface damage were such that it affected the timing and location of 

primary crack nucleation, then it would also affect the amount of 

benefit generated by that set of shot peening conditions. 

Phase I of this program investigated Aluminum Alloy 7075 in the 

T-6 and T-73 condition and evaluated fatigue life at varying levels 

of shot peening intensity. Also tested were the effects on fatigue - 
life of saturation level as a function of Almen saturation level, and 

peening media size at a given Almen intensity condition. The results 

reported in Phase I indicated a strong statistical relationship 



between a shot peqn procegs induce8 surface inteqrity phwomenon 

identified as Peened Surface Extrusion Folds (PSEF) and peening 

intensity, and between PGBF and ohot peened apecimen fatigue I$%. 

(llDevelopment of a Mathematical Model for Predicting the Percentage 

Fqtique Life Increase Resulting frsm Shot Peened Components. - Phase 
, Roger $impson, April, 1985.) BSFP were first ideptified in 

technical literature in the Phase X report and rere described $a the 
lapping of the workpiece surface at the edge of the plastic 

deformaCion olene xeaultant f ~ a m  a shot prrticZe ilapactinq the eurfzlce., 

During Phase I testing, we Pound the sise and depth o0 PSEF had a 

ntotiatfoally eignificrnt ~egativa coxrelation with fsfigqo life. 

(uDwalopment of a Mathelaat ical Nsdlel gar Prediotinq the Peromgage 

Fatigue Life Snqrease Resulting from $hot Peened Csmponents - phase 
I , "  Roger Simpson, April, 1985.) Due t o  thia, significwt attentien 

during Phase IX waa given ts the pffect of varying s h ~ t  peening 

parameter levels on aurface integrity. 

Phase I testing also indloated that ahot peened wsrkpiece fatigue 

life wuld be eignifioantly nore sensitive t~ shwges i n  shat peen 

precess variable Levels than had previously been assumed. It slso 

indicated that large increases in fatigue life @nd rmiuction of 

scatter from the wpeened &ate are paarribls when peening is clesely 

controlled within proceaa variabl~ ranges which are known to produce 

the maximum fatique strength benegits for fhe workpiece chemical and 

physical characteriatica and load environment in peation, 



2.0 PROGRAM SCOPE 

The testing program was executed in eight tasks aimed at 

investigation of the effects of major shot peening process variables 

on fatigue life of several materials. An outline giving the purpose 

and the specific materials investigated in each task is presented in 

the following: 

2.1 Task ;a 

This task was executed as a precursor to the remainder of the 

program. It's purpose was determination of the relationship between 

Almen strip saturation and workpiece saturation as a function of 

workpiece hardness. The materials used were 7075-T6 Aluminum, AISI 

4340 and 0-1 tool steels at various hardness levels. 

2.2 Task 2 

This task involved determination of the effect of Almen intensity 

1. Commerically Pure (C.P.) Titanium 
2. Titanium - 6A1-4V 
3. 2024-T4 Aluminum 
4. 6061-T6 Aluminum 
5. 7075-T6 Aluminum 
6. 7075-T73 Aluminum 
7. AISI 4340 Steel, Airmelt, 20/25 HRC 
8. AISI 4340 Steel, Airmelt, 34/36 HRC 
9. AISI 4340 Steel, Airmelt, 40/42 HRC 
10. AISI 4340 Steel, Airmelt, 48/50 HRC 
11. AISI 4340 Steel, Vacuum Arc Remelt, 48/50 HRC 

on fatigue life in all of the program materials. Namely these were: 

2.3 Task 3 

This task involved investigation of the influen ce on initial 

- surface condition (machined or machined and polished) on fatigue life 

as a function of Almen intensity. The material employed was 7075-T6 

Aluminum. 



2.4 Task I 

This t a s k  involved determination of t h e  e f f e c t  of varying 

workpiece saf;ur.tion level, as defined i n  Task 1, On fa t igue  l i f e .  - - 
Tho wdter ia ls  etnployed ware: 

~ b i s  task involved determinbt$on ~f t h e  influence of impact angle 

of incidence an f a t i g u s  I i f p .  Watgtinls employed were 7073-T73 

2 .6  Task g 

broken p a r t i c l e  content on workpieets fetigue l i f e .  Haterial$ amplayed 

were 7079-T73 Alwinum and AXSf 4340 steel, VAR, 48/50 MRC. 

2.7 Task 7 

Thia t a s k  invalved detartnaninq whether peening media type (glpss 

beads versus a t e e l  shot)  affeOtod fa t igue  l i f e  i n  7075-T73 Aluminum, 

Thio task involved inves)tigating whether an inorease i n  shot  B i z e  

or a crecondsgy tow in t ens i ty  peening after the i n i t i a l  peening would 
% a f f w t  t h e  surface i n t e g r i t y  at: Peened pdrt)s, part ioulaPly 4s re la ted  

Idaterials employed were 7075-T6 and 7Q7J-T73 aluminum. 



3.0 CONCLUSIONS 

3.1 Task 1 

This task determined the relationship between Almen saturation and 

. workpiece saturation as a function of workpiece hardness. 

A distinct positive non linear statistical relationship exists 

between Almen saturation and workpiece saturation as a function of 

workpiece hardness. 

3.2 Task 2 

This task determined the effect of Almen intensity on fatigue life 

in all of the program materials. 

A distinct set of intensity conditions which clearly related to 

the highest fatigue life existed for specimens of all materials tested 

except 4340 Airmelt Steel and Commercially Pure Titanium. This set of 

intensity conditions is referred to in this study as Optimum Intensity 

Range (OIR). In 4340 Airmelt Steel, this pattern, while present, was 

much less clearly identified due to broad fatigue scatter within 

peening conditions. 

The materials where an Optimum Intensity Range was clearly 

identified include: 

1. Titanium 6A1-4V 
2. 2024-T4 Aluminum 
3. 6061-~6 Aluminum 
4. 7075-T6 Aluminum (Polished) 
5. 7075-T6 Aluminum (Lathe Turned Onlv) - .  
6. 7075-T73 ~luminum' 
7. AISI 4340 Steel, Vacuum Arc Remelt, 48/50 HRC 

. There was a consistent interrelationship between failure modality, 

specimen fatigue life and peening intensity. 

In unpeened specimens, all primary crack nucleation was at the 

surface of the specimen gauge section. 

At intensities below OIR, primary crack nucleation was both 

internal and external. 



At intensities within OIR, primary crack nucleatioh was internal. 

At the first intensity condition quantitatively above OIR, Some 

tipeainrqns ha4 internal primary crack nucleation and Born& external. 

There rfaP a reliable trend toward internal primary crack nucleatioil in . 
@pec$,@ens within these conditions to be associated with higher fatigue -z- 

life than external prjmary crack nucleation specimens in the same 

peoril?p aonckitton. 

At intensity aonditions dboVe those described in the preceding 

paragraph, primary oracrk nueleation wae iXternh1. 
In all specimens subjected to failure antilyksis, for all materials, 

and a11 intensity conditions above OfR, where biR was present, primzlry 
Weak nucleation WPP related tr, the pfWefic6 s f ,  hhd emBiiated from, a 

BhQt peening inducsd oum?aoe integrity degradation phehbinenbn referred 

to SO Pesned Surface Frfrusion Folds (PSEF). (nDevelopment a t  a 

Hathematical Hodel f ~ r  Predicting the Pefaentage Fatigue Life fncredae 

Requiting f m m  Bhof Peened C~mponentr .I Phase I," Roger Simpsan, 

&$Xil, lg@S. ) 

Tn 4340 Airmelt Steel, primary ceack nucleation riie aasoi?iated 

with rlumtntdm oxide inelueione in over 90-percent uf specimens 

~ ~ b j e a t e d  to failure analysis. 

Fcr comhercially pure titanium, mean fatigue life af the unpeened 

rpecimehci was higher than the mt4n gatique life 0t  any shot peened 

dondition. 

For colffmeroially pure titanium, increasing peening intensity 

qanBistsntly prodwed mean fatigue life reduction. 

iLxl!cM 
This task investigataed the influenCe of initial surface condition 

on fetigue life as a function of A l m W  intensity. 



Lathe turned only and lathe turned and polished 7075-T6 specimens 

exhibited fatigue life at intensity conditions within their respective 

OIR's that had no apparent difference. 

. There was a substantial difference in the quantitative value and 

pattern of OIR between lathe turned only specimens and lathe turned 

and polished specimens. 

3.4 Task 4 

This task determined the effect of saturation level on fatigue 

life. Some materials showed a distinct pattern of variation in 

fatigue life as workpiece saturation was increased over 100-percent at 

a peening intensity within OIR. These included: 

1. Titanium 6A1 4V 
2. 2024-T4 Aluminum 
3. 6061-T6 Aluminum 
4. 7075-T6 Aluminum 
5. AISI 4340 Steel, Airmelt, 40/42 HRC 
6. AISI 4340 Steel, Vacuum Arc Remelt, 48/50 HRC 

One material, 7075-T73, did not exhibit a distinct pattern of 

variation in fatigue life as workpiece saturation increased over 100- 

percent at a peening intensity within OIR. 

3 - 5  Task 5 

This task determined the influence of impact angle of incidence on 

fatigue life. 

There is a dintinct difference in the fatigue life of both 

7075-T73 aluminum specimens and AISI 4340 steel VAR 48/50 HRC 

specimens when peened at OIR at varying impact angles. - 
3.6 Task 6 

3 This task determined the effect of peening media broken particle 

content on fatigue life. 

Increases in shot broken particle content were consistently 



Bcleeaiated r i t h  decreases i n  Speaimen fa t igue  l i f e  i n  both 7075-Tf3  

afriiairriifi and Af6X 4340 s t e a l  VAR 48/50 fiRc specilAens. 
- 

3.7 Faek 2 . 
'Phis t a s k  deteritlined whether peening media type (glads beads 

vereue et&el ahat)  affected fa t igue  l i f e  i n  7675-T73 Aluminum. 

I%& type a f  shd t  m a d  d id  nut a f f e c t  t h e  fa t igue  l i f e  of Specimens 

peened 6 t  B f R  i n  a r ign i f idan t  manner, 

3.8 Taek 4 
Thier t a s k  e~l tab l i shed  Whether inetaaged shot  s i z e  or a secahdary 

LOU h k e f i ~ i t ~  peening a f f e c t s  spenimen surface i n t e g r i t y  ae it i e l a t e g  

t o  PPtP d t e  and depth a t  a given in tens i ty .  

While specimens peehed r i t h  larger shot  or a 821EbndarV low 

in t ens i ty  peening (yie lding a leis8 oaafae surface f in i sh )  have PSEP 

t h a t  are dearea~led i n  size fof ti given in t ehs i ty  candi t ian,  PSEF depth 

i n t o  the  SPetSimSfi felildifi8 UfichahgBd. 



4.0 GENERAL EXPERIMENTAL PROCEDURES 

4.1 Materi- 

Material selection emphasized two criteria: 

(1) Utilizing materials for which large amounts of information are 

available on strength characteristics, strain rates, and other 

physical properties. 

(2) Materials which are extensively used as structural materials 

in transportation vehicle systems. 

Since the number of material types had to be limited due to 

program cost and time constraints, representative materials from a 

broad spectrum of available materials were chosen to give as broad a 

technical overview as possible. 

The patterns of change in optimum parameter and variable values 

within a given material as material chemical and physical 

characteristics changed was of particular importance to the 

anticipated predictive model that is to be finalized in Phase I11 of 

this effort. 

The following material types were selected for examination (See 

Table 1) : 

1. Precipitation Hardening Aluminum 
2. High Strength Steel 
3. Titanium 

For Task 2, all materials selected were examined. Ti 6A1-4V, 

2024-T4 aluminum, and 6061-T6 aluminum were also selected for Task 4. 

7075-T6 was also selected for Tasks 3, 4, and 8. 7075-T73 aluminum was 

also selected for Tasks 4 through 8. AISI 4340 steel, Airmelt, 40/42 

HRC and 48/50 HRC were also selected for Task 4. AISI 4340 steel, 

Vacuum Arc Remelt, 48/50 HRC was also selected for Tasks 4 through 6. 



analgais. 
- 



4.2 Faticrue Test S~ecimens 

Many variables exist in fatigue testing that can affect results. 

These include, but are not limited to, testing type, testing 

frequency, testing mode, specimen design, etc. For Phase I1 of this 

program, the combination of these factors needed to be minimized in 

terms of inherent testing bias in testing surface related phenomena. 

These criteria resulted in the selection of an axial fatigue test 

specimen as described in Figure 1. 

4.3 Shot Peeninq 

Shot peening was performed on three identical contractor designed, 

computer controlled shot peening machines using parameter tolerance 

controls per Table 2. 

TABLE 2 

SHOT PEENING PROCESS VARIABLE TOLERANCE OUALIFICATION 

TOLERANCE 
PROCESS VARIABLE MIL-S-13165B TEST TOLERANCES 

AIR PRESSURE 
TURNTABLE SPEED 
NOZZLE DISTANCE 
ANGLE OF IMPACT 
NOZZLE ORIFICE DIA. 
MEDIA FLOW 

GLASS BEAD 
STEEL SHOT 

STROKER SPEED 
CYCLE TIME 
ALMEN STRIP 

FLATNESS 
THICKNESS 
HARDNESS 

ALMEN GAUGE 
MOUNTING PLANE 

NOT STATED 
NOT STATED 
NOT STATED 
NOT STATED 
NOT STATED 

NOT STATED 
NOT STATED 
NOT STATED 
NOT STATED 

+/- 0.0015" 
+/- 0.001" 
+/- 3 HRC 

+/- 1.0 PSI 
+/- 0.5 RPM 
+/- 0.25" 
+/- 2.0 DEGREES 
+/- 0.002" 

+/- 0.0001" 
+/- 0.001" 
+/- 1.5 HRC 

Tests were run prior to peening any specimens to establish 
cumulative process tolerance limits. Quantification of the 
relationship of critical process parameters to Almen intensity and 
saturation resulted in establishing the process tolerances in Table 2. 
When maintained within their respective tolerance ranges, variance did 
not affect Almen intensity more than +/- 0.0004" or saturation more 
than +/- 10%. 





Individual test specimens were selected for a given peening 

intensity using a random numbers table to remove selection bias. 

Specimens were subsequently placed in an envelope which was tied 
. 

closed and identified on its face with the specimen identification 

numbers, peening condition desired, specimen material type, the 

percent of Almen saturation necessary to achieve 100-percent workpiece 

saturation per the equation derived in Task 1 and any other pertinent 

processing information. Accompanying paperwork consisted of a shot 

peen process procedure sheet, Almen test strip record sheet, fatigue 

test specimen in-process record sheet and a fatigue test specimen 

peening log. Shot peen machines were calibrated per MIL-STD-45662. 

Shot peen machine setup was inspected daily per MIL-I-45208A prior to 

processing specimens. The contractor's USAF approved MIL-Q-9858 

Quality Assurance System was utilized. In all respects MIL-s-i3165~, 

MIL-G-9954A and MIL-STD-852 requirements were met or exceeded. 

Cast steel shot was pre conditioned before use and conformed to 

MIL-S-13165B Table 1 for sizing throughout specimen processing. Glass 

bead conformed to MIL-G-9954A. Almen test fixtures were machined per 

standard MIL-S-13165B Almen block dimensions and heat treated to 60 

HRC minimum hardness. Specimen holding fixtures were machined from 

Ultra High Molecular Weight polymer. Specimens were peened per the 

contractors Quality Assurance System, in 10-percent or less increments 

of the cycle time necessary to achieve Almen saturation. ("A New 

Concept for Defining Optimum Levels of a Critical Shot Peening Process 

Variable," Roger Simpson, Gordon Chiasson; Second International 

Conference on Impact Treatment Processes, 22-26 September, 1986, 

p.101.) Visual inspection for 100-percent workpiece coverage was 

conducted using a 70X Bausch & Lomb Stereo 7 binocular microscope 



a f t e r  each 10-pereent o r  la$% incrrsshent. F u l l  specimen cuvefaga WaEI 

v e r i f i e d  by e t t  l e a s t  t*o persondel w a l i f i e d  per t he  bahtr&etof-1s 

Quality dri$ulant% Sydtem. After  piersning was dumpleted the  blpeoimen 

wag fmmeaiat&ly placed i n t d  &fi a i r  e igh t  hipecimen tube holdirig an - 

i n d i v i d t d  ipeeiiuttifi. Btebl ~pecimeha were caatad with a 

 st-inhibiting l i g h t  ihisehine 6i1 before baing placed i n  tubes. 

4.4 tvaticflie Teciitiflq 

Fatigue aea t ing  was aeer6ihpliehed a t  t he  o 6 n t r a c t a ~ f i s  f a a i l i t y  arid 

*h@ University sf Wiec6nciin u t i l i a i n g  ieanntaq type mechdnical fa t igue 

teat  maafiinaa, Tnd 1wW fiex p l a t e  i n  *he BX mul t ip l ie r  i n  tests 

66RduBted a t  t h e  U n i ~ d f s i t f t  ef Whe6nsin Was s t r a i n  gauged end 

sa i ib rd ted  &a mdaitsr ibadiwj dufifig eaeh test ueifig an aaei i lsscape.  

A Btf&ifi&XFt Friicicti~ti lrbhd Eel1 Hodel PFL ( i5 ,000#  cerpacity) a r  a 

LebW Free is i sn  u a d  E e l 1  Model 3161 (10, bOO# capacity) i n  ctsnjunotion 

with a ttatfonic Bigtiai Conditianet Model 3370 wag incarparatea in to  

t h e  p u l l  t r a i n  aP fat igim t e s t i n g  st t h e  can t rac ta r ' a  faet i l i ty.  

Patigue tcistirig we& peffoPm~d i n  artial ti%%.ian/tcsnsion mode a t  30 

W* frewefiey with a lead ra t ia ,  R * 6.1. 

f n  BpeCirnefik3 @)t~&fSk t i t a h h ,  p u l l  t r a i n s  were apfing loaded 

t o  fbtrdat t h e  f a i i e d  ep&aim&n h a l ~ a &  and p r w e n t  f r ac tu re  eurfaee 

dariiage. 

The madimum BtfeBa l e v e l  ukiiiw$3 fof rrpeoifio b a t e r i a l  aonditioner 

Wari wkahlieh9d by ke&ihg a t  l ea& Eiix udgezlned sipecirnena. PalfQeted 

ufigteenrsd hdfitrdi fapebimdn f a t i m e  l i f e  Vasl 161),0oo eyelea, with strrels 
ievelg d d j t i ~ t e d  t o  obtaih uhpeead ~ 6 h t f d f  specimen fa t igue  l i f e  near 

t h i s  tartget, A l l  f a t igue  tr~lst inq ysraecadured sanfamed t t s  A S W  

e ~ e e i f i d a t i a ~ e  E-re6 and I%-467. 



4.5 Post-Fatisue S~ecimen Examination and Test S~ecimen Fatique 
Failure Analvses 

Fractography was performed at the contractor's facility utilizing 

- 70X Bausch & Lomb Stereo 7 Binocular microscope and a Quickscan 1000 

anning eiectron microscope; and at the University of Michigan 

utilizing a Hitachi scanning electron microscope. Metallography was 

performed at the contractor's facility utilizing a Bausch & Lomb 

metallograph and at a local materials laboratory utilizing a Hitachi 

metallograph. 

f 

In describing procedures for identifying the surface integrity 

phenomena referred to as Peened Surface Extrusion Folds (PSEF), a 

description of the formative mechanics of PSEF is helpful. 

As each peening shot strikes the workpiece, it displaces 

workpiece material plastically in a radial pattern, centering on the 

impact, assuming 90-degree impact angle. 

At relatively low shot peening intensity levels, even highly 

malleable workpiece materials, such as aluminum or titanium, will be 

deformed such that the peaks and valleys created by overlapping shot 

impingements form a Continuous surface largely uninterrupted by laps 

or folds in the surface. Note the presence of machining marks in 

Figure 2 and the very small surface folds in Figure 3. 

In harder materials, the total amount of plastic deformation is 

lower, much like a Brinnell Hardness Test, for a given intensity with - 
the size of individual shot impact craters and associated radial 

displacement of workpiece material being reduced. In very hard 

materials, the plastic deformation caused by shot impacts can become 

very difficult to see even at high magnification. Note the presence 



FIGURE 2 - 7075-T73 AT 0.0020A 
AT 200X (SURFACE) 

FIGURE 3 - 7075-T73 AT 0.0020A 
AT 700X (CROSS SECTION) 

FIGURE 4 - 4340 STEEL VAR 48/50 HRC 
AT 0.0020A AT 200X (SURFACE) 

FIGURE 5 - 4340 STEEL VAR 48/50 HRC 
AT 0.0020A AT 700X (CROSS SECTION) 



of large machining marks in Figure 4 and the very small surface fold 

in Figure 5. 

Figures 6 ,  7, 8, and 9 illustrate the increasing level of 
= plastic deformation and radial displacement that occurs from the sum 

of many individual shot impact craters as peening intensity increases 

from zero. Note the presence of machining marks in the unpeened and 

0.0020A conditions, and that these machining marks have been 

obliterated in the 0.0040A and 0.0060A conditions. 

At some point, all else equal, as the total energy transferred by 

individual shot impacts increases (i.e., peening intensity increases) 

and the resultant plastic deformation of the workpiece surface and 

associated radial displacement 6f material increases, the material 

associated with the edges of a shot impact crater begins to be 

extruded over surrounding material at the edge of the impact crater 

kim in conceptually much the same way as an ocean wave crests and 

breaks (Figure 1 0 ) .  Note the significant amount of grain flow in, 

near, and under the "wave11 or PSEF. 

These laps were first identified in technical literature in 

"Development of a Mathematical Model for Predicting the Percentage 

Fatigue Life Increase Resulting from Shot Peened Components - Phase 

I, (the initial phase of this prog'ram) and identified as PSEF to 

differentiate them from machine marks and other types of surface folds 

and laps. 
- 

Since Phase I, other literature has focused on the identification 

of qualitative changes occurring in workpiece surface integrity as 

shot peening intensity changes. Of particular interest are the 

excellent photomicrographs in I9Selected Examples on the Topography of 

Shot Peened Metal  surface^,^' W. Kohler, Dornier System GmbH, Third 

19 



FIGURE 6 - 7075-T6 ALUM., UNPEENED 
AT 50X, TOOL MARKS PRESENT 

FIGURE 7 -7075-T6 ALUM. AT 0.0020A 
AT 50X, TOOL MARKS PRESENT 

FIGURE 8 -7075-T6 ALUM. AT 0.0040A, 
AT 50X. TOOL MARKS & PSEF NOT 

PRESENT 
2 0 

FIGURE 9 -7075-T6 ALUM. AT 0.0060A 
AT 50X, PSEF PRESENT 



Internati .onal Conference on Shot Peeninq, 1987. 

In order to facilitate discussion of PSEF identification, several 

definitions are given below: 

PEENED SURFACE EXTRUSION FOLDS (PSEF): 

A lap or fold in a metal surface at the edge of a peening shot 

impact dent or crater caused by the absorption and conversion of 

energy from a peening shot impact into plastic deformation. 

PSEF SIZE: 

The distance from the deepest point of a surface lap or fold 

meeting the requirements of PSEF definition above, to the highest peak 

or edge directly adjacent to, and forming a side of, the lap or fold 

(Figure 11) . 



PSEF 

lap or 

o the fold 

aPPr' 

FIGURE 11 DESCRIPTION OF PSEF SIZE AND DEPTH 

The goals of Phase 11 of the research program did not include 

quantification of size and depth of PSEF: but rather to make 

qualitative judgements as to the size and depth of PSEF associated 

with varying peening conditions. 

Important concepts in examining PSEF's are: 

(1) Shot impacts are not placed in an organized fashion in 

microscopic areas of the workpiece surface. 

22 



(2) One hundred percent workpiece saturation requires 100-percent 

cold working of the surface. 

(3) Due to (1) and (2) above, shot impacts overlap each other. As 

such, PSEF can be seen in metallographic sectioning within 

the radius of another shot impingement (Figure 12). 

(4) PSEF can be hidden from surface examination (Figure 13). 

There are, in fact, certain peening conditions which, while 

yielding surfaces in which PSEF are not visible from surface 

examination, have extensive surface laps and folds meeting the 

requirements of PSEF definition (See Task 8 discussion). 

(5) PSEF need not have significant depth to form enough of a 

stress concentration to nucleate cracks, depending on the 

fracture toughness of the material in question. See Figure 14 

and note the crack emanating from the PSEF on the surface of 

the workpiece in the right side of the photomicrograph. 

Equally important as defining what PSEF are, is defining what 

PSEF are not. PSEF are distinctly different from either the angular 

impingements caused by fractured, angular, or deformed shot particles, 

or surface strain cracking due to prolonged cold work. Figures 15, 

16, 17, and 18 are examples of PSEF photomicrographs in peened 

surfaces. These PSEF are visible from surface examination. 

During testing, PSEF identification for given peening conditions 

and material types was accomplished after fatigue testing by scanning 

electron microscopy examination of the peened surface and transverse 

metallographic sectioning of the specimen gauge section. 

Photomicrographs of PSEFs found were kept as a permanent record. 



FIGURE 13 - 7075-T6 AT 0.0180A, LAP COVERS SEVERE 
SURFACE ANOMALIES 

FIGURE 14 - 7075-T73 AT 0.0060A, ARROW DENOTES 
CRACK EMANATING FROM PSEF 

2 4 



FIGURE 15 - Ti 6AL-4V AT 0.0120A FIGURE 16 - Ti 6AL-4V AT 0.0120A 
PSEF PRESENT, 200X FIGURE 15 AT 1300X 

FIGURE 17 - 4340 STEEL VAR 48/50 FIGURE 18 - 4340 STEEL VAR 48/50 
HRC AT 0.0120A - SEVERE PSEF, 400X HRC AT 0.0120A - SEVERE PSEF, 400X 
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4.7 Failure Analysis 

Each specimen, except those fatigue tested at the University of 

Wisconsin, was examined for failure mode by 50X binocular microscope 

and at least two trained technicians. Where any non concurrence or 

lack of certainty concerning the failure mode existed, specimens were . 
subjected to scanning electron microscopy examination. Of particular 

importance to the Phase I1 effort was the establishment of trends 

associated with primary crack nucleation site characteristics. During 

failure analysis of Phase 11 specimens, the physical structures 

associated with primary crack nucleation fell into three categories: 

(1) Internal -- This failure mode is illustrated by the typical 

photomicrographs of internal failure shown in Figure 19. These 

are representative of the type of intergranular failure found 

in specimens which had internal primary crack nucleation not 

associated with foreign inclusions. 

(2) External -- This category is formed by two sub categories. 
-. 

They are: 

(a) Machine polish or grind marks left over from specimen 

manufacturing. (~igures 20 and 21.) 

(b) PSEF at primary crack nudleation site. Figures 22, 23, 

24, and 25 are increasing magnification photomicrographs 

of the primary crack nucleation site on a 7075-T73 

aluminum specimen. Note the ragged appearance of the PSEF 

edge in Figure 25. 

(3) Inclusion -- This category of failure mode was found strictly 
in AISI 4340 (Airmelt) where aluminum oxide inclusions were 

associated with primary Crack nucleation with one exception, 

that being a submerged carbide inclusion in one specimen of 

AISI 4340 (VAR). Figures 26A and 26B are increasing 

2 6 



FIGURE 19 - 7075-T73 AT 0.0020A AT 20X, INTERNAL 
FAILURE MODE, TYPICAL INTERGRANULAR CONICAL FAILURE 

FIGURE 20 - 7075-T6 UNPEENED, EXTERNAL FIGURE 21 - 4340 STEEL AIRMELT 
FAILURE MODE AT MACHINE MARK, 200X 40,142 HRC AT 0.0060A. EXTERNAL 

FAILURE MODE AT MACHINE MARK - 
PEENING DID NOT OVERCOME RISER 



FIGURE 22- 7075-T73 ALUM AT 0.0140A FIGURE 23- 7075-T73 ALUM AT 0.0140A 
150X, EXTERNAL INITIATION AT PSEF FIGURE 22 AT 350X - PSEF 

FIGURE 24- 7075-T73 ALUM AT 0.0140A FIGURE 25- 7075-T73 ALUM AT 0.0140A 
FIGURE 22 AT lOOOX - PSEF FIGURE 22 AT 1970X - PSEF 
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FIGURE 26A - 4340 AIRMELT STEEL 48/50 HRC AT 0.0080A. 100X. - - 

INTERNAL INITIATION AT 

IRC, FIGURE 27- 4340 VAR STEEL 48/50 
I HRC, 0.0080A, SURFACE INITIATION 

AT CARBIDE INCLUSION, lOOX 



magnification photamicicographs sf an internal aluminum oxide 
. . 

inclueian and the associated fracture lines around it. Figure 
27 @how eubmeiqed Sub surface carbide inclusion 

aeso~lated fracture &in-. 

~silure analysis was accomplished gn various randomly selected 

specimens t t ~ o u g h ~ u t  ecatter ranges and overtiy selected specimens at 

to8 and bottom O f  Scatter ranges until' reliable trends were 
. .. 

established, 



5.0 SPECIFIC STUDY GROUP PROCEDURES, RESULTS, DISCUSSION 

5.1 TASK 1: DETERMINATINON OF WORKPIECE SATURATION AS A FUNCTION OF 

- AMEN SATURATION 

Intuitively, we can recognize that if a workpiece material is 

relatively harder than the standard Almen Strip, workpiece saturation 

will occur later in the blast cycle, all else equal, due to the 

relatively smaller shot impingement diameters in the workpiece. 

Conversely if the workpiece hardness is less than that of the Almen 

Strip, workpiece saturation will occur sooner because of the 

relatively larger shot impingement diameters in the workpiece. 

Tests were performed on 7075-T6 Aluminum, AISI 4340 Steel and Type 

0-1 tool steel to quantify these effects. 

A 3-inch diameter specimen and a peening machine with a large 

cabinet interior were chosen to mitigate against secondary impacts 

markedly increasing the difference between workpiece coverage and 

workpiece saturation. Almen strips were mounted in a 3-inch diameter 

Almen strip fixture (simulating the specimen geometry), 3 inches long, 

such that the outward face of the strip was at the 3-inch-diameter and 

longitudinally parallel to the axis of the cylinder. Nozzle to 

workpiece distance was 10 inches which produced a 7/8 inch diameter 

blast pattern. Speed of rotation of the workpiece was 30 RPM on the 

workpiece cylinder's axis. Nozzle vertical oscillation speed was 12 

inches/minute, 6 inches of total travel. (This rotation - 
speed/oscillation speed relationship was established so as to 

eliminate primary and secondary patterns on the workpiece, and was 
I 



eqlcu&ated to cause less thqn l .degree change in impact angle When . . 
acs~unting for nozzle motion and part rota$ion). The Alpen saturatign 

C & I P ~ .  was established. 

The intensity of peening was 0.0088N +/- 0.00050N. Peening media 

used was 5-70 cast steel shot per MIL-S-13165B Table I. 

Lfter the Almen saturation Curve was established each specimeq 

was peened in 10-percent increments of the time necessary to qchi@vq 

800-percent Almen saturation on a test strip. After each 10-percent 

increment, two individuals independently examined each cylinder to 

determine when 100-percent workpiece coverage first occurred.. 

Twenty-four specimens were peened, four of each material/hardness and 

the time to reach 100-percent on each one was recorded. All RocQgJ1 " 

I!Cv hardnesses (HRc) were converted to the Brine11 scqle (HBN) gq 

facilitate statistical analysis. 

The results shown in Figure 28 clearly indicatd that a s t r ~ n g  

pegitive relationship exists between the relative time to achieve $09-. 

percent workpiece saturation (expressed as a percentage of qlmen strip 

gaf uraf ion time) and workpiece hardness. -. 

Analysis of the data shows a 0.97 explained variance and 4 

~~rrelgtion coefficient of 0.98+. Wth numbers hold statigtical 

gignificance. Actual cycle time for peening specimens of varying - . 
bardpgsses was consistent with the data generated. 



ALMEN SATURATION 
REQUIRED TO ATTAIN 

100 % WORKPIECE SATURATION 

v S 
WORKAECE HARDNESS 

MATERIAL: 

1076-16 ALUMINUM ALLOY 

4340 ALLOY STELL 

01  ma^ STEEL 

FIGURE 28: AMEN SATURATION REQUIRED TO ATTAIN 
100% WORKPIECE SATURATION VS. WORKPIECE HARDNESS 



5.2 TASK 2: FATIGUE . . LIFE VE . , RSUS ALMEN INTENSITY 

The purpose of Task 2 was to identify the statistical 

relationship between changes in Almen pee-nipg intensity and fatigue 

life gor each test material. 
. . 

During Pha~e I testing, it was cJeteqined that, f ~ r  the workpiece 

chemical characteristics and koad type used in testing, as Almen 

intensity was increased from 0 (zero) to 0.0120A1 a distinct set of 

Almeq intensity conditions yielded higher mean fatigue life than 

all other Almen intensities or ranges of Almen intensity. Phase 11, 

Task 2 expanded this. 

5 5 m  
Test data were obtained at a maximup stress condition of 85.3 

ksi. Figure 29 and Table A-1 (Appendix A) present the fatigue life 

versus Almen intensity data. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 

129,000 cycles. As peening jntensity increased, fatigue life 

decreased, with all intensity conditions having lower mean fatigue 

life than unpeened control specimens. 

5.2.2 Ti . .  6AL-4V A 1  lov . 
. . 

~gtigue testing w& dondwted af tba.University of Wisconsin. 

The tegt data were obtained at a maximum stress condition of 140 ksi. 

Figure 30 and Table A-2 (Appendix A) present the fatigue life versus 

Almen intensity data. 

RESULTS 

Uppeened control specimens eyhibited a wean fatigue life of 



*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC L I F E ,  ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX A FOR COMPLETE DATA. 

TEST GROUP : FATIGUE L I F E  VERSUS INTENSITY (TASK 2)  
MATERIAL : TITANIUM fC.P.1 34/36 HRC. I M T  C-0016) .- - - - 

SPECIMEN SURFACE : LATHE T U R ~ ~ E D  &*POL'ISHED (c) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT 1 90 DEGREES 

FATIGUE RESULTS VS. I N T E W T Y .  E E N I N G  PARAMETERS AND FRACTURE SITE 
DETERMINATION FOR TITANIUM ( C . P . 1  
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intensity increased up to about 0.0020A, fatigue life increased. As 

peening intensity increased above 0.0020A, fatigue life decreased. 

Specimens peened at an intensity of 0.0120A, the high end of intensity 

range specified in MIL-S-13165B, exhibited fatigue life below that of - 
unpeened specimens and specimens peened at lower intensities. While 

the low value specimen in the 0.0030A peening condition is believed to 

be an aberration, the testing done at University of Wisconsin did not 

keep fracture faces from contacting each other after failure, and as 

such failure analysis was not possible. 

Based on post peening specimen examination, at the 0.0020A 

intensity condition, PSEF were very small relative to higher intensity 

conditions, or were not visibly present (Figure 31). 

FIGURE 31 Ti 6AL-4V AT 0.0020A AT 200X, 
INSIGNIFICANT PSEF FORMATION 

37 



5.2.3 Aluminum Allov 2024-T4 

Test data were obtained at a maximum stress condition of 47 ksi. 

Figure 32 and Table A-3 (Appendix A) present fatigue life versus Almen 

intensity data. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 

157,000 cycles. The peening intensity condition of 0.0010A had the 

highest fatigue life. Peening conditions above 0.0020A had mean 

fatigue life lower than unpeened control specimens. 

Specimen failure analysis indicated specimens with fatigue life 

above 1,000,000 cycles had internal fracture initiation sites. 

Unpeened control specimens and Specimens treated with intensity 

conditions above 0.b030A indicated surface initiation sites. 

5.2.4 Aluminum Aliov 6061-T6 

Test data were obtained at a Maximum stress condition of 40 ksi. 

Figure 33 and Table A-4 (Appendix A) present fatigue life versus Almeh 

intensity data. 

RESULTS 

Unpeened control Bpecimens exhibited a mean fatigue life of 

239,000 cycles. All peened donditions exhibited narrow scatter band 

ranges. Fatigue life for $11 specimens in the 0.0020A intensity 

condition yielded fatigue lives higher than any other peened or 

unpeened specimehs. All specimens Bt intensity conditions above 

0.0030A exhibited fatigue lives below the Unpeened control specimen . 
mean. 

5.2.5 .Aluminum Allov 7075-T6 

Test data were obtained at a maximum stress condition of 58 ksi. 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA KAY HAVE . BEEN DELETED. PLEASE CONSULT APPENDIX A FOR'COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 2024-T4 ALUMINUM 110/119 HBN ( M T  C-0001) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 47 

FATIGUE RESULTS VS. INTENSITY. PEENING PARAMETERS AND FRACTURE SITE 
DETERMINATION FOR 2024-T4 ALUMINUM 



*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX 4 FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) - 
MATERIAL : 6061-T6 ALUMINUM 93/100 HBN (LOT C-0003) 

SPECIMEN SURFACE : L A W E  TURNED & POLISHED (C) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMlM STRESS (KSI) : 40 

FATIGUE RESULTS VS. INTENSITY. PEENING PARAMETERS AND FRACTURE SITE 
PETERMINATIONOOR061-T6 AWINm 



Figure 34 and Table A-6 (Appendix A) present the fatigue life versus 

Almen intensity data. Figure 35 and Table A-5 (Appendix A) present 

the fatigue life versus Almen intensity data from Phase I testing for 
- 

the same material. Note that there was no change in the general 

. pattern of results although the specimen gauge section diameter is 

reduced by 46.7-percent which results in a reduction of cross 

sectional area of 71.6-percent from Phase I to Phase 11. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 

129,000 cycles. Increasing peening intensity above 0.0010A was 

generally associated with a consistent trend of decreasing fatigue 

life. 
! 

Test data were obtained at a maximum stress condition of 50 ksi. 

Figure 36 and Table A-7 (Appendix A) present the fatigue life versus 

Almen intensity data. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 66,000 

cycles and two parameter Weibull value of 4,373. As peening intensity 

increased above 0.0020A Weibull fatigue life generally decreased. 

Unpeened control specimens exhibited surface fracture initiation 

sites. All specimens peened at an intensity of 0.0020A exhibited 

internal fracture initiation. The 0.0040A intensity condition 
% 

specimens exhibited both internal and external fracture initiation 

. sites. Peening intensities of 0.0060A up to and including 0.00140A 

produced surface fracture initiation sites in all specimens. In 

0.0080A (Figures 46 and 48) through 0.0140A (Figures 37 through 45, 

and 47) conditions, PSEF were positively identified at the fracture 



ANALl818 NOT PSRmKEDt 
DRPEINED -- 0 
PEENED WfQLA88 DEAD -- a 

UBAN ClCLlC L I P #  -- . 

*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
B ~ E N  DELETED. PLEASE CONSULT -3DXPB FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2 )  
MATERIAL : 7075-T6 ALUMINUM 143 NBN (LOT C-0002) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 58 

EETXGUE -RE;sV.LIPS VS+-1-NTFNSITY, PEEUING PARAMETERS AND. ERACIPURE SITE 
LZXESMINATION FOR 7025-T6 ALUMINUM 



*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE,  ACTUAL DATA MAY HAVE - BEEN DELETED. PLEASE CONSULT BPPENDIX 9 FOR COMPLETE DATA. 

MATERIAL : 7 0 7 5 - T 6  
SPECIMEN SURFACE : LATHE TURNED AND POLISHED 

WORKPIECE SATURATION : 100% 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS ( K S I )  : 58 K S I  
GAGE SECTION DIA.  : 0 . 3 7 E 1 ~ ~  

F ATIGUE RESULTS VERSUS INTENSITY & PEENING -M 
EfiAau-  



MAI.YI)Ie PER~OAMIIOI 
INTERNAL SlTE, 

PeKNED @/CAST STEEL -- i 
EXTERNAL I ITEa  

DNPEENED -- OIX 
PEENED WICAST ~ T B E L  -- X 

naIBULL -- W 
N E M  ClCLIC LI~E -- 0 

*NOTE: TO ENHANCE C L A R ~ T Y  OF REAN CYCLIC GIFE, ACTUALVATA MAY HAVE 
BEEN LfELE!*Ed. PLEASE CONSULT mBBEFNuX_9, FOR COMPLETE bAPA. 

TBST GROUP : FATIGUE L f P E  VERSUS INTENSITY (TASK 2 )  
MATERIAL : 76754'73 AMTMfNUM 1 3 8  WBM ( m T  C - 0 0 3 0 )  

SPECIMEN SURFACB : LATHE TURNED & POLISHED (c) 
woR#Pf&CE SATURATION : 100% 

ANGm OF IMPACT : 9 0  DEGREES 
MAX~MUM STRESS (KSi) : 50 



initiation site of 100-percent of specimens examined. 

FIGURE 37 7075-T73 ALUM. AT 0.0140A 
EXTERNAL INITIATION AT PSEF (ARROW 
DENOTES CRACK ~NITIATION SITE), 1 5 0 ~  







FIGURE 48- 7075-T73 ALUM AT 0.0140A AT 200X, 
SIGNIFICANT PSEF FORMATION 



5.2.7 4340 Allov Steel - Airmelt - 20/25 HRC_ 

Test data were obtained at a maximum stress condition of 102 ksi. 

Figure 49 and Table A-8 (Appendix A) present the fatigue life versus 
- 

intensity data. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 

237,000 cycles. For increasing peening intensities up to and including 

0.0040A there was a related increase in mean fatigue life. Except for 

one specimen, all fracture initiation sites were surface in origin. 

All fracture initiation sites examined were associated with 

non metallic inclusions. 

Scatter ranges for all intensity conditions were relatively broad. 

5.2.8 4340 Allov Steel - Airmelt 35/36 HRC 
Test data were obtained at a maximum stress condition of 140 ksi. 

Figure 50 and Table A-9 (Appendix A) present the fatigue life versus 

intensity data. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 

128,000 cycles. Mean fatigue life of peened specimens generally 

increases as intensity increases up to the 0.0060A intensity condition 

and then generally deteriorates through the 0.0120A intensity 

condition as intensity increases, although this pattern is less than - 
distinct. All fracture initiation sites examined were associated with 

non metallic inclusions. High fatigue life specimens peened at 

0.0045A, 0.0050A, and 0.0060A intensities exhibited internal fracture 

initiation as compared to all other test specimens exhibiting surface 

fracture initiation sites. All specimen fatigue lives in 0.0040A, 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC L I F E ,  ACTUAL DATA MAY HAVE - 
BEEN DELETED. P W A S E  CONSULT m N D T X  A FOR COMPLETE DATA. 

TEST GROUP : FATIGUE L I F E  VERSUS INTENSITY (TASK 2 )  * 

MATERIAL : 4 3 4 0  AIRMELT STEEL 2 0 / 2 5  HRC (LOT C-0006)  
SPECIMEN SURFACE : GROUND AND POLISHED (C) 

WORKPI&CE SATURATTON : 100% 
ANGLE OF IMPACT : 9 0  DEGREES 

MAXIMUM STRESS ( K S I )  : 1 0 2  



P E ~ N ~ D  llicnsr arcst, -- a 
MEAN CYCLIC LIFE -- 6 
INoTE1 IRACTURR INITIATIMI 
SITES OF PEENED SPRC1MINS WERE 
ABBOCIATED WITH I~CLUSIONS.~ 

*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX A FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 4340 AIRMELT STEEL 34/36 HRC (LOT C-0007) 

SPECIMEN SURFACE : GROUND & POLISHED (L) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 140 

FATIGUE RESULTS VERSUS INTENSITY. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION FOR 4340 AIRMELT STEEL 34/36 HRC 



0.0045A, and 0.0050A intensity conditions were above the fatigue lives 

of all specimens with intensity conditions greater than 0.0070A. 

5.2.9 4340 Alloy Steel - Ainnelt - 40/42 HRC 
The test data were obtained at a maximum stress condition of 155 s 

ksi. Figure 51 and Table A-10 (Appendix A) present the fatigue life 

versus intensity data. 

RESULTS 

Unpeened control specimens exhibited a mean fatigue life of 

159,000 cycles. Fatigue life increased with intensity for specimens 

peened at 0.0030A, 0.0035Al and 0.0040A intensities. One hundred 

percent of the fracture initiation sites for specimens examined in the 

0.0030A, 0.0035Al 0.0040A, and 0.0045A conditions were internal in 

origin and associated with non metallic inclusions. Mean fatigue life 

peaked at 1,467,000 in the 0.0060A condition. Mean fatigue life for 

specimens peened above 0.006A generally decreased through the 0.0120A 

intensity condition. One hundred percent of specimens peened at 

intensities of 0.009OA or greater exhibited fracture initiation sites 

that originated at the surface. 

5.2.10 4340 Allov Steel - Ainnelt - 48/50 HRC 
Test data were obtained at a maximum stress condition of 170 ksi. 

Figure 52 and Table A-11 ( Appendix A) present the fatigue life versus 

Almen intensity data. 

RESULTS 

Unpeened drjntrol BpecimehS ekhibited a mean fatigue life of 74,000 

cycles. Fatigue life whs above mpehned at all intensity conditions. 

InclusionB were associated with fracture initiation sites in all but 

three of the specimens examined. Scanning electron microscope X-ray 

probe analysis confirmed the foreign inclusions present were aluminum 

oxide. 

52 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX A FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY 
MATERIAL : 4340 AIRMELT STEEL, 40/42 HRC 

SPECIMEN SURFACE : GROUND & POLISHED iL1 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT r 90 DEGREES 

FIGURE 5& 

FATIGUE RESULTS VERSUS INTENSITY. PEENING PARAMETERS AND FRACTURE SITE 
PFTERMINATION FOR 4340 AIRMELT STEEL 40/42 HRC 
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Figure 53 shows specimen 0797 peened at 0.0080A intensity 

exhibiting a subsurface fracture initiating at a foreign inclusion at 

lOOX magnification. 
- Figure 55 shows specimen 0818 peening at 0.0080A intensity 

exhibiting an internal primary fracture site at a foreign inclusion 

at lOOX magnification. The intensity conditions of 0.0070A through 

0.0090A exhibit both higher peak fatigue life and a dreater fatigue 

strength in the surface as witnessed by a higher percentage of 

internal primary failure sites. This is believed, however, to be more 

B factor of the particular inclusions in the specimens of these 

conditions than of the peening condition as scatter in all conditions 

was relatively broad. 

The identification of an Optimum Intensity Range is as such, 

clouded considerably by the presence of non metallic inclusions and 

the relatively large fatigue life scatter associated with their 

presence (Figures 53 through 56). 

5-2.11 4340 Allov Steel - Vacuum Arc Remelt - 48/50 HRC 
Test data were obtained at a maximum stress condition of 195 ksi. 

Figure 57 and Table A-12 (Appendix A) present the fatigue life versus 

Almen intensity data. 

Unpeened control specimens exhibited a mean fatigue life of 41,000 

cycles and Weibull fatigue life of 7000 cycles. Mean fatigue life and 

~eibull fatigue life were 1,359,000 cycles and 267,000 cycles 
. 

respectively in the 0.0020A condition. Increasing peening intensity 

above 0.0020A was associated with a consistent downward trend in - 
specimen mean and Weibull fatigue life. 



FIGURE 53- 4340 AIRMELT STEEL 48/50 FIGURE 54- FIGURE 53 AT 1000X 
HRC AT 0.0080A AT 100X, EXTERNAL (ALUMINUM OXIDE PARTICLE) 
INITIATION, INCLUSION PRESENT 

FIGURE 55- 4340 AIRMELT STEEL 48/50 FIGURE 56- FIGURE 55 AT lOOOX 
HRC AT 0.0080A AT 100X, INTERNAL (ALUMINUM OXIDE PARTICLE) 

INITIATION AT INCLUSION 
5 6 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC 

(LOT C-0028) 
SPECIMEN SURFACE : GROUND 

WORKPIECE SATURATION : 100% 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 195 

FIGURE 57 

FATIGUE RESULTS VERSUS INTENSITY. PEENING PARAME 
DETERMINATION F OR 4340 VACWM ARC 

TERS AND FRACTURE SITE 
MELT STEEL 48/50 HRC 



Fracture intiation sites of specimens peened at 0.0020A were 

internal in origin. Plastic deformation of the surface due to peening 

did not obliterate the grind marks (Figure 58). Specimens peened at 

the 0.0040A intensity condition exhibited both internal and external - 
fracture initiation sites, with all internal crack nucleation 

specimens having a fatigue life above 500,000 cycles and all external 

crack nucleation site specimens having fatigue lives below 200,000 

cycles. At peening intensity conditions above 0.0040A fracture 

initiation sites are exclusively external. Specimens peened at 

0.008OA exhibited PSEF formation (Figure 59). Specimens peened at 

0.0140A exhibited exaggerated PSEF formation (Figures 60 and 61). 

5 -2.12 Stress versus Cvcles to Failur e fS/N 5 tu dvl 

S/N curves were established for the following materials: 

(1) Aluminum 7075-T73. 
(2) AISI 4340 Steel, Ainnelt, 48/50 HRC. 
(3) AISI 4340 Steel, Vacuum Arc Remelt, 48/50 HRC. 

5.2.12.1 7075-T73 Aluminum Allov 

Specimen6 were peened at 0.0020A Almen intensity (per Task 2) at 

100-percent workpiece saturation (Per Task 1). Test data were 

incrementally obtained at maximum stress conditions ranging from 80- 

percent up to and including 120-percent of the maximum stress 

condition (50 ksi) used in the fatigue life versus intensity task. 

Figure 62 and Table A-13 (Appendix A) present the S/N data. 

Fatigue limit for this material (stress level at which failure does 

not occur) wgs not defined, The data? clearly show, however, that 

peening resulted in significantly improved fatigue life at all stress 

levels employed in testing. 



FIGURE 60- 4340 STEEL VAR 48/50 HRC FIGURE 61- 4340 STEEL VAR 48/50 HRC 
AT 0.0140A AT 350X, PSEF AND TOOL AT 0.0140A AT 800X, PSEF PRESENT 

MARKS PRESENT (CROSS SECTION) 
5 9 



*NOTE: TU ENHANCE CLARITY OF MEAN CYCLIC GIFE ACTUAL DATA HA% HAVE 
&BEN t m t m ~ ~ .  PLEASE C O N S U ~ ~  ~ P E N D I X  k FOR COMPLETE DATA. 
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2 2.12.2 4340 Allov Steel - Airmelt 48/50 HRC 
Specimens were peened at 0.0080A (Per Task 2) at 100-percent 

workpiece saturation (Per Task 1). Test data were obtained 
7 incrementally at maximum stress conditions ranging from 85-percent up 

- to and including 125-percent of the maximum stress condition (170 ksi) 

used in the fatigue life versus intensity task. 

Figure 63 and Table A-14 (Appendix A) present the S/N data. 

Fatigue limit maximum stress condition of the peened specimens was 

defined as 161.5 ksi. Fatigue limit of the unpeened control specimen 

was defined as 144.5 ksi. The increase in the fatigue limit of this 

material to be realized through peening at a 0.0080A intensity 

condition over the unpeened condition was 17 ksi, or 10.5-percent. 

Mean fatigue life was significantly improved by peening for all stress 

levels employed in testing. 

5.2.12.3 4340 Allov Steel - Vacuum Arc Remelt - 48/50 HRC 
Specimens were peened at 0.0020A (Per Task 2) at 100-percent 

workpiece saturation (Per Task 1). Test data were obtained at 

increasing stress conditions in increments from 84-percent up to 110- 

percent of the maximum stress condition (195 ksi) used in the fatigue 

life versus intensity test group (Per Task 2). 

Figure 64 and Table A-15 (Appendix A) present the S/N data. 

Fatigue limit for this material was not defined. Mean fatigue life at 

each stress level employed for testing was significantly improved by - 
peening. 

5.3 TASK 3 : THE EFFECT OF INITIAL SURFACE CONDITION ON FATIGUE * 
LIFE AFTER SHOT PEENING 

All results presented in the Task 2 represented specimens with 

gauge sections machined and mechanically polished prior to peening. 

Task 3 was performed to determine if fatigue life and/or optimum 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX A FOR COMPLETE DATA. 

TEST GROUP 
MATERIAL 

SPECIMEN SURFACE 
ALMEN INTENSITY 

WORKPIECE SATURATION 
MEDIA SIZE/TYPE 
ANGLE OF IMPACT 

FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N) 
4340 VACUUM ARC REMELT STEEL 48/50 HRC 
GROUND 
0.0020A (OPTIMUM PER TASK 2) 
100% (OPTIMUM PER TASK 4) 
5-70 CAST STEEL ---- 
90 DEGREES 

FIGURE 64 

FATIGUE RESULTS VS. STRESS. PEENING PARAMETERS AND FRACTURE SITE 
DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/50 HRC 



intensity range w ~ u l d  be affected by the initial surface oondition. 

The sCoPe was limited to 7075-T6 Aluminum specimens with lathe turned 
- 

(no mechanical polishing) gauge sections. The data were compared 

against Task 2 data. 

5.3.1 Aluminum Allpv 7075-T6 1.- Lathe Turned Onlv 

Additional test samples were evaluated in the lathe turned only 

pre pegninq surface condition at peening intensity conditions of 

9,0020&, O,OQ4QA, O.QO6QA and 0.0080A as well as unpeened ~ontrol. 

The prepeening specimen surface finish, appr~ximately 60 RMS, was a 

threefold inereage compared to the lathe turned and polished specimen 

surface cosditiop (Figure 6). 

As with lathe turned and poliahed 7975-T6 specimens, the test data 

were again obtained at a maximum stress condition of 58 ksi. 

Figure 65 and Table A-16 (Appendix A) present the fatigue life 

versus Almen intensity data. Unpeened coptrol specimens exhibited a 

mean fatigue life of 39,000 cycles. Weibull fatigue life rose with 

Almen intensity as intensity increased up to snd including 0.0060A. 

Specimen failure analysis indicated that at 0.0020A intensity 

(Figure 66), fracture ini t igt iqn was infernal in origin. The shot 

peen process indu~gg surface plastic defamation did not obliterate 

the tosl marks (Figure 68). At 0.004QA intensity, the induced eurface 

damsqe gbliterqtsfl t ; h ~  t ~ ~ 1  nark? en4 frasture initiation was 

internal : A t  0 .. Q W Q A  in%e~slky {WEF present) frwfure initiation 

sites were both intsrnal (~iguro 67) and hxterna~ (Figuqe 5 9 ) .  

5.4 TASK 4 -- 
~ ....... ~ ~.~ . FINITION OF THE RELATIONSHIP BETWE ~. EN FATIGUE LIFE 

ORKPIE N . .  . .. , CE . .  SATURATIO ~~. 

Assu~ing Almen intensity i s  kept within the optimum intensity 

range for a given workpiece, then Qetc$mining the optimum duration of 

cola wsrkiiq at. this BROF~Y f~alrplfw 'level i s  a logical next: etep. BY 





FIGURE 66- 7075-T6 ALUM AT 0.0020A 
AT 35X, INTERNAL INITIATION 

FIGURE 67- 7075-T6 ALUM AT 0.0060A 
AT 50X, INTERNAL INITIATION 



exposing specimens to varying levels of workpiece saturation (as 

defined by Task 1 results) from 80-percent to some multiple of 100- 

percent workpiece saturation, definition of whether an optimum - 
saturation level or range exists for the particular workpiece was 

accomplished. Since Almen test strips range in hardness from 44 to 50 - 
HRC, the point in cycle time at which actual workpiece saturation 

occurs is a range of Almen saturation reflecting the inherent 

allowable hardness tolerances in Almen strips. It should be noted 

that Phase I1 testing used 45 HRC +/-I HRC tolerance Almen strips. 

See Table 2. The range that is exhibited on each cyclic life versus 

workpiece saturation graph as a function of strip hardness variances 

is based on the acceptable hardness tolerance range in MIL-S-13165B. 

Experimental test data generated is plotted as fatigue life versus 

percentage workpiece saturation. 

5.4.1 Ti 6A1 - 4V allov 
Figure 70 and Table A-17 (appendix A) present the data for fatigue 

life versus workpiece saturation on Ti 6A1-4V. Specimens were peened 

in increments of workpiece saturation from 90-percent through 

110-percent and in larger increments from 110-percent to 200- percent. 

Test data were obtained at a maximum stress condition of 140 ksi. 

RESULTS 

90-percent workpiece saturation, while exhibiting the highest 

specimen fatigue lives also exhibited the lowest. 110-percent 

workpiece saturation had the highest mean fatigue life and the lowest 

- scatter of any saturation condition, even though more specimens were 

tested in this condition than any other. Mean fatigue life decreased 

as workpiece saturation increased above 110-percent workpiece 





saturation. Note that the range of Almen saturation which occurs in 

this material is approximately 100- to 125-percent of workpiece 
. 

saturation. 

5.4.2 2024-T4 Aluminum Allov 

Figure 71 and Table A-18 (Appendix A) present the data for fatigue 

life versus workpiece saturation. Specimens were peened in increments 

of workpiece saturation ranging from 80-percent through 400-percent. 

The test data were obtained at a maximum stress of 47 ksi. 

RESULTS 

Workpiece saturation showed the highest fatigue life at 100- 

percent to 200-percent. Fatigue life decreased as saturation was 

increased above 200-percent workpiece saturation. Note the position 

of Almen saturation. 

5.4.3 6061-T6 Aluminum Allov 

Figure 72 and Table A-19 (Appendix A) present the data for fatigue 

life versus workpiece saturation on 6061-T6. Specimens were peened 

incrementally from 80-percent up to and including 350-percent 

workpiece saturation. The test data were obtained at a maximum stress 

of 40 ksi. i 

RESULTS 

Mean fatigue life peaked at 100-percent workpiece saturation. 

Fatigue life generally decreased as workpiece saturation increased 

above 100-percent. 

5.4.4 7075-T6 Aluminum Alloy 

Figure 73 and Table A-20 (Appendix A) present the data for fatigue 

life versus workpiece saturation on 7075-T6 specimens. Specimens were 

peened in increments of workpiece saturation ranging from 80-percent 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT UPENDIX A FOR COMPLETE DATA. 

- TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4 \  .- - -  
MATERIAL : 6061-T6 ALUMINUM 93/100 HBN (LOT C-0003) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 
ALMEN INTENSITY : 0.0010A (OPTIMUM PER TASK 21 , . - - -. . . . . - - - . - - - - -. -, 
MEDIA SIZE/TYPE : MIL-13 GLASS BEAD 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 40 

FIGURE 72 

FATIGUE RESULTS VS. WORKPIECE SATURATION. PEENING PARAMETERS AND FRACTURE 
BITE DETERMINATION OF 6061-T6 ALUMINUM 





through 250-percent. The test data were obtained at a maximum stress 

of 58 ksi. 

RESULTS 
Weibull fatigue life was highest at 150-percent workpiece 

saturation (75-percent Almen saturation). This is consistent with the 

findings in Phase I. Fatigue life at saturation levels above 150- 

percent workpiece saturation showed a consistent trend toward 

increasing scatter and lower fatigue life at the bottom of the scatter 

range. 

5.4.5 7075-T73 Aluminum Allov 

Figure 74 and Table A-21 (Appendix A) present the fatigue life 

versus workpiece saturation data for 7075-T73. Specimens were peened 

in increments of workpiece saturation ranging from 100-percent through 

800-percent. The test data were obtained at a maximum stress 

condition of 50 ksi. 

RESULTS 
This material exhibits relative insensitivity to varying workpiece 

saturation levels. 

Figure 75 shows specimen number 2465's peened surface at 200X 

magnification at optimum intensity of 0.0020A at 100-percent workpiece 

saturation. 

Figure 76 shows specimen 2498 peened surface at 200X magnification 

at optimum intensity of 0.0020A at 800-percent workpiece saturation. 

The peened surface comparison of the two photo micrographs at high 

magnification reveal extensive small fissures surrounding shot impact 

craters on the surface of the 800-percent workpiece saturation 

. specimen. There is quite clearly a difference in these groups of 

small fissures from the large surface folds that constitute PSEF. The 

surface of the 100-percent workpiece saturation specimen does not 

exhibit these small fissures. This is consistent with Phase I 

findings . 
7 3 
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FIGURE 75- 7075-T73 ALUM AT 0.0020A FIGURE 76- 7075-T73 ALUM AT 0.0020A 
AT 100% AT 200X, IMPINGEMENTS AT 800% AT 200X, IMPINGEMENT 

OVERLAP COMPLETELY PERIPHERY BEATEN DOWN 



5.4.6 4340 Alloy Steel - Airmelt - 40/42 RRC 
Figure 77 and Table A-22 (Appendix A) present the data for fatigue 

life versus workpiece saturation which were obtained at a maximum 
- 

stress condition of 165 ksi. 

specimens were peened in increments of workpiece eaturation 

ranging from,lOb-percent through 400-percent. 

RESULTS 

The data indicated that increasing percentages of workpiece 

daturation did net adversely affect fatigue life up to and including 

350-percent workpiece saturation. At 400-percent workpiece saturation 

fatigue life was significantly lower than all Other levels. 

9.4.7 4340 AlloV Steel Airmelt - 48/50 HRC . 
Figure 78 and Table A-23 (Appendix A) present the data for fatigue 

life versus workpiece saturation. Specimens were peened in increments 

of workpiece saturation ranging from 100-percent through 400-percent. 

Test data were obtained at a maximum stress condition of 170 ksi. 

RESULTS . 

The low end of the scatter range is approximately the same for all 

workpiece saturation conditions. No apparent trend can be ascertained 

other than a reduction in mean fatigue life as saturation level 

increased. 

Fracture surface evaluations revealed non metallic inclusions at 

all fracture initiation sites examined. 

5.4.8 4340 Allov Steel r Vacuum Are Remelt - 48/50 IJJ& 
Figure 79 and Table A-24 (Appendix A) present the data for fatigue 

life versus workpiece saturation. Specimens were peened in increments 

of workpiece saturation from 100-percent through 600-percent. Test 

data were obtained at a maximum Stress condition of 195 ksi. 



*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELISTED. PLEASE CONSULT APPENDIX FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4 )  -- 
MATERIAL : 4340 AIRMELT STEEL 40/42 HRC (LOT C-0020) 

SPECIMEN SURFACE : GROUND & POLISHED (L). - 
A M E N  INTENSITY : 0.0040A (OPTIMUM PER TASK 2) 
MEDIA SIZE/TYPE : S-70 CAST STEEL 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 155 

J L u a E L n  

FATIGUE RESULTS VERSUS WORKPIECE SATURATION. PEENING PARAMETERS AND 
FRACTURE SITE DETERMINATION OF 4340 AIRMELT STEEL 40/42 HRC 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX A FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4) 
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC (LOT C-0028 

SPECIMEN SURFACE : GROUND - ALMEN INTENSITY : 0.0020A (OPTIMUM PER TASK 2) 
MEDIA SIZE/TYPE : S-70 CAST STEEL 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 195 

FIGURE 79 

FATIGUE RESULTS VS. WORKPIECE SATURATION. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION OF 4340 VACUUM ARC REMELT 48/50 HRC 



RESULTS 

A general pattern of decreasing fatigue life as saturation - 
increased is present. However, 100-percent, 200-percent, and 

300-percent fatigue life values are very similar. There is a large 

difference between the fatigue life results obtained in the 

600-percent condition as opposed to the 100-percent, 200-percent, and 

300-percent conditions, mean fatigue life being far lower in the 

600-percent condition. All fracture initiation sites were internal in 

origin. 

Figures 80, 81, and 81A illustrate the differences in surface 

appearance between specimens peened at 100-percent versus 600-percent 

workpiece saturation. 

5.5 TASK 5 -- THE EFFECT OF PEENING IMPACT ANGLE ON FATIGUE LIFE 
This task was aimed at quantifying the effect of peening impact 

angle on fatigue life. Two materials were employed in the study, 

7075-T73 Aluminum and 4340 Steel, VAR, 48/50 HRC. Exclusive of impact 

angle and shot velocity (which was increased as impact angle was 

lowered to hold intensity constant), all peening parameters were the 

same as used in determining optimum intensity in Task 2. This 

included use of optimum intensity as defined in Task 2. Impact angle 

conditions selected were 45, 60, and 90 degrees. 

5.5.1 7075-T73 Aluminum 

Test data were obtained at a maximum dtress condition of 50 ksi. 

The intensity level used was 0.002OA at 100-percent workpiece 

saturation per Task 4. 

Figure 82 and Table A-25 (Appendix A) present the fatigue life 

versus angle of impact data. 



FIGURE 80- 4340 STEEL VAR 48/50 HRC FIGURE 81- 4340 STEEL VAR 48/50 HRC 
AT 0.0020A AT 200X, 100% WORKPIECE AT 0.0020A AT 200X, 600% WORKPIECE 

SATURATION, TOOL MARKS VISIBLE SATURATION, TOOL MARKS NEARLY 
OBLITERATED 



mnLrei Iei  PCRPURH~D, 
IMTERNAL eiITE1 

rscnco  WIC~ST UTEEL 
RXTERMIL SITKt  

V~PCEUCD 
N8IBULI. 

IRIN CYCLIC L1.K 

*NOTE: TO ENHANCE CLARITY O F  MEAN CYCLIC L I F E ,  ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT APPENDIX 4 FOR COMPLETE DATA. - 

. - . - - . - . 
TN SURFACE : LATHE TUM 

TEST GROUP : FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 5) 
MATERIAL : 707S-T7? ALUMINUM 136 BHN (LOT C-0030)  

SPECIMI _ _ _ N E D  AND POLISHED (C) 
ALMEN INTENSITY : 0 . 0 0 2 0 A  (OPTIMUM PER TASK 2 )  

WORKPIECE SATURATION : 100% (OPTIMUM PER TASK 4 \  - - - -  - - - - -- - . 
MEDIA SIZE/TYPE : S-70  ST STEEL -, 

MAXIMUM STRESS ( K S I )  : 50 

FIGURE 82 

FATIGUE RESULTS VERSUS IMPACT ANGLE. PEkNING P - ARAMETERS AND FRACTURE 
8ITEDETERMINAT- 



RESULTS 

Mean fatigue life decreased and Weibull fatigue life increased 

marginally as impact angle was decreased from 90 to 60 degrees. The 
- 

size of the scatter band for the 60-degree data approximated that of 

the 90-degree data. As angle of impact was decreased to 45 degrees, 

Weibull fatigue life decreased to below that of the unpeened control 

specimens. The data scatter band increased twofold from the 60-degree 

or 90-degree impact angle conditions to the 45-degree impact angle 

conditions. 

Since the primary crack nucleation sites were internal for all 

specimens, PSEF size and depth were not causal to primary failure. 

However, PSEF were larger in the 60-degree degree versus the 

90-degree impact angle condition (Figures 118 and 119). We believed 

that the surfaces with larger PSEF were inherently weaker, and as 

such, were associated with earlier crack breakthrough to the surface 

and subsequent total specimen failure. (Figures are in 6.0 Discussion 

section. ) 

5.5.2 4340 Allov Steel - Vacuum Arc Remelt - 48/50 HRC 
Peening was at 0.0020A and optimum saturation level per Task 4 

(100-percent workpiece saturation) at 45, 60, and 90 degrees. 

The test data were obtained at a maximum stress of 195 ksi. 

Figure 83 and Table A-26 (Appendix A) present the data for fatigue 

life versus peening angle of impact for 4340 Alloy Steel - Vacuum Arc 
Remelt. 

RESULTS 

The 90-degree impact angle data has significantly higher Weibull 

and mean fatigue life than either 60-degree or 45-degree impact 

angle. The 60-degree impact angle data had a lower Weibull fatigue 



*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT EPPENDIX A FOR COMPLETE DATA. 

TEST GROUP 
MATERIAL 

SPECIMEN SURFACE 
ALMEN INTENSITY 

WORKPIECE SATURATION 
MEDIA SIZE/TYPE 

FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 6) 
4340 VACUUM ARC REMELT STEEL 48/50 HRC 
(LOT C-0028, C-0031) 
GROUND 
0.0020~ (OPTIMUM PER TASK 2) 
100% (OPTIMUM PER TASK 4) 
S-70 CAST STEEL 
195 

FATIGUE RESULTS VS. IMPACT ANGLE. PEENING PARAMETERS AND FRACTURE SITE 
DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/51) HRC 



life and approximately the same mean fatigue life as the 45-degree 

data. 

Primary crack nucleation sites were internal on all specimens. 

- Figure 84 shows specimen 2349 peened surface with 90-degree 

impact angle and 0.0020A peening intensity, at 200X magnification. 

Figure 85 shows specimen 2626 peened surface at 60-degree angle, 

200X magnification and 0.0020A optimum peening intensity. Notice the 

greater degree and the directional flow of surface plastic deformation 

as compared to the 90- degree impact angle condition in Figure 84. 

Figure 86 shows specimen 2353 peened surface at 45-degree angle, 

200X magnification and 0.0020A optimum peening intensity. The surface 

exhibits a greater degree of plastic deformation and discontinuities 

associated with PSEF than are present in 90-and 60-degree impact angle 

specimens. (See Figures 120 and 121 for cross sections at 90-degree 

and 60-degree angle in 6.0 Discussion section.) 

5.6 TASK 6 -- EFFECT OF SHOT BROKEN PARTICLE CONTENT ON FATIGUE LIFE 
The purpose of this task was to quantify the relationship between 

shot broken particle content and specimen fatigue life. Two materials 

were employed: 7075-T73 Aluminum and 4340 Steel, VAR, 48/50 HRC. 

Test specimens of each material were peened at optimum intensity 

from Task 2 utilizing MIL-S-13165-B Table I cast steel shot having 

increasing percentages of L.G. 80 cast steel grit per MIL-S-851C 
- added to simulate broken media content of 25-percent, 50-percent and 

75-percent by weight. (Note that cast steel grit is manufactured by 

fracturing cast steel shot.) 



FIGURE 84- 4340 STEEL VAR 48/50 HRC FIGURE 85- 4340 STEEL VAR 48/50 HRC 
AT 0.0020A AT 200X, 90 DEG. ANGLE OF AT 0.0020A AT 200X, 60 DEG. ANGLE OF 
IMPACT, RADIAL PLASTIC DEFORMATION IMPACT, DIRECTIONAL DEFORMATION, 

FIGUR 
AT 2 



5.6.1 7075-T73 Aluminum Alloy 

Figure 87 and Table A-27 (Appendix A) present the data for fatigue 

life versus broken particle content of the shot. The test data were 
- obtained at a maximum stress of 50 ksi. 

RESULTS 

Mean and Weibull fatigue life were highest at the 2-percent or 

less broken particle content levels. Increasing broken particle 

content was associated with decreasing Weibull and mean fatigue life. 

The one unusually low specimen fatigue life value at the 50-percent 

broken particle content level significantly reduced the Weibull 

fatigue life for this condition. 

Figures 88, 89, and 90 illustrate the increasing number of angular 

impingements associated with increasing shot broken particle content. 

Figures 91, 92, 93, and 94 show these surfaces in cross section. 

5.6.2 4340 Allov Steel - Vacuum Arc Remelt - 48/50 HRC 
Figure 95 and Table A-28 (Appendix A) present the data for fatigue 

life versus shot broken particle content on 4340 VAR 48/50 HRC. The 

test data were obtained at a maximum stress of 195 ksi. 

RESULTS 

Increasing broken particle content was closely associated with 

decreasing specimen fatigue life. Mean and Weibull fatigue life 

decreased linearily as broken shot content increased. At the 

25-percent and 50-percent broken particle conditions, fracture . 
initiation sites were all internal. In the 75-percent broken particle 

condition specimens exhibited primary and secondary crack nucleation 

sites of both internal and external origin. 



NIALYBLI PERIOIHED, 
XWtERNAL PtTlls  

PECNED WCAOT BTECb 
BXTtRNAL IIITEl 

Ul!PEENSD 
FEfBULL 

HUI CYCLIC L I P 8  

*NOTE: TO ENHANCE CLARZTY OF MEAN CYCLIC LIFE ACTUAL DATA MAY HAVE 
BEEN DEI&TED. PhEASE CONSULT APPENDIX FOR COMPLETE DATA. 

. . . .  ~ . - . - - . - -- - - 
SPECIMEN SURFACE : LATHE TURNED , - - ~  -;-- AND POLLSHED (c) 
AFEN TNTE~SIT~? : 0.'6020~ (OPTIMUM PER GROUP B) 

WORKPI.CE SATURATION : 100% hog8 PNM PER GROUP G 
MEDIAISHOT/GRIT) SIZE/TYPE: S7 T STEEL/IG-80 C h ST STEEL 

- - 

MAXIMW STRESS (KSI) : 50 

FIGURE 87 

(TASK 



FIGURE 88- 7075-T73 ALUM AT 0.0020A FIGURE 89- 7075-T73 ALUM AT 
LESS THAN 2% BROKEN PARTICLE CONTENT 0.0020A, 25% BROKEN PARTICLE 

200X CONTENT, ACCICULAR IMPINGEMENT, 
200X 

FIGURE 90- 7075-T73 ALUM AT 0.0020A AT 200X 
75% BROKEN PARTICLE CONTENT 

SEVERE ACCICULAR IMPINGEMENTS 



FIGURE 91 - 7075-T73 AT 0.0020A AT 700X, WITH LESS THAN 2% 
BROKEN PARTICLE CONTENT IN MEDIA. CONTIGUOUS SURFACE 

FIGURE 92- 7075-T73 AT 0.0020A AT 700X, WITH 25% BROKEN PARTICLE 
CONTENT IN MEDIA, NOTICE ACCICULAR IMPINGEMENTS 

FIGURE 93- 7075-T73 AT 0.0020A AT 700X, WITH 50% BROKEN PARTICLE 
CONTENT IN MEDIA, SURFACE EROSION HAS BEGUN 

FIGURE 94- 7075-T73 AT 0.0020A AT 700X, WITH 75% BROKEN PARTICLE 
CONTENT IN MEDIA, SEVERE SURFACE EROSION 

90 
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*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT BPPENDIX 4 FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VS.BROKEN PARTICLE CONTENT (TASK 6) 
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC(L0T C-003 

SPECIMEN SURFACE : GROUND 
ALMEN INTENSITY : 0.0020A (OPTIMUM PER TASK 2) 

WORKPIECE SATURATION : 100% (OPTIMUM PER TASK 4) 
MEDIA (SHOT/GRIT) SIZE/TYPE : S-70 CAST STEEL/ LG-80 CAST STEEL 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 195 

FIGURE 95 

FATIGUE RESULTS VS. BROKEN PARTICLE CONTENT. PEENING PARAMETERS AND 
FRACTURE SITE DETERMINATION OF 4340 VACUUM ARC REMELT STEEL 48/50 HRC 



Figures 96, 97, and 98 illustrate the increasing number of angular 

impingements associated with increasing shot broken particle content. 

Figures 99,100,101, and 102 show these surfaces in cross section. 

5.7 TASK 7 -- EFFECT OF PEENING SHOT TYPE ON FATIGUE LIFE 
The purpose of this task was to determine if the type of peening 

shot affects workpiece fatigue life, or if the general trends in 

fatigue life versus intensity data would be affected by media 

size/type. 7075-T73 specimens were peened to various Almen 

intensities using either glass beads per MIL-G-9954A or cast steel 

shot per MIL-S-13165B, Table 1. 

Test data were obtained at a maximum stress condition of 50 ksi. 

Figure 103 and Table A-29 (Appendix A) present the data. 

RESULTS 

Unpeened control specimens had a mean fatigue life of 458,000 

cycles. At 0.0010A and 0.0030A intensities, both the mean life and 

the scatter band of data are similar (Figure 103). No significant 

differences in fatigue life at a given intensity, or in the trend of 

fatigue life as intensity increased, was apparent for steel and glass 

shot. 

It is apparent from examination of tho results that the two 

peening medias produced essentially identical fatigue life results. 

5.8 TASK 8 -- ESTABLISHING WHETHER INCREASED SHOT SIZE OR A SECONDARY 
LOW I@l'ENSrTY'PEENING AFFECTS SPECIMEN SURFACE INTEGRITY 
AS IT ~ ~ l % , S  TO PSEF SIZE AND DEPTH AT A GIVEN 
INTENSITY. 

Testing was accomplished by comparing the size and depth of PSEF 

in the following conditions: ' 

(1) 7075-T73 0.O100A1 0.011 diq. shot 
(2) 7075-T6 0.0110A, 0.023 dia. shot 



FIGURE 96- 4340 
AT 0.0020A, 

BROKEN PARTIC 

STEEL VAR 48/50 HRC FIGURE 97- 4340 S 
LESS THAN 2% HRC AT 0.0020A. 

TEEL ~ A R  481 
25% BROKEN 
, ACCICULAR 
200X 

FIGURE 98- 4340 STEEL VAR 48/50 HRC AT 0.0020A, 200X 
75% BROKEN PARTICLE CONTENT, SEVERE ACCICULAR IMPINGEMENTS 



FIGURE 100- 4340 STEEL VAR 48/50 HRC AT 0.0020A AT 700X, 25% 
BROKEN PARTICLE CONTENT IN MEDIA, NOTICE ACCICULAR 

IMPINGEMENTS AND EROSION 

FIGURE 101- 43.40 STEEL VAR 48/50 HRC AT 0.0020A AT 700X, 50% 
BROKEN PARTICLE CONTENT IN MEDIA, EROSION CONTINUES 

FIGURE 102- 4340 STEEL VAR 48/50 HRC AT 0.0020A AT 700X, 75% 
BROKEN PARTICLE CONTENT IN MEDIA, SEVERE SURFACE EROSION 



*NOTE: TO ENHANCE CLARITY OF MEAN CYCLIC LIFE, ACTUAL DATA MAY HAVE 
BEEN DELETED. PLEASE CONSULT B e p m  FOR COMPLETE DATA. 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 7) 
MATERIAL : 7075-T73 ALUMINUM 158 HBN (LOT C-0017) 

SPECIMEN SURFACE : LATHE TURNED AND POLISHED (C) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (XSI) : 50 



7075-T73 0.0100A, 0.011 dia. shot followed by 0.0030A, 0.0070 
dia. shot. 
7 0 7 5 4 6  0.0110A, 0.023 dia. shot followed by 0.0030A, 0.0070 
dia. shot. 

major trend established is that the size Of PSEF was sfialler 

as conditions went from (1 )  to ( 4 )  above. There Jas no recognizable 

change in the depth of Ps$~ between any catrdition. See Figures 104 

through 116 and PSEF size and depth definitions in section 4 - 6 ,  the 

PSfi!P idehtification pcirtion of the pracedures Section. 



FIGURE 104- 7075-T73 AT 0.0100A AT 700X 
USING 0.011" DIAMETER MEDIA, PSEF 

FIGURE 105- 7075-T6 AT 0.0110A AT 700X 
USING 0.023" DIAMETER MEDIA, PSEF 

THESE METALLOGRAPHS GRAPHICALLY PRESENT THAT USING A LARGER MEDIA 
AT A GIVEN INTENSITY DOES NOT PREVENT OR ERRADICATE FORMATION OF PSEF, 
ALTHOUGH IT DOES TO A GREAT EXTENT MASK THEIR PRESENCE FROM SURFACE 

OBSERVATION 



7 0 7 5 - T 7 3  AT 0 . 0 1 0 0 A ,  USING 0.011" DIAMETER MEDIA AT 7 0 0 X  



7075-T73 AT 0.0100A WITH 0.011" DIAMETER MEDIA FOLLOWED BY 0.0030A 
WITH 0.007" DIAMETER MEDIA AT 700X 

FIGURE 109- PSEF LENGTHENED AND ROUGH EDGES 
ROUNDED DUE TO SECOND OPERATION 

FIGURE 110- PSEF BEATEN DOWN TO CONFORM TO 
UNDERLYING SURFACE, VISUALLY UNDETECTABLE 

IN SURFACE INSPECTION 

FIGURE 111- PSEF CONFORMING TO UNDERLYING 
SURFACE, UNDETECTABLE IN SURFACE INSPECTION 

99 



7075-T6 AT O.Ol1OA USING 0.023" DIAMETER MEDIA AT 700X 

FIGURE 112- PSEF FORMATION AT POINT 
WHERE FOLDOVER HAS BEGUN 

" FIGURE 113- PSEF FORMATION CAUSING 
VOID IN SURFACE 

FIGURE 114- PSEF FORMATION WHERE FOLDOVER IS 
COMPLETE AND FURTHER EXTRUSION HAS TAKEN PLACE 



7075-T6 AT 0.0110A WITH 0.023" DIAMETER MEDIA FOLLOWED BY 0.0030A 
WITH 0.007" DIAMETER MEDIA AT 700X 

FIGURE 115- PSEF MADE TO CONFORM TO 
UNDERLYING SURFACE 

FIGURE 116- IDENTICAL SITUATION TO FIGURE 115 



6.0 DISCUSSION 

TASKS 1 AND 4 

Task 1: Determination of workpiece saturation as a function of 
Almen saturation. 

' .  
Task 4: Determination of the effect of, saturation level on 

fatigue life. 
i 

. . 
GENERAL TRENDS: 

Task 1 defined a relationship between workpiece hardness and 

peening cycle time that directly contradicts the widely held view 

that, all else being equal, the peening time cycle used to achieve 

Almen saturation represents the amount of cold working that will yield 

the highest fatigue resistance benefits. In fact, the underlying 

assumption to the use of Almen saturation as a direct determination of 

peening cycle time is that the Almen strip will react the same as the 

workpiece in terms of saturation. Clearly, this is only the case if 

they are the save hardness. ["A New Concept for Defining Optimum 
- 

Levels of a Critical Shot Peening Process Variable," Roger Simpson, 

Gordon Chiasson; Second International Conference on Impact Treatment 

Processes, 22-26 September, 1986, p. 101.) 

While being a necessary and integral etep in establishing the best 

amount of cold work, Almen saturation calculated in such a way that it 

is truly representative of a workpiece's dimensions and angles of 

incidence vis-a-vis the peening blast is, in itself, insufficient 

information based on the data generated in Tasks 1 and 4. 

The other benchmark currently used to establish processing time . 
is workpiece coverage. Workpiece coverage is also necessary but 

insufficient information in establishing the amount of cold work 

required ( e . ,  blast cycle time) to saturate the workpiece with 

impingements resulting from uniform shot impacts that have masses, 

sizes, spherocities, velocities and impact angles that are uniform 



within small tolerances in the typical peening machine on typical 

production workpieces where secondary shot impacts are always present, 

at times in large amounts. This can be easily conceptualized when we 

consider the millions of shot flying around in the inside of a 

peening machine during a shot peening operation. There is some 

inevitable impacting of the workpiece surface by shot particles that 

have previously impacted workpiece holding fixtures, machine interior 

walls, and, in the case of complex shaped workpieces, other areas of 

the workpiece, thus resulting in lower velocity impingements. The 

shot impacts associated with these impingements, while increasing 

coverage, will obviously result in lower energy transfer to the 

workpiece in the form of plastic deformation. Any determination of 

acceptable peening cycle time which relies solely on determining the 

amount of the original workpiece surface obliterated by impingements 

bears this inherent weakness. 

A common approach to mitigating the weaknesses inherent in using 

only Almen saturation and/or workpiece coverage is to shot peen to 

some predetermined minimum percentage of coverage (such as 200-percent 

minimum) or Almen saturation, whichever occurs last. This is utilized 

in several specifications the authors are aware of. While this would 

insure a minimum of 100-percent coverage on parts that are harder than 

the Almen strip, based on Task 1 results it would not insure the 

workpiece is saturated. This is particularly problematic when 
- 

workpiece coverage becomes increasingly difficult to measure as 

workpieces increase in hardness above 50 Rc, the high end of the 

acceptable tolerance range for Almen strip hardness. In workpieces 

that are softer than the Almen strip, determining process cycle time 

by a minimum of 100-percent Almen saturation may mean that the parts 



have been exposed to far more cold work than that associated with 

the highest fatigue resistance benefits. Materials in Task 4, 

particularly Ti 6AL 4, 2024-T4 aluminum, 6061-T6 aluminum and 4340 

VAR, strongly indicate that a surface can be cold worked too many 

times. The type of surface damage from high multiples of saturation 

is different from PSEF. It is ehallower, does not appear to be 

folded, but appears to be inter granular. Just as energy transfer, as 

defined by intensity, can be both too low or too high, so saturation 

versus fatigue life data indicates that the duration of exposure to 

that energy transfer, as defined by workpiece saturation, can be both 

too low and too high. Task 1 and 4 data clearly indicate that for the 

shot peening process to reproducibly achieve its maximum 

effectiveness, blast position, pattern, ( i e  nozzle or wheel 

position and motion vis-a-vis the workpiece, nozzle wheel wear, shot 

flow rate), and cycle time must be accurately controlled within 

tolerances known to result in certain levels of workpiece saturation 

known to produce the desired benefit levels. 

PRACTICAL EFFECTS ON PRODUCTION SHOT PEENING: 

The ramifications of having a well defined statistical 

relationship between Almen saturation and wbrkpiece saturation, as a 

function of the relative hardness of Almen strips and the workpiece, 

are substantial when considering both the effectiveness of shot 

peening in yielding the highest possible fatigue resistance benefits 

and the cost associated with such processing. By determining Almen 

saturation achieved in a manner truly representative of the 

workpiekens configuration, we can statistically predict the percentage 

of the exposure time required to achieve Almen saturation that will 



result in 100-percent workpiece saturation. As indicated by the data 

in Task 4, this, in itself will to a great extent focus on the correct 

levels of saturation. 

Additionally, the use of this predictive statistical formula has 

large potential for reducing the cost of shot peen processing. Using, 

as discussed above, the widely utilized concept of a minimum of 

100-percent Almen coverage or 100-percent Almen saturation, whichever 

occurs first, the process cycle time on some materials, such as 

2024-T4, 6061-T6, 7075-T6 would be 250- to 300-percent of what was 

required to achieve the workpiece saturation levels associated with 

the highest possible fatigue benefits. In workpiece materials harder 

than the Almen strip, the ability to closely define 100-percent 

workpiece saturation can be expected to result in a dramatic reduction 

in the kind of process cycle time 880verkil181 represented by the common 

usage of 200- to 400-percent workpiece coverage as minimum processing 

requirements. If we assume that the amount of cycle time is directly 

related to process cost, a reduction of as much as 50-percent in the 

cost of processing seems realistic, depending on the mix of workpieces 

peened and their hardnesses. This would unequivocally justify the 

cost of the additional process monitoring and control devices 

necessary to reproduce shot flow and nozzle or wheel position, motion 

and blast pattern. As such, it seems probable that shot peen 

processing can both deliver significantly higher and more consistent 

benefits than it currently is at a significantly reduced cost. 



$ASKS 2 m~ 3 

Task 2: 

Task 3: 

Determination of the effect of Aimen intensity en 
fatigue life. 
Investigation of the influence of initial surface 
condition on fatigue life as a function of Almen 
intensity. 

CJeUBRAL TRENDS: 

Task 2 ahd Task 3 data indicate that as shot peening intensity 

incre6ses and regardless of workpiece surface integrity, fatigue life 

Waks at the point where peening intensity is sufficiently high to 

cfeate PSEP which are assdciated With primary crack nucleation 

eatrsality. 

This Strofigly inrlicates that the conceptual approach to shot 

peening that relies 6nly on determining the correct amount of residual 

stteea to be imparted, and does not factor in workpiece surface 

integfity, is over simplified. Clearly, there is a multiplicity of 

actioA and interaction bbth on redidual stresses and surface integrity 

by precess variable levels that must be considered in process 

engineering. 

A conclusion reached as early as the 19301s, and widely accepted 

tdday, is that increasingly hard materials would have increasing 

optima intensities (see MTL-~-l3165b &ad NIL-S-13165B). Based on 

availabler data (including thid prog'ranr) t h e  conclusiob is at tilnes, 

but clearly not always, correct. The pfoblea lies in that it is based 
7 

on assumptions that give na impsltance to the relationship between pre 
processing surface condition and the resultant post-processing surface 

damage. Because in many caees this aversimplified and incomplete 

cohclusion seemed to work, it has been both resilient (witness the 

decades that have passed since MIL-S-13165A) and highly unreliable. 

It has, in the author's opinion, added considerably to the currant 



image of shot peening being an engineering 89black box" that cannot be 

counted on to reliably produce benefit levels required. 

A logical outgrowth of the PSEF concept, and as important a 

finding as any in this program, is that optimum intensity range varies 

with pre processing surface integrity. A question arising is: if 

surface condition is at least or even more important than material 

hardness in establishing optimum intensity, how did specifications for 

Almen intensity in harder materials come to consistently reflect the 

use of relatively higher Almen intensity? The answer lies in the 

facts that most workpieces are not polished and a machining operation 

used on a relatively hard material and a relatively soft material 

will, all else equal, yield the same surface finish on both the hard 

and soft material. While there are obvious exceptions to this rule, 

such as tool feed rates and other machineability factors, in general 

this statement is correct. As stated previously, however, the same 

Almen intensity applied to both the harder machined workpiece and the 

softer machined workpiece will not yield the same amount of plastic 

deformation and resultant PSEF size and depth. The net effect is that 

higher intensities are needed to generate PSEF large enough to become 

primary stress concentrations and failure sites in the harder 

workpiece than in the softer workpiece if both are machined in the 

same manner. 

In fact, methodology used in determining optimum intensity and 

other process variable optimums and tolerances during this effort has 

been used during and since the testing for this effort to determine 

similar optimum and tolerance shot peen process variable levels on a 

number of actual product components, including gears, aircraft and 



automotive road wheels, stabi$iaer bars, connecting rods, turbine 

gngine diqks, pnd other ~o~ponengs , Thrpughout these test programs, 

tibe gengrgl trend iklustyate0 in Figure 117 ha$ be6n conpistent. 

HRC STEEL 

FIGURE 117: GENERAL TREND, OPTIMUM INTENSITY VERSUS 
PRE-PEENING WORKPSECE SURFACE INTEGRITY 

PMCTfCAL EFFECTS ON PRODUCTION SHOT PEENING: 

The action and interaction of multiple layers of variables 

t e a  type, hardness, fracture toughness, impact angle, shot 

velocity, preprocessing surface integrity, etc) leave a significant 

amouqt of infomation and quantitative understanding to be developed 

and analyzed before valid intensity optimum and tolerance level 

prediction can be realized, 

9s referred to above, however, this does not leave the process 

engipqer witbout rethodology f ~ r  detererining these intensity optimum 

tolersnce levels. With a well organized iterative testing program, ~. 
theee tolerances and the benefit levels associated with them, can be 

quantified nnd oonsistently reproawed in production. 

A limiting factor to the effective prediction of workpiece 

eaturation is the current level of acceptable inherent tolerances 



associated with the Almen strip in applicable military and industry 

specifications. ("The Effect of Inherent Tolerances in the Almen Test 

Strip On Shot Peening Process Reliability,*I Roger Simpson, Dan 

Clark, and Gordon Chiasson, Third International Conference on Shot 

Peening, 1987. ) 

TASK 5: Determination of the influence of impact angle of incidence 
on fatigue life. 

GENERAL TRENDS: 

Results from Task 5 support the data from other tasks which 

consistently indicate that determining the effect of the process 

variable levels and tolerances used in shot peening on workpiece 

surface integrity is an important step in obtaining shot peen process 

benefit consistency. 

It is well established that reducing impact angle at a given 

intensity will increase the magnitude of peak residual stresses and 

move the depth of maximum residual compression closer to the workpiece 

surface. ("A Practical Approach to Forming and Strengthening of 

Metallic Components Using Impact Treatment,*1 S. Meguid, First 

International Conference on Shot Peening, 1981.) This increase in the 

magnitude of residual stresses in and near maximum PSEF depth 

specifically could explain why, during Phase I1 testing, specimens 

peened at low impact angles had lower fatigue life than those peened 

at higher impact angles, while still exhibiting internal primary crack 

. nucleation. It alone, however, does not wholistically explain the 

reduction in workpiece fatigue life. 

Figures 118, 119, 120, and 121 show that PSEF size and depth 

increased with decreasing impact angle up to and including 60 degrees 

for a given shot peening intensity. Figures 118 and 120 show 

surface cross sections of specimens peened at 90 degree angle of 



ilqpact taken transversely acrogs the diameter of the gauge section. 

In Figures ,I19 and 121, (specimens peened at 60 degrees angle of 

impact, taken &ongitudinally across the gauge section) PGEF are 

largest on the rim of shot impacts which crest in the same direction 

as the medie impact angle. The general trend for fatigue life 

decreasing as impact angle decreased could be explained in one, or a 

combination of, several ways: 

(1) While primary crack nucleation was internal, secondary 

failures emanating from PSEF caused reduced fatigue life. 

There is some evidence from failure analysis that this 

occurred. 

(2) Due to the shallower, higher magnitude compressive stresses, 

internally nucleated primary arack growth to the surface was 

significantly faster through the subsurface layer that would 

have been in compression at higher impact angles. 

(3) Due to the reduced fracture resistance of the surfaces peened 

at lower impact angles, with their inherent larger and deeper 

PSEF, crack breakout to the surface, and subsequent total 

failure, was accelerated. 

PRACTICAL EFFECTS ON PRODUCTION SHOT PEENING: 

In actual production application, impact angle tolerances are one 

of the most difficult shot peen process variables to control. This is 

particularly true in complex shaped workpieces whose areas to be 

peened have relatively small radii of 60 degrees arc or more and/or 

multiple faces oriented in different planes and in close proximity. 

At the same time, it is clear from the data, however, that impact 

angle is a critical variable whose actual tolerances in production 



FIGURE 118- 7075-T73 ALUM., 0.0020A AT 90 DEGREE 
ANGLE OF IMPACT, 700X 

FIGURE 119- 7075-T73 ALUM., 0.0020A AT 60 DEGREE ANGLE OF IMPACT, 
700X, NOTICE "WAVE" CRESTING IN DIRECTION OF MEDIA IMPACT ANGLE 

(FROM UPPER RIGHT TO LOWER LEFT AT 60 DEGREES TO SURFACE) 

FIGURE 120- 4340 STEEL VAR 48/50 HRC. 0.0020A 

FIGURE 121- 4340 STEEL VAR 48/50 HRC, 0.0020A AT 60 
DEGREE ANGLE OF IMPACT, NOTICE "WAVE" CRESTING IN DIRECTION 
OF MEDIA IMPACT ANGLE (FROM UPPER RIGHT TO LOWER LEFT AT 60 

DEGREES TO SURFACE), 700X 



must be well defined and quantitatively controlled such that 

established worst case fatigue life data from the lowest impact angles - 
experienced will, indeed, be the worst case experienced in production. 

This argues strongly for the use Of highly reproducible nozzle motion 

systems, which require, as a minimum, hardened gun fixtures of 

established and frequently calibrated dimensions. An even better, 

more easily controllable, but obviously more capital intensive 

solution, is the robotic control of nozzle motion and impact angle 

vis-a-vis the workpiece Buch that nozzle motion is programmed to 

follow the workpiece contour. Such equipment is currently available 

from peening machine manufacturers. 

A pertinent point in examining Task 5 data is that Task 5 

duplicate& the same intensity at different impact angles. This 

required a manipulation of, and increase in, shot velocity at lower 

impact angles. In actual production, it is possible to controllably 

and reproducibly vary media velocity during processing through the use 

of closed loop feedback to air pressure, or in the case of wheel type 

equipment, wheel speed. The more common occurence, however, would be 

to have varying impact angles at the same shot velocity on a complex 

shaped workpiece. It is also interesting to note that, while these 

lower angle shot impacts Will Contribute to workpiece coverage, they 

will not contribute to workpiece saturation at an intensity specified 

within close tolerances and achieved with a 90-degree impact angle. 

TASK 6: Determination of the effect of peening shot broken particle 
content on fatigue life. 

GENERAL TRENDS: 

There has long been a recognized trend of decreasing fatigue life 

with an increase in broken, angular, or shot deformed to a shape other 



than approximately spherical. It has been addressed for decades in 

U.S. military and industry specifications. 

This pattern is entirely consistent with the concept of PSEF 

being deleterious to fatigue life. An examination of photomicrographs 

of surfaces peened with varying amounts of broken shot shows that the 

type of surface damage imparted by shot with large percentages of 

broken particle content is different from that imparted by peening at 

intensities over optimum intensity range and/or peening at saturation 

levels high enough to produce surface strain cracks. See Figures 92, 

93, 94, 100, 101, and 102. 

PRACTICAL EFFECTS ON PRODUCTION PROCESSING: 

In the real world of production processing, the control of shot 

is one of the most important and, concurrently, one of the most 

difficult tasks in consistently reproducing shot peen process benefit 

levels. In testing that the authors are aware of, an aircraft engine 

manufacturer indicated that all failures on specimens fatigue tested 

began at angular impingements assumed to be a result of a single 

broken or deformed shot impact. Peening was accomplished by a source 
\ 

approved by the engine manufacturer to the requirements of their then 

current peening specification. 

At the same time, few military or industry specifications 

adequately address the requirements for maintaining shot spherocity. 

('IQuantification of Shot Peening Process Variables Affecting Workpiece 

Performance: Process Control and Shot Peening Media," Roger Simpson 

and Robert Garibay, SAE Technical Series Paper 850714). One of the 

reasons the authors believe that this has historically been the case 

is that the manufacturers of peening equipment had as their primary 

business, the manufacture of blast cleaning equipment. All too often, 



$he requirements (and equipment to meet requirements) for shot 

utilized in blast cleaning operations were applied "carte blanchell to 

shot peening applications, An example of an industry specification 

currently in use which makes no differentiation between these is SAE 

J444a, Cast Shot and Grit Size S~ecifications for Peenina and 

Cleaninq. While this trend has significantly improved over the past 

several years both in specifications and equipment available on the 

market! it remains perhaps the single greatest weakness in most of the 

shot peening applications the authors have seen. The differentiation 

between good shot and bad shot in MIL-S-13165B and almost all other 

specifications the authors are aware of is completely subjective. 

(Figure 7, MIL-S-13165B). In short, it is difficult to do good shot 

peening without good peening shot, with llgoodtl meaning that all shot 

in the machine is kept as near spherical as possible. An objective 

performance specification for determining what are acceptable and what 

are unacceptable shot particles is sorely needed. 

A logical alternative is cut wire shot due to its very high 

tensile strength and extremely high fracture resistance and 

durability. The limitation on cut wire shot is that it is relatively 

soft dqe to the relatively low hardness of cut wire shot necessary to 

cut and condition it. The inherent problems in plastically deforming 

the shot instead of the workpiece are evident. More insidious is that 

while relatively soft shot will plastically deform the relatively soft 

Almen strip, it will not do so on a 58/60 HRC workpiece. 

Currently the most cost effective alternative for most peening 

applications is the rigorous control of cast steel shot quality to 

MIL-S-13165B, Table 1 (new shot) requirements throughout processing. 



TASK 7: Determining whether peening shot type (glass beads versus 
steel shot) affected fatigue life in 7075-T73 aluminum. 

GENERAL TRENDS: 

There was no apparent difference in scatter produced by peening . 
with either media. 

PRACTICAL EFFECTS ON PRODUCTION PROCESSING: 

The practical effect on production processing is significant when 

we consider the fracture rate of glass shot and data from Task 6. 

Clearly, using glass beads in production is less desirable and much 

more difficult to control than using cast steel media and subsequently 

ferrous decontaminating workpieces as necessary. 

A recent alternative in the form of ceramic shot provides a 

viable alternative to glass. At the point of writing, ceramic shot, 

while considerably more expensive than glass and cast steel, has a 

considerably lower fracture rate than glass and not as good as cast 

steel. 

stainless cut wire shot has significant potential for non ferrous 

workpieces that are as hard or softer than the shot itself. As 

previously stated, while stainless cut wire is expensive, cut wire 

shot is by far the most durable shot that can be purchased on the 

market today. 

TASK 8: Establishing whether increased shot size or a secondary low 
intensity peening affects specimen surface integrity as it 
relates to PSEF size and depth at a given intensity. 

GENERAL TRENDS: 

While both the use of larger shot at a given intensity, and the 

use of a second lower intensity peening in addition to, and on top of, 

the original peening results in smaller residual PSEF size than the 



single operation, the depth of PSEF remain unchanged. (See PSEF 

idpntification in the procedures and Figures 104, 105, $09, and 

115. ) 

PRACTICAL EFFECTS ON PRODUCTION PROCESSING: 

While the use of larger shot or a second operation can ipprove 

RMS surface finish, it will not improve the basic surface integrity of 

the workpiece. The fatigue results of using larger s h ~ t  indiqate that 

the use of larger shot may actually degrade fatigue performance. 

("Development of a Mathematical Model for Predicting the Percentage 

Fatigue Life Increase Resulting from Shot Peened Components - Sh.ase 

I," Roger Simpson, April, 1985.) 

T4e use of a second peening operation provides much higher 

surface residual compressive stresses. The authors assume this to jse 

the greatest factor in increasing fatigue strength of compopents 

initially peened at relatively higher intensities and subsequently 

subjected to a second lower intensity peening. In workpieces where 

the inherent pre processing surface integrity is poor, aqd gs such the 

optimum intensity range is high, a secondary peening operation wpich 

encapsulates surface integrity problems (i.e., machining marks, or 

ather pre-precessing surface roughness) and PSEF in a higher magnitude 

residual corbpressive stress zone would most definitely be assumed $0 

be beneficial. For workpieces with relatively good eurface $ntegrity 

( e .  finely ground or polished surfaces), the authors question the 

benefit that a secondary process would have due to the relatively low 

ipitial optimum intensity range. 



7.0 SUMMARY 

The information from Task 1 coupled with data produced in Task 4 

indicates a relatively high degree of fatigue life sensitivity in some 

materials to the level of saturation used in shot peening, certainly 

much more than was previously believed. 

A general pattern in specimen fatigue life as peening intensity 

increased was present across all material types tested in Task 2 

except commerically pure titanium. While unpeened control specimens 

exhibited surface crack nucleation, as peening intensity increased 

from zero, crack nucleation became internal and specimen fatigue life 

increased significantly. In the case of AISI 4340 (Airmelt), the 

basic flaws in the material were not overcome by the benefit levels 

induced by shot peening. It is believed that this trend will be 

present for most types of metallurgical material flaws. While the 

peening can imbed surface flaws in a compressed layer, if these flaws 

are such that applied loads concentrate stresses at the flaws in 

sufficient magnitude, the flaws will be primary crack nucleation 

sites. Additionally, there is the danger that subsurface flaws will 

be aggravated by being imbedded in the subsurface residual tensile 

stress zone associated with shot peening. 

At intensity levels relatively low compared to those specified in 

military and industry standards, fatigue life peaked for all intensity 

conditions tested in polished specimens. At intensity conditions 

above the intensity condition or range of conditions, which produced 

the highest fatigue life, or optimum intensity range (OIR), specimen 

primary crack nucleation became generally external for all material 

types tested. These higher than optimum intensity condition specimens 

also yielded fatigue life significantly lower than specimens peened at 

OIR. 
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AS intensity increased, PS&F size and depth increased as can be 

clearly #&en from the photomictographs af SUrfacSs cross sections for 

surfaces peeried Varying to intensity levels. 

For all material types tested, except those where primary crack 

meleatian Wcured at lran nretallicl inclusions, a PSEF was definitely 

identified at the primary crack nucleation site in aver 90-percent of 

specimens peened at interisity conditions above 6 I R  that were subjected 

to failure 6fialySiQ. bf the remairiing lo-percent, aver 90-percent of 

these had a PSEP aedf enough to the ckack site to be potentially 

causal to failure, although not definitely determined as causal to 

prima* ceack nucleation. 

In less than 1-percent of these specimens, PSEF were not 

identified with priinafy CraCk nttcleation. These specilnehs were all in 

the intensity cofiditiofi just above OSR *here PSEF formations were 

mail. 

This pattern of internal primary crack nucleation a t  low 

intensities and surface pfisaq! CPack nucleation at higher intensities 

is directly opposite Of whdt would be expected if the Slibsurfaee 

residual tensile stresses in the specinten were the detet-tiiining factor 

in failure modality. The lack af this: pattera fs particularly 

significant in light Of the specimefis 6.2661) gauge section. Clearly 

residual tensile stress concentrhtion in the core af the spechen 

gauge sections was net a factor id failure modality. 

The high degree Of as~ociati6n 6f shot peen pracess induced 

surface damage (in the form af PSEF) With fatigue life failurei and 

faiiure modality indicates that this phenomena is of far greater 

importance than has been indicated in applicable literature id the 

past. 



The pattern of increase in OIR for varying workpiece surface 

conditions in Task 3 is highly significant in it's ramifications for 

process variable level selection in the real world of processing 

components to increase their fatigue strength. - 
It is logical that if process induced surface damage can be causal 

to primary crack nucleation, then the surface integrity of the part, 

if it has greater potential stress concentrations than the peening 

induces, will continue to be the determining factor to primary crack 

nucleation (Figure 122). This condition will exist until the plastic 

FIGURE 122 - CRACK INITIATION AT PSEF AND SUBSEQUENT 
INTERIOR PROPAGATION 

deformation level induced by shot peening increases to the point that 

the process induced surface damage is great enough to displace the 
/ 



pre-shot peen processing surface integr$,ty anomalies as the 
1 

deterplining factor to primary crack nucleation.,, 

Quite simply, the worse a workpieceug; surface, integrity is before 
< 

shot peening, tbe higher the OIR will be, with j t s  incipient higher 

levels . . of beneficial residual compregsion and detrime~taL process 

induced surface dapage. Until the induced surface damage becomes the 

weake~t point in the surface from a fatigue perspective, the damage 

induced by the process is benign. 

Another gignificant finding was that the fatigue life of coarser 

surfaced specimens peened at their respectively higher OIR was not 

significantly different- than finely polished specimens peened at their 

respectively hower Q ~ R .  

It is c h a r  that sc?me materials, suchas Ti 6Al 4V, can be 

extremely sepsitive to saturation; and others, such as 7075-T73, may 

be very insensitive. 

Generally, impact angle decrease was associated with decreased 

specimen fatigue life. This seems logical, if peening specimens at 

OIR, since increased media velocity (over that used in 90-degree 

impact angle) caused PSEF formation such that specimen fatigue life 

would be reduced. A 90-degree impact angle deforms the workpiece 

surfase by loving material radially away from the center of the 

impact.. To achieve the same intensity at 45-degree impact angle, 

there is a significantly greater unidirectional displacement of 

workpiece surface material. 

The improved surface finish realized by using larger shot has 

been recognized by U.S. Military specifications for years. Task 8 

makes it clear that this is not the case for surface intearite. 

This points out the fact that profilometer examination of a 



surf ace is insufficient infobation concerning measurement of changes 
\ 

in shot peened surface integrity. The authors see no reason to use 

larger shot than is necessary. In fact, Phase I data indicates that 

. the opposite may be true. 

Note the importance that, in constant amplitude testing of axial 

specimens as in the Phase I1 effort, the high cycle fatigue life being 

measured is a function almost entirely of crack nucleation. Because 

of very rapid crack propagation, with little sign of crack growth 

arrest, crack propagation was of little importance. While this is 

consistent with many actual production components, such as automotive 

transmission gears, crack growth rates are certainly of great 

importance in some transportation vehicles, such as aircraft airframe 

structural members. If the production application test methods are 

indeed representative of actual production components' physical and 

chemical characteristics and operational environment, the requirements 

for LCF and crack propagation are accounted for. The closer the 

testing conditions reproduce the actual operational loads and 

environment, the more true this will be. 

Because axial fatigue specimens will show a smaller difference 

between the fatigue strength of peened and unpeened specimens, we 

should expect that the fatigue strength improvements in actual 

components that experience some type of bending load should be far 

greater than those experienced in this test program. Additionally, 

the effect of surface integrity degradation would tend to be greater 

in workpieces with bending loads due to the highest loads being at the 

surface. This would be expected to include the effects of broken 

particle content (angular impingements), the effects of intensity 

overpeening (PSEF), the effects of saturation overpeening (surface 



&rain cracking), and any other surface related phenomena. 

The Phaee IT effort, while representing a significant milestone 
. 

in development of a predictive model, does not provide engineers with 

such a predictive system. 

The knowledge gleaneg from this program, however, does not leave 

the process engineer without methodology for arriving at a peening 

process whose variable levels and tolerances have been selected 

through a quantitative examination of the individual and cumulative 

effect 09 process variable action and interaction on the fatigue 

behavior of the workpiece in question. 

While requiring csignificant expertise and shot peen process 

background to perform in the most cost effective manner, the iterative 

system outlined below can, i f  implemented, achieve the production 

process benefit: level consistency that has been almost totally lacking 

tor decades in shot peening. It involves several straightforward 

steps, They are as follows: 

(1) Identify the workpiece chemical and physical characteristics 

including material type, hardness, case depth, surface finish in 

the area to be peened, and other pertinent characteristics. It 

4s important to identify the best and the worst oase pre shot 

~eening surface finish that can be expected for the area to be 

peened. 

(2) Identify the operating environment that the workpiece in mestion 

will experience in the area to be peened. This could include: 

1. Type 
2. Magnitude 
3. Freauencv - 

b) ~ o s r o s i k  
[c) Damage tolerance 

1. Pre installation tolerance. 
2. Mechanical damage due to contact with foreign objects. 



3. Operational contact damage with other components in the 
equipment in which the workpiece is installed. 

4 .  Mechanical damage during maintenance operations. 

The need for this information is related to the concept that any 

assumed level of acceptable operational damage tolerance can be 

assumed to change the optimum intensity level in the same manner 

that the coarser pre processing surface finish changed optimum 

intensity level in Task 3. 

(3) Identify the prescribed intensity levels in U.S. Military and 

industry specifications. 

(4) Insure that the process variable level controls on the peening 

machines intended for use during testing are sufficiently tight 

to give the best practicable and clearest, most succinct pattern 

of fatigue life at different shot peening conditions. See Table 

2. It is important to note that these experimental process 

levels need to be substantially tighter than current industry and 

military specifications or than standard production peening 

equipment will produce. Without using very tight testing 

tolerances, error incumbent in variable tolerances will increase, 

and as such, effectively shrink acceptable production tolerance 

ranges. This invariably raises the cost of processing 

considerably (Figure 123). 

(5) Establish workpiece saturation as a function of Almen saturation. 

("A New Concept for defining Optimum Levels of a Critical Shot 

Peening Process VariableIt1 Roger Simpson, Gordon Chiasson; 

Second International Conference on Impact Treatment Processes, 

22-26 September, 1986, p. 101.) 

(6) Determine the method of fatigue testing. Testing is best done 

with actual components. However, in aerospace and many other 



industries, this 4s prohibitiyely gxpensiva. Specimens which 

Wsf cbarly duplicata f h ~  ~orgpi%ce chemical and physical 

characteristics? and opera$l~nal environment of the workpiece 
. 

shouJd be m~nufacturgd W&rs aqtgal production components cannot 

be used- W q ~ e  possib&e, 1ggd ppectrurns duplicating the actual 

operating environment should be applied.. 

(7) Establish qnpeened confro1 giipecirnen fatigue data. 

(8 )  Manufacture an Almen test fixture which, as accurately as 

possible yi$,hin the limitationq inherent in the Almen strip, 

represents the workpigce and area to &a peened. 

(9) . . Shot peen a number of sgecimgns at intensity levels varying from 

0,0020A to sove leyel above that: specified in current Military 

and industry specifications in, 0.0020A to 0.0040A increments. 

(10) From step 9 data, eateplish genera trends in fatigue life as 

intenqity increases. 

(a) If  fa,t&gue life is higheat at the highest intepsity peened, 

peen at highw iptengities %nc! Catiwe testthese cipecimens. 

pepeat this untQ fatiguq life begins to decrease for higher 

intgnsity. 

(b) When fatigue life has peaked at sQge i~teneity value between 

P.Qo39A an4 t hLghWt intensity, sbot peen cjeveral 

~pepimens at inteneitjes abwe an4 bb40~ the iqtensity 

~ssociafnd yigh the highest statistical fatigue li£e in 

Q10QQ5A htensify incre?lenf.s tq quantitatively define the 
exact position of OIP (optimum Intensity Range) apd its 

solerances. 

(1%) Using fhe optirnuq! intensity $qya$ as defined in 10, define in a 

similar manner the optimum workpiece saturation level, effect on 



fatigue life of changing impact angle, and other process variable 

tolerance quantitative effects. 

(a) Define the S/N curve for unpeened specimens and specimens at 

optimum intensity and saturation levels. 

(12) Production implementation should follow this basic procedure: - 
Production Processina: 

(a) Now that an optimum intensity range has been generated 

through peening and testing per steps 10 and 11, 

establish acceptable production peening variable tolerance 

ranges which will affect the optimum intensity range. This 

should be done in a procedure similar to the following: 

(1) Determine the tolerance ranges for each variable defined 

in step 11. 

(2) Add up the cumulative tolerances for all variables, best 

case and worst cast, and tailor the optimum intensity 

range as to how these factors would affect it (Figure 

123). 

(3) Determine the calibration tolerances of the monitors and 

meters used for monitoring and controlling those 

critical variables and tailor the optimum intensity 

range again to reflect their effect (Figure 123). 

(b) Establish cumulative tolerance condition S/N curve variance 

with fatigue test specimens peened with conditions 

duplicating the cumulative top and bottom of the process 

variable tolerance ranges. 

What this procedure does, in effect, is to shrink the 

acceptable optimum intensity range which can be reproduced 



on existing equipment sg as to insgre that processing is 

AtW4Ys msiqtsined withiq acceptable limits. 

Y - AW w - o g  
S - 

CR$ IN 
Y - CPI 
Z - PRO 

EN STRIP CUMJJLATIVF W w w C E S  
:MUM INTENSITY RANGE AS DEFINED BY STEPS 10 AND 11 
'ICAL V-IABLE W U T I V E  TOLFRSNCEG EFFECT ON OP'$'Im 
:NSITY RANGE 
TE-L VARIABLE PROCESS CONTROLS CALIBRATION TOLERANCES 
IUC $ ION INTENSITY RANGE SPECIFICATION 

FIGURE 123 - CONCEPTUAL ILLUSTRATION FOR ARRIVING AT 
PRODUCTION PROCESS TOLEWCE SPECIFICqTTON 

( c )  Design and implement prqduction equipment and process 

Wntrela that can wwtitatively reproduce these process 

ypriable levels, 

(d) Determine W a f  $eve$ 90 iMerent Almen strip cumulative 

tolersnces will be specified for pr~duction processing. 

(The Effect of Inherept Tolerances in the qlmen Strip on 

@hot Peening Process pel4ability,a Roger Simpson, Dan Clark, 

Osrdsn Chianssn; Thir4 International Conference on shot 

Peening, 1987) Theag tolerances should also be removed from 



the acceptable production tolerance range. 

(e) Thoroughly educate process engineering personnel, production 

supervisors, operators, quality assurance personnel, 

maintenance personnelland others as applicable, as to the 

difference between this type of peening operation and 

traditional %~ntrolled~~ shot peening. One should carefully 

describe how changes in single or multiple variable levels 

will statistically affect the level of benefit the process 

induces in workpieces. 

(f) Utilize the information in (a) and (b) to quantitatively 

decide disposition of components rejected for out of 

tolerance processing. 

When approached from the standpoint of scientifically defining 

what the shot peen variables are that affect workpiece performance for 

the workpiece in question, and what the correct levels and tolerances 

of each variable are such that their net effect on fatigue life at the 

high and low cumulative tolerance levels is to provide the needed 

fatigue strength benefits, the shot peening process has an extremely 

high benefit/cost ratio. What is left then is to clearly define 

process variable tolerance controls and implement the fatigue strength 

benefits into the real world of production components. 

The need for updated military and industry specifications is 

' clear in light of the data. 

The area of process control is currently seeing some significant 
* 

attention in terms of proposed Military and AMS standards. 

Of particular concern, however, is the ongoing lack of attention 

in Military and industry standards to choosing the correct process 



levels to be controlled to. Indeed, the very idea of a need for 

process control argues that some levels of process variables are 

better than others. It is far more logical to outline in standards 
- 

how to quantitatively ascertain what the right process variable levels - 

are than to arbitrarily choose to include tables of specified 

intensity for no better reason than because they have always been 

thore, Controlling at very fine tolerances to the wrong nominal level 

is, at best problematic. Tighter control is only "goodn if it can be 

documented to provide benefit for the added cost. The question is how 

to knew if the nominal level and tolerances you are controlling to are 

the cbrrect ones unless there is hafd data to support it. Once that 

question is addressed in a quantitative fashion, with quantitative 

effects documented for variance in all the critical variables, 

impleaenting process equipment, process Centrals, and written 

specifications becames a matter af what benefit levels are desired and 

the cost associated with achieving them. 

The real world ramifications for the use of the methodology 

outlined above is the capability to Significantly and reliably 

increase the allowable load on fatigue sensitive workpieces. In the 

past, while significant increases ware possible under laboratory 

conditions, achieving fatigue benefit raliability induced by the 

process was often elusive. The authors have utilized this methodology 

extensively in production applications and have seen significant load 

capacity increases on actual production components. 

Using this methodology for applying shot peening as part of the 

original design strength of a workpiece will probably not be widely 

cost effective until s predictive mudel for optimum process variable 

levels and tolerances can be easily computer applied. 



The use of this type of iterative test methodology is, however, 

highly cost effective when seeking to increase the load capacity of 

existing components and component systems. This is true largely 

v because of the fact that shot peening usually can be applied to a 

component with little or no redesign of that component. An engineer 

can select the weak points on a component or the weakest components in 

a system and upgrade the performance of the whole. This is in 

contrast to the large redesign and/or retooling costs that would be 

associated with making a basic change in part design, without 

acounting for the other associated risks and validation testing costs 

incumbent on redesign. While the use of better materials is at times 

the most expeditious option in increasing allowable loads, in 

aerospace the very best is often already being used; and in 

automotive the cost of using better materials often proves cost 

prohibitive. 

In cases of applying a fix for an emergency situation that 

involves little time to retool or reengineer, the methodology 

described above is an outstandingly efficient tool to effectively 

increase the load carrying capacity of a component. And it can be 

done in a matter of a few weeks. 

The risks involved in using the shot peen process to deliver some 

minimum level of benefit, without going through the type of variable 

optimum and acceptable tolerance identification methodology outlined 

are both large and insidious. Shot peening has a history of promising 

things in laboratory test results that are not fulfilled in production . 
due to a lack of understanding of the interaction of the process on 

the specific workpiece in question. Clearly, scrimping on the fatigue 

test budget in this case is not cost effective if a certain minimum 

level of process benefit is required. 
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8 . 0  RECOMMENDATIONS FOR FURTHER STUDY 

The test conditions utilized in Phase I and PhaSe I1 Of this 
7 

program were chosen for their capacity to isolate the effects of 

process induced surface integrity phenomena from other critical . 
variable actions and interactions on workpiece fatigue strength. 

Variables such as notch effect, applied load stress concentration 

factors, and process induced residual stress profile are examples. 

These other factors, many of which are well documented in technical 

literature, are indeed critical variables that must be considered when 

defining optimum process variable nominal and range values for actual 

production component shot peen processing. They can be, however, and 

as indicated by the data, inextricably linked with the level of shot 

peen process induced surface integrity degradation from any given 

level of shot peen processing in their cumulative effects on workpiece 

fatigue strength. It is important to note that the authors in no way 

suggest using the optimum shot peen process variable values defined 

for the test conditions of either Phase I or Phase I1 of this program 

as universal prescription for intensity optimums on the material types 

investigated. The workpiece chemical and physical characteristics and 

the particulars of the operational load and operating envirdnment for 

the workpiece in question must be taken into cofisideratioli. 

The relationships of interaction between applied load &tress 

concentration factors, shot peen process induced residual stress 

profile, workpiece material characteristics (such as fracture 

toughness and many others), and both prts and post process surface 

integrity are complex and have yet to be statistically quantified. 

While Phase I and Phase I1 of this research program have added 

significantly to the understanding of haw process induced surface 



integrity degradation affects workpiece fatigue life, substantially 

more data is needed in defining all of the critical variable 

relationships before these relationships can be predictively 

e understood and applied on production components at the engineering 

design stage of their manufacture. . 
Clearly, however, the data generated in the Phase I and Phase I1 

efforts contradicts the broadly accepted assumption that the shape in 

profile of the shot peen process induced residual stress pattern is 

the sole primary determining factor, or even the sole determining 

factor, to the quantitative position of optimum process variable 

values. In the authors' opinion, this assumption is flawed at best, 

and is quite probably a dangerous autonomous criteria on which to base 

specific component shot peen process variable optimization. 

The next phase of this research program, well underway at the 

time of the writing of this report, addresses the determination of 

optimum shot peen process variable quantitative values when factoring 

the interaction of workpiece shape and applied load stress 

concentration characteristics into the current data base concerning 

the effects of variance of workpiece surface integrity as shot peen 

process variable quantitative values change. It also addresses how 

maximum acceptable operational damage tolerance and several other 

criteria statistically relate to the whole of workpiece, process, and 

loading variables. . Until such time as the data base required to compile the 

predictive mathematical model envisioned by this multiphase 'program is . 
available, determination of optimum process variable nominal and range 

values and the resultant fatigue strength benefits derived for any 

given workpiece of given chemical, physical, and operational load 



qharacte~iatics can be qade only through a battery of iterative 

tacit* which both dupl4cates the sperational load characteristics and 

workpi.?ce characteristics for the specific workpiece in que$t$on, and 
. 

does ao f ~ r  varying quantitative Levels of shot peen processing. . 
An important. reali?atiftn that should be derived from the Phase I 

and P!-+s~sP TS. 6eta a8 Well as other technical publications, is that -the 

verv elmple charts that can be fo&Ins in a wajority of nilitary and 

indugtry specifisatians $iafing prescribed peening intensity ranges 

are clearly i~adequate for prescribing shot peen process levels which 

can b~ relied on to cgngiGently produce the desired benefit level on 

wsrkpiaces of ell canfigurations and loading characteristics. If one 

intends to use the shot peen prscess ~s a means of reliably 

repro4wing certain desire3 levsle of workpiece fatigue etrqngth 

bsneflt, eeyera4 fa~tors qbove and beyond material type and hardnssn 

must be c~nsidsred. W h i h  etegant in their simplicity, arriving e ) t  

optilpq shot peen parmster values and insuring that the desired 

bgnefie layal i s  ijttr?inable at both extremes sf cumulative acceptqb$e 

proCess variablg tolerance timjtq technically 3 w c h  wore complex 

chr?&lenga than $he typic?l nllita!ry Rnd/or industry specification's 

tabla Qf preenribed paanins intensitlea would indicate. 

adqitionsl, pksa thqf need6 fwther development is that of 

procew measqrement. As desaribed earlier and in numerous 

publicstlow, tha 4$1qen t e a t  sfrip eyetear is quite incapable ~f being 

the sole and gptgnomoug measgre ~f shot peen process effectiveness ps - - 
it $8 currently preserikea in miUtaru @nd Lndqstry specifications, 

It i s  ~ b ~ i o u e  f r ~ m  B. simple analysis of c~mulative acceptable 

tolerances that the A l W n  teat $trip'@ Currently acceptable tolerames 

i l l  qxceed the specified intensity rsnges in these same 

epecifications. 
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VARIABLE TOLERANCE 

Almen Strip Hardness Variation +/-0,0005 
( p w  

Almen Strlp Thickness +/-0 .OOlO 
Almen Strip Flatness +/-0. 0010 
Almen Gauge Mounting Plane +/-0.0020 
Almen Gauge Indicator Graduation +/-0.0005 --------------- 
CUMULATIVE TOLERANCES +/-0.0050 

SUMMARY OF MINIMUM CUMULATIVE ARC HEIGHT VARIABILITY 
OF CURRENTLY ALLOWABLE TOLEFZANCES IN TYPICAL 
U.S. MILITARY AND INDUSTRY SPECIFICATIONS 

A significant improvement: in the current Almen test strip system 

can be accomplished by merely reducing acceptable tolerances inherent 

in Almen test strips. This can be done without changing its basic 

structure or configuration. The Almen test strip system, however, is 

currently and will remain for the forseeable future, a necessary but 

insufficient measurement of process effectiveness and reproducibility. 

Further research on nondestructive process effectiveness measurement 

is needed. 





&PPENDIX 9 

TABLE A-1 

FATIGUE RESULTS VS. INTEN-, PEENING PARAMETERS AND FRACTURE SITE 
ET-ERMINATION FOR TITANIUM (C. P. ) 

* 

PEENED/ 
1 UNPEENED 
I 
i BASELINE 
I (UNPEENED) 
I 

MEDIA CYCLES TO FAILURE 
SIZE/TYPE I (Nf X 1000) 

I 
I 

MIL-13/ i 
GLASS BEAD 1 60, 78 

I 
MIL-13/ i 
GLASS BEAD 1 81, 92, 96 

I 
MIL-11/ i 
GLASS BEAD 1 63, 65, 69 

MIL-$/ 1 
GLASS BEAD 1 40, 43, 60 

MIL-5/ 
I 
I 

GLASS BEAD 1 26, 35, 41 
I 

MEAN 
- 
X 

FRACTURE 
INITIATION 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : TITANIUM (C.P.) 34/36 HRC, (LOT C-0016) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 85.3 



APPENDIX 

TABLE A-2 

EBTIGUE-TS VS. INTENSITY. PEENING PARAMETERS AND FRACTJlBE SITE - 
{ 

INTENSITY 
J.CONDITION I 

MEDIA 
SIZE/TYPE 

MIL-13/ 
GLASS BEAD 

5-70/ 
CAST STEEL 

MIL-13/ 
GLASS BEAD 

8-70/ 
CAST STEEL 

MIL-11/ 
GLASS BEAD 

S-7O/ 
CAST STEEL 

MIL-9/ 
GLASS BEAD 

MIL-8/ 
GLASS BEAD 

MIL-5/ 
GLASS BEAD 

TEST GROUP : 
MATERIAL : 

SPECIMEN SURFACE : 
WORKPIECE SATURATION : 

ANGLE OF IMPACT : 
MAXIMUM STRESS (KSI) : 

CYCLES TO FAILURE 
INf X 1000) 

61, 64, 83, 134, 185, 214, 
6711 

109, 941 

2031, 2131 

MEAN - 
X 

922 

525 

2081 

2010 

N/A 

--- 
I 

544 
I --- 

643 

124 

30 

FRA( 
INITl 

( #  OF 
INT. 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

P 

FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
6AL - 4V TITANIUM 41/42 HRC (LOT C-0015) 
LATHE TURNED & POLISHED (C) 
100% 
90 DEGREES 
14 0 

- 
:TURE 
[ATION 
SPEC. 
L?2m 
I I N/" 
I 
I 
N/A 

I N/A 
I 
I 
I N/A 
I 
I 
I N/A 
1 
I 
I N/A 
I 
I 
I N/A 

I I N/A 
I 
I N/A 
I 
I 
I N/A 
I 
I - 

. 



APPENDIX 4 

TABLE A-3 

FATIGUE RESULTS NTENSI EENING PARAMETERS AND FRACTURE SITE 
&hINATI%' FER 2024-T4 A L U M I W  

- INTENSITY 
J CONDITION 
I 

MEDIA 
SIZE/TYPE 

MIL-13/ 
GLASS BEAD 

MIL-13/ 
GLASS BEAD 

MIL-11/ 
GLASS BEAD 

MIL-8/ 
GLASS BEAD 

MIL-5/ 
GLASS BEAD 

MIL-5/ 
GLASS BEAD 

MIL-4/ 
GLASS BEAD 

CYCLES TO FAILURE 
INf X 1000) 

184, 162, 141, 138, 186, 
129 

MEAN 
- 
X 

157 

879 

251 

102 

107 

121 

8 4 

8 5 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 2024-T4 ALUMINUM 110/119 HBN (LOT C-0001) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 47 



EATTGUF RESULTS VS. INTENSITY. PEENING PARAMETERS AND FRACTURE S I T $  - 
PETERMINATION FOR 6061-T6  ALUMINUN 

i BASELINE 
(UNPEENED) 

I 

MEDIA 
SIZE/TXPE 

MIL-13/ 
GLASS BEAD 

MIL-11/ 
GLASS BEAD 

MIL-8/ 
GLASS BEAD 

MIL-EC/ 
GLASS BEAD 

MIL-5/ 
GLASS BEAD 

MI t-5/ 
GLASS BEAD 

MIL-4/ 
CLASS BEAD 

MEAN 

'PEST GROUP : FATIGUE L I F E  VERSUS INPENSI'PY PASR 2)  
MATERIAL : 6061 -T6  ALUMINUM 93/100 HEN ( T C-0003)  

SPECIMEN SURFACE : LATHE TUWED h POLISHED (C) 
y5 

WORKPIECE SATUWTION : 100% 
ANGLE: OF IMPACT : 90 DEGREES 

MAXIMUM STRESS ( K S I )  : 4 0  



APPENDIX A 

TABLE A-5 

FATIGUE RESULTS VERSUS INTENSITY AND PEENING PARAMETERS FOR 7075-T6 ALUMINU 
PHASE I 

INTENSITY 
CONDITION 

MEDIA CYCLES TO FAILURE 
TYPE I INf X 10001 

I 
I 

N/A 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

GLASS BEAD 

MEAN FRA 
INIT 

X ( #  0 
I I INT. 
I 
1 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
L 

MATERIAL : 7075-T6 
SPECIMEN SURFACE : LATHE TURNED AND POLISHED 

WORKPIECE SATURATION : 100% 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS IKSI1 : 58 KSI 

TRE 
LTIO 
SPE 
m 

3 

0 

0 

0 

2 

1 

3 

1 

2 

2 
- 



FATTGUE RESULTS VS. INTENSITY. PBENING PARAMETERS AND FRACTURE SITE 
ERMINATION FOR 707546 A L U M I W  

MEAN FRACTURE - 
INITIATION 
0 OF SPEC. ZNTENSXTY MEDIA CYCLES TO FAILURE 

TEST GROUP : FATfGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 7075-T6 ALUMINUM 143 HBN (LOT C-0002) 

SPECIMEN SWtACE : IATHE TURNED & POLfSWED (C) 
WORI(P1BCE SATURATION : 100% 

Jdt3NCWTXON 

ANGLE OF IMPACT : 90 DEGREES 
MAXTMUM STWSS (KSI) : 58 

SIZE/TYPE I (Nf X 10001 
17 

BASELINE 
(UNPEENEb) 

I 
I I 

N/A ( 84, 99, 82, 217, 197, 93 1 129 

I MIL-13/ 
0.0010A i GLASS BEAD 

MIL-11/ 

I 
298, 275, 360, 323, 357, 1 333 
383 

I 0.0030A i GLASS BEAD 255, 257, 206 1 239 

I I I 



APPENDIX A 

TABLE A-7 

FATIGUE RESULTS VS. INTENSITY, PEENING PARAMETERS AND FRACTURE SITE 
DETERMINATION FOR 7075-T73 A L U M I W  

INTENSITY 
lCONDITION 
I 

/ BASELINE 
I (UNPEENED) 
I 
I 

MEDIA CYCLES TO FAILURE 
SIZE/TYPE I INf x 1000) 

I 
I 

S-70/ i 
CAST STEEL 1 1275, 1544, 29, 1424, 

1 1236 

S-70/ 
i 
1 2805, 1811,2093,1176, 

CAST STEEL 1 1822, 1096 
I 

5-7 O/ ) 346, 323, 1348, 1463, 
CAST STEEL 1 588, 120, 141, 1489 

I 
5-70/ I 
CAST STEEL 1 137, 128, 118, 116, 

1 107, 105, 196 
I 

S-70/ i 
CAST STEEL 1 95, 131, 105, 88,126, 

1 89, 81, 104 
I 

5-7 o/ I 
CAST STEEL 1 62, 91, 98, 101, 91, 

1 104, 68, 109 
I 

WEIBULL MEAN FRACTUR 
INITIATI 

( #  OF SPE 
INT. I EX 

I 
I 

N/A 1 5 
I 
I 

l 4  
I 

7 

5 

0 

0 

0 

0 

TEST GROUP: FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL: 7075-T73 ALUMINUM 136 HBN (LOT C-0030) . SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 

WORKPIECE SATURATION : 1000. - - - - - - - . . . . - - -  - 
ANGLE OF IMPACT : 90 DEGREES . MAXIMUM STRESS (KSI) : 50 



FPPENDIX 

TABLE A-8 

fiTIGUE RESULTS VS. INTENSITY. PEENWG PARAMETERS AND FRACTURE SITE 
PETERMINATION FOR 4540 AIRMELT $!PEEL 20/25 HRC - 

rRTENSf TY 

BXSELINE 1 
(UNPEENED) 

0.0020A I 
I 

/ 0.0030A 1 
I 
I 

0.0035A 1 

I 
I0.0040A I 

I 
I 

I 
1 0.0045A 1 

I 

I 

I 
I 

I 
I 0.0075A I 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

s-70/ 
CAST STEEL 

8-70/ 
CAST STEEL 

6-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

8-7 o/ 
CAST STEEL 

s-llO/ 
CAST STEEL 

s-llO/ 
CAST STEEL 

MEAN 

fZ 

237 

83 

399 

338 

626 

441 

R/A 

196 

504 

N/A 

6'10 

119 

184 

FRAC 
IRITI 

it OF 
IRT. 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 
,- 

TEST GROUP : FATIGUE LIFE V$R& INTENSITY (*ASK 2) 
MATERIAL : 4 5 4 6  AXRMSL'P STEEL 20/25 HRC (LOT C-0006) 

SPECIMEN SURFACE : GROUND AND POLISHfiD (12) 
WORKPIECE SATUk&TTON r 1013% 

ANGLE OF IMPACT : 90 DEGREES 
HAXIMUM STRESS (KSI) : 102 

JRE - 
PION 
PEC . 
EXT - 

6 

2 

4 

2 

4 

3 

1 

3 

2 

1 

3 

2 
2 

3 



APPENDIX A 

TABLE A-9 

PATTGVE_.RESUUS-VmSUS INTENSITY. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINAaON FOR 4340 AIRMELT STEEL 34/36 HRC 

* 

INTENSITY 
J CONDITION - MEDIA 

SIZE/TYPE 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

S-7 o/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-110/ 
CAST STEEL 

CYCLES TO FAILURE 
(Nf x 1000\ 

169, 135, 103, 103 

108, 113, 77 

351, 697, (R/O) 

280, 249, 358 

(R/O), 3336 

8801 (R/O) 

136, 196 

75, 2112, 219, (R/O) 
(R/O) , 3710 

107, 176, 277 

120, 136 

378, 205 

52, 68, 94 

118, 88, 77 

MEAN 
- 
X 

FRAC 
INITI 

( #  OF 
INT . 
0 

0 

1 

0 

1 

1 

0 

2 

0 

0 

0 

0 

0 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 21 

JRE 
PION 
PEC . 
EXT - 

4 

3 

1 

3 

0 

0 

2 

2 

3 

2 

2 

3 

3 
- 

MATERIAL: 4340 AIRMELT STEEL 34/36 HRC-(~DT C-0b07) 
SPECIMEN SURFACE : GROUND & POLISHED (L) 

WORKPIECE SATURATION : 100% 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 140 



APPENDIX 4 

tPABt.& A-10 

S-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-70/ 
CAST STE'EL 

5-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-70/ 
CAST STEEL 

5-70/ 
eAS%' STEEL 

&70/ 
CAST STEEL 

3f 

1 5 9  

733 

N/A 

N/A 

1181 

300  

906  

1467  

767 

7i35 

N/A 

365 

2 5 3  

522 

;ITY (T 
HRC (L 

Pith€ 
INI$I 

(#. OF 
XNT . 

6 

3 

N / A  

N/A 

1 

N/A 

4 

2 

3 

h/A 

N/A 

1 

0 

0 

IRE 
' I O N  
'EC . 
&XT 

- 
- 

3 

1 

N/A 

N/A 

N/A 

1 

1 

1 

2 

2 

1 

&/A 

3 * 

3 
- 
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TABLE A-ll 

FATIGUE RESULTS VERSUS INTENSITY. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION FOR 4340 AIRMELT STEEL 48/50 HRC 

MEAN FRACTURE 
INITIATION - INTENSITY 

J CONDITION 
I 
i BASELINE 
I (UNPEENED) 
I 
I 
I 0.0030A 
I 
I 
I 0.0060A 
1 
I 
I 0.0065A 
I 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

s-110/ 
CAST STEEL 

S-110/ 
CAST STEEL 

- 
MEDIA CYCLES TO FAILURE X ( #  OF 

SIZE/TYPE I INf x 1000) I I INT. 
I I I 

I 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 4340 AIRMELT STEEL 48/50 HRC ( I ~ T  C-0021) 

SPECIMEN SURFACE : GROUND AND POLISHED (L) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 170 



APPENDIX A 

TBB- 
FATIGUE RESULTS VERSUS INTENSITY. PEENING PARAMETERS AND FRACTURE SITE 

D-VACUUM M C  REMELT STEEL 48/50 HRC 

ZNTENSITY 
NDfTION I 

I 

I BASELINE / 
(UNPEENED) I 

I 

MEDIA 
SIZE/TYPE -~ 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

s-110/ 
CAST STEEL 

5-110/ 
CAST STEEL 

CYCLES TO FAILURE 
- I N f  x 1 0 0 0 1  

WEIBULL MEAN FRAC 
INITI 

( t  OF 
INT. 

0 

7 

4 

0 

0 

0 

0 

0 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2) 
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC 

(LOT C-00281 

WORKPIECE SATURATION : 100% 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 195 

IRE 
- 

'f ON 
'EC . 
EXT - 

6 

0 

4 

8 

8 

8 

8 

3 

- 



APPENDIX A 

TABLE A-13 

W . G U E  RESULTS VS. S T R E S S .  PEENING PARAMETERS AND FRACTURE S I T E  
DETGRMINATIONLOR 7 0 7 5 - T 7 3  ALUMINUM - 

MAXIMUM % O F  MEAN 
SPECIMEN S T R E S S  BASELINE CYCLES TO FAILURE 

STATUS I f K S I )  I S T R E S S  
I I 

PEENED 1 60 1 120  
I I 

C O N T R O L 1  60 1 1 2 0  
I I 

PEENED 1 57.5 1 115 
I I 

CONTROL 1 57.5 1 115 
I I 

PEENED 1 55 1 110 
I I 

C O N T R O L 1  55 1 110 
I I 

PEENED 1 52.5 1 105 
I I 

CONTROL 1 52.5 1 105 
I 1 

PEENED 1 50 1 100 
I I 
I I 

CONTROL 1 50 1 100 
I I 

PEENED 1 47.5 1 95 
I I 

CONTROL 1 4 7 . 5  1 95 
I I 

CONTROL 1 4 7  1 9 4  
I I 

PEENED 1 4 5  1 90 
I I 

CONTROL 1 4 5  1 90 
I I 

PEENED 1 4 2 . 5  1 85 
I I 

CONTROL 1 4 2 . 5  1 85 
I I 

CONTROL 1 40 1 80 
I I 

FRA 
I N I T  

L.iL.22 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

YJRE 
LTION 

T E S T  GROUP : FATIGUE L I F E  VERSUS S T R E S S  (TASK 2 - S/N)  
MATERIAL : 7 0 7 5 - T 7 3  ALUMINUM 136 HBN (LOT C - 0 0 3 0 )  

SPECIMEN SURFACE : LATHE TURNED & POLISHED ( c j  
ALMEN I N T E N S I T Y  : 0 . 0 0 2 0 A  (OPTIMUM PER TASK 2 )  

WORKPIECE SATURATION : 100% (OPTIMUM PER TASK 4 1  



APPENDIX A 

TABLE A-14 

~A%?IGUE RESULTS V S .  S?F&sS. PEENING PARA~~ETERS AND FRACTURE S I T E  
PETERMINATION PO# 4340 AIRMEfiT STEEL 48/50 HRC 

% OF 
V&!LtNg 
STRESS 

125 

125 

120 

120 

115 

115 

110 

110 

105 

105 

100 

100 

9 5 

9 5 

9 0 

9 0 

8 5 

8 5 

CYCLES TO FAILURE 
IN£ x 10061 

heAN FRAC 
INITT 

ft ( #  6P 
I I N T .  

I I 
I 
I 
I 
I 

I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

i 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
L 

tr~'r'%~w$.f ,fF$ VERStrB STFESS (TASK 2 - S I N )  
4340 A I ~ E L P  ~!I?EEL 48/50 E!RC ( M T  C-0025) 
r2~0ifNti & P ~ L ~ B H E D  
0.0080A ( ~ P T ~ I @ M  P ~ R  ?ASK 2) 
io6% IdPTXMUMPER TAsR 4) 
9 - 7 0  CAST STEEL 
90 DEGkkks 
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TABLE A-15 - 
FATIGUE RESULTS VS. STRESS, PEENING PARAMETERS AND FRACTURE SITE - 

DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/50 HRC 

SPECIMEN 
1 STATUS I 
I I 
I I 
I PEENED I 
I I 

I PEENED I 
I 

I CONTROL I 
I I 
I PEENED I 
i 
I 

i 
I 

I CONTROL I 
I I 
I I 
I CONTROL I 
I I 
I CONTROL I 
I I 
i i 
I PEENED I 
I I 
I CONTROL I 
I I 
I CONTROL I 
I I 

I PEENED I 
I 

I I 
( CONTROL I 
I I 
I CONTROL I 
I I 
i i 
I CONTROL I 
I I 

MAXIMUM 
STRESS 
(KSIl 

2 15 

205 

204 

195 

195 

191 

187 

186 

183.6 

182.75 

175 

175 

170 

166 

% OF 
3ASELINE 
STRESS 

110 

105 

104.5 

100 

100 

98 

96 

95.5 

9 4 

93.5 

89.5 

89.5 

8 7 

85 

MEAN FRACTURE 
X INITIATION 

CYCLES TO FAILURE 
(Nf x 1000) 

- 
X (#OF 

I INT. 
I I 
I I 
I 
I 
I 
I 
I 
I 

TEST GROUP : FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N) 
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC 

SPECIMEN SURFACE : GROUND 
AMEN INTENSITY : 0.0020A (OPTIMUM PER TASK 2) 

WORKPIECE SATURATION : 100% (OPTIMUM PER TASK 4) 
MEDIA SIZE/TYPE : 5-70 CAST STEEL 

'EC . 
EXT - 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

- 

ANGLE OFIMPACT : 90 DEGREES 



APPENDIX 4 

TABLE 

XNTFNSI TY 
DITION I 

I 

MEDIA 
SIZE/TYPE 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

S-70/ 
CAST STEEL 

s-70/ 
CAST STEEL 

TEST GROUP : 
MATERIAL : 

SPECIMEN SURFACE : 
WORKPIECE SATURATION : 

ANGLE OF IMPACT : 
MAXIMUM STRESS (KSI) : 

WEIBULL MEAN 

CYCLES TO FAILURE W 
[Nf x 10001 I 

I 

FRACTURE 
- 

INITIATION 
I# OF SPEC. 
INT. I EXT 

I 
0 I 6  

I 
I 

FATIGUE LIFE VERSUS INTENSITY (TASK 3) 
7075-T6 ALUMINUM 143 HBN (LOT C-0002) 
LATHE TURNED 
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TABLE A-17 

FATIGUE RESULTS VS. WORKPIECE SATURATION. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION OF TITANIUM 6AL-4V - 

iPECIMEN 
STATUS 

CONTROL 

PEENED 

PEENED 

PEENED 

PEENED 

PEENED 

PEENED 

WORKPIECE 
SATURATION 

MEAN FRACTURE 
- 

CYCLES TO FAILURE X 
INf x 10001 I 

I 
I 

TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4) 
MATERIAL : 6AL-4V TITANIUM 41/42 HRC (LOT C-0015) 

SPECIMEN SURFACE : LATHE TURNED AND POLISHED (CI - - - - - - . - - - - - - -. . - - 
ALMEN INTENSITY : 0.0020~ (OPTIMUM PER TASK ii' 
MEDIA SIZE/TYPE : MIL-13 G ~ S S  BEAD 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 140 



APPENDIX 8 , - . ~ . .  . .  
WBLE . A-18 3 .. 

ESULTS VERSUS WORKPIECE SATURATION, . . PEENING PARAMETERS AM& . 
CTURE * .  . . Sf T E D E T E R M I N A T I O N  . , O F  ~. . , .  2 0 2 4 - T 4  . . - .~ ALUMINUM .. . . . 

1 PEENED 
I 
i 
I PEENED 

( PEENED 
I 

WORKPIECB 
SATURATION 

N/A 

TEST GPWP ; FATIGUE &XIIFF! VERSUS WORKPIECE SATURATION (TASK 4 )  
MATERTAL : 2 0 2 4 - T 4  AIWTWJM S00f;ll9 HBN (LOT C - 0 0 0 1 )  

SPECIMEN SURFACE : LATHE TURNED & F O L f S  ED ( C )  
AWFP T N T W S T T Y  ; Qt'20804 (OPTTKUM P F R  TASK 2 )  
MEDIA S I Z E / T Y P E  : N I L - 1 3  GLASS BEAD 
ANGLE O F  IMPACT : 90 DEGREES 

MJ4XIMUM S T R E S S  ( K S I )  : 47 



APPENDIX A 

TABLE A-19 

FATIGUE RESULTS VS. WORKPIECE SATURATION. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION OF 6061-T6 ALUMINUW 

- 
SPECIMEN 

I STATUS 
I 
I CONTROL 
i 
I PEENED 
I 

I 
I 
I PEENED 
i 
I 
I PEENED 
I 
I PEENED 
i 
1 PEENED 
I 
I 

WORKPIECE 
SATURATION 

MEAN FRAC 
- INTIT 

CYCLES TO FAILURE X ( #  OF 
INf x 10001 I I INT. 

I I 

TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4) 
MATERIAL : 6061-T6 ALUMINUM 93/100 HBN (LOT C-0003) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (CI 
ALMEN INTENSITY : O.OO~OA (OPTIMUM PER TASK i) 
MEDIA SIZE/TYPE : MIL-13 GLASS BEAD 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 40 





APPENDIX A 

TABLE A - 3  

FATIGUE RESULTS VERSUS WORKPIECE SATURATION. PEENING PARAMETERS AND 
FRACTURE SITE DETERMINATION OF 7075-T73 ALUMINUM 

SPECIMEN 
J STATUS 
I 
I CONTROL 
I 
I PEENED 
I 
i 
( PEENED 
I 

I PEENED 
I PEENED 
I 

I PEENED 
I 

WORKPIECE 
SATURATION 

N/A 

100% 

CYCLES TO FAILURE 
(Nf x 1000) 

66, 24, 34, 112, 4 ,  (R/O) 

MEAN FRACTURE 
INITIATION 

X (#OF 
I INT. 

I I 

'EC. 
EXT 

5 

0 

N/A 

N/A 

N/A 

N/A 

- 

TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4) 
MATERIAL : 7075-T73 ALUMINUM 136 HBN (LOT C-0030) 

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C) 
ALMEN INTENSITY : 0.0020A (OPTIMUM PER GROUP B) 
MEDIA SIZE/TYPE : S-70 CAST STEEL 
ANGLE OF IMPACT : 90 DEGREES 

MAXIMUM STRESS (KSI) : 50 



APPENDIX A 

F,ATIGUE RESULTS VERSUS WORKPIECE SATURATION. PEENING PARAMETERS AND 
FRACTURE SITE DETERMINATION OF 4340 AIRMELT STEEL 40/42 HRC 

SPECIMEN 

CONTROL 

PEENED 
I 

i I 
PEENED I 
PEENED 

I PEENED 
I I PEENED I 
I 

I PEENED I 

I PEENED I 

I I 
I - 

WORKPIECE 
SATURATION 

N/A 

100% 

TEST GROUP : 
MATERIAL : 

SPECIMEN SURFACE i 
AMEN INTENSITY : 
MEDIA SIZE/TYPE : 
ANGLE OF IMPACT : 

MAXIMUM STRESS (KSI) : 

FRACTURE 
INITIATION - 

[ #  OF SPEC. 
JmLI_ExT 

I 

FATIGUE LIFE V@. VQYOPKPIECF FiATURATTON TASK 4) 
4340 AIRMELT STEEL 40/42 HRC (LOT C-00 0) 
GROUND & POLISHED L) 

1 
0.0049A (OPTIMUM P R TASK 2) 
S-70 CAST STEEL 

4 
90 DEGREES 
155 



APPENDIX A 

TABLE A-23 

FATIGUE RESULTS VS. WORKPIECE SATURATION. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION OF 4340 AIRMELT STEEL 48/50 HRC 

- 
SPECIMEN 

1 STATUS 
I 
I CONTROL 
I 
I PEENED 
I 
I 
I 
I 
I PEENED 
I 
I PEENED 
I 
I PEENED 
I 
( PEENED 
I 
I PEENED 
I 
I PEENED 
I 
I PEENED 
I 
1 PEENED 
I 

WORKPIECE 
SATURATION 

N/A 

100% 

TEST GROUP : 
MATERIAL : 

SPECIMEN SURFACE : 
ALMEN INTENSITY : 
MEDIA SIZE/TYPE : 
ANGLE OF IMPACT : 

MEAN 

CYCLES TO FAILURE 
(Nf x 10001 

FRACTURE 
INITIATION 

FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4) 
4340 AIRMELT STEEL 48/50 HRC (LOT C-00211 

. . 
O.OO8OA 
5-70 CAST STEEL 
90 DEGREES 



APPENDIX A 

TABLE A-24 

FATIGUE RESULTS VS. WORKPIECE SATURATION. PEENING PARAMETE&-AURACTURE 
SITE DETERMINATION OF 4340 VACWM ARC-REMELZAl3lURC 

i i 
I CONTROL I 
I I 

I i 
l PEENED I 
i i 
(PEENED 1 
I i 
1 PEENED I 
I 
I 

I 
I 

WORKPIECE 
SATURATION 

N/A 

100% 

200% 

400% 

600% 

TEST GROUP : 
MATERIAL : 

SPECIMEN SURFACE : 

MEAN FRACTURE 
INITIATION 

I #  OF SPEC. 
- 

CYCLES TO FAILURE X 
(Nf X 10001 1 

I 
I 

FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4) 
4340 VACUUM ARC REMELT STEEL 48/50 HRC (LOT C-0028 
GROUND 
0.0020A (OPTIMUM PER TASK 2) 
S-70 CAST STEEL 
90 DEGREES 



APPENDIX A 

TABLE A-25 

FATIGUE RESULTS VERSUS IMPACT ANGLE. PEENING PARAMETERS AND FRACTURE 
SITE DETERMINATION FOR 7075-T73 ALUMINUM 

. WEIBULL 

SPECIMEN ANGLE OF CYCLES TO FAILURE W 
STATUS I IMPACT I (Nf x 1000) 1' I 

I 
I CONTROL I 

I 
N/A 

I 
1 66, 24, 34, 112, 1 4 

I I 
I 

I 47 
I 

I 
I 

I PEENED 1 90 DEGREE 1 2805, 1811, 2093, 1 291 
I I 1 1822, 1096, 1176, 1 
I I 
I I 1 1385 

I 
I 

I PEENED ( 60 DEGREE 1 2325, 961, 1820, ( 438 
I I 1 1437, 1618, 1437 1 
I I I I 
I PEENED 1 45 DEGREE 1 1029, 2582, 2438, 1 .4(EST) 

1 1 1988, 265, 93 1 

MEAN FRACTURE 
- INITIATION 
X ( #  OFSPEC.) 

I INT. I EXT 
I I 

TEST GROUP : FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 5) 
MATERIAL : 7075-T73 ALUMINUM 136 BHN (LOT C-0030) 

SPECIMEN SURFACE : LATHE TURNED AND POLISHED (C) 
ALMEN INTENSITY : 0.0020A (OPTIMUM PER TASK 2) 

WORKPIECE SATURATION : 100% (OPTIMUM PER TASK 4) 
MEDIA SIZE/TYPE : S-70 CAST STEEL 

MAXIMUM STRESS (KSI) : 50 



APPENDIX A 

TABLE A-26 

F ? R E  SITE 
DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/50 HRC 

SPECIMEN 
STATUS 

CONTROL 

PEENED 

PEENED 

ANGLE OF CYCLES TO FAILURE W 
IMPACT I (Nf x 1000) I 

I I 
N/A I 

I 
I 

90 DEGREE I 
I 
I 

60 DEGREE I 
I 
I 
I 

45 DEGREE I 
I 
I 

WEIBULL MEAN FRAC 
INITI 

( #  OF 
I INT. 
I 

TEST GROUP 
MATERIAL 

SPECIMEN SURFACE 
AMEN INTENSITY 

WORKPIECE SATURATION 
MEDIA SIZE/TYPE 

MAXTMUM STRESS (KSI) 

FATIGUE LIFE VERSUS ANGLE OF 
4340 VACUUM ARC REMELT STEEL 
(LOT (2-0028, C-0031) 
GROUND 
0.0020A (OPTIMUM PER TASK 2) 
100% (OPTIMUM PER TASK 4) 
S-70 CAST STEEL 
195 

T 

JRE 
'ION 
'EC . 
EXT 

IMPACT (TASK 5) 
48/50 HRC 
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TABLE A-27 

FATIGUE RESULTS VS. BROKEN PARTICLE CONTENT. PEENING PARAMETERS AND 
FRACTURE SITE DETERMINATION OF 7075-T73 ALUMINUM 

WEIBULL MEAN FRAC 
INITI . 

SPECIMEN 
- 

% OF GRIT BY CYCLES TO FAILURE W X 
J STATUS I WEIGHT I INf X 1000) I I 

I I I I I 
I CONTROL 1 2 ORLESS 1 66, 24, 34, I 4 1 57 
I I 1 47, 112 
I I I 

I I 
I I I PEENED 1 2 OR LESS 1 2805, 1811, 2093, 1 291 1 1741 

I I 1 1096, 1822, 1385, 1 
I I 1 1176 

I 
I I I 

I I 
1 PEENED I 25 

I I 
1 1991, 1018, 2137, 1 266 1 1458 

I I ( 938, 1053, 1661, 
I I 

I I 
I I 1 1407 

I I 
I PEENED ( 5 0 

I 
1 276, 109, 770, 1190,l 

I 
I 

4 1 725 
1 1 1341, 804, 587 I 1 

I I 1 314, 590, 771, 386, ) 25 1 601 
1 307, 1047, 795 I 

I 
I 
I 

TEST GROUP 

MATERIAL 
SPECIMEN SURFACE 
ALMEN INTENSITY 

WORKPIECE SATURATION 
MEDIA (SHOT) SIZE/TYPE 
MEDIA (GRIT) SIZE/TYPE 

ANGLE OF IMPACT 
MAXIMUM STRESS (KSI) 

FATIGUE LIFE VERSUS BROKEN PARTICLE CONTENT 
(TASK 6) -, 
7075-T73 ALUMINUM 136 HBN (LOT C-0030) 
LATHE TURNED AND POLISHED (C) 
0.0020A (OPTIMUM PER TASK 2) 
100% (OPTIMUM PER TASK 4) 
5-70 CAST STEEL 
LG-80 CAST STEEL 
90 DEGREES 
5 0 

JRE 
PION 
?EC. 
EXT 

5 

0 

0 

0 

0 

- 
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TABLE A-28 

FATIGUE RESULTS VS. BROKEN PARTICLE CONTENT. PEENING PARAMETERS ANQ 
FRACTURE SITE DETERMINATION OF 4340 VACUUM ARC REMELT STEEL 48/50 HRC 

SPECIMEN % OF GRIT BY 
1 STATUS I WEIGHT 
I I I CONTROP 1 2 OR LESS 
I I 
I I 
I PEENED ) 2 OR LESS 

I I I PEENED I 5 0 
I I 

WEIBULL 

CYCLES TO FAILURE W 
(Nf X 10001 I 

I 

I PEENED I 7 5 1 1105, 907, 51, 290,l .6 
I I 1 213, 199, 422, 805 1 
I I I I 
I 
I 

MEAN F 8 w  
- INSTI 
X (#OF 

I INT. 
I 

TEST GROUP r FATIGUE LIFE VERSUS BROKEN PARTTCLE CONTENT 
(TASK 6) 

MATERIAL : 4340 VACUUM ARC REMELT STE$& 48/50 HRC 
(LOT C-0031) 

SPECIMEN SURFACE : GROUND 
AWEN INTENSITY : 0.00204 (OPTIMUM PER TASK 2) 

WORKPIFCE SATURATION : 100% (OPTIMUM PER TASK 4) 
MEDIA (SHOT) SIZE/TYPE : S-70 CAST STEEL 
MEDIA (GRIT) SIZE/TYPE : LG-80 CAST STEEL 

VGLE OF IMPACT : 90 DEGREES 
MAXIMUM STRESS (KSI) : 195 

TI; 
A'l 
SE 
L 
I 

I 
I 
I 

I I 
I 

I 
I 
I 
I 
I 
L 

a .. 
IRE 
'ION 
'EC. 
m 
4 

0 

0 

0 

4 

- 
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TABLE A-29 

FATIGUE LIFE VS. INTENSITY VS. MEDIA TYPE, PEENING PARAMETERS AND 
FRACTURE SITE DETERMINATION FOR 7075-T73 ALUMINUM 

INTENSITY MEDIA . 
JCONDITION I SIZE/TYPE L 
I I I 
i BASELINE i 
1 (UNPEENED) 1 N/A 

i 
I I 

I 
I 

i j MIL-131 i 
I 0.0010A I GLASS BEAD I 
I I 
I 1 5-70/ 

i 
I 

I 0.0010A I CAST STEEL ( 
I I I 
i j 5-701 i 
I 0.0020A I CAST STEEL I 
I I I 
I 
I 

I 
1 MIL-11/ 

i 
I 

I 0.0030A I GLASS BEAD I 
i 
I 

i 
I S-70/ 

i 
I 

( 0.0030A 1 CAST STEEL 1 
I I 

I MIL+/ 
I 

I I 
1 0.0050A 1 GLASS BEAD 1 
I I I 

CYCLES TO FAILURE 
INf x 1000) 

i i S-701 i 
I 0.0060A 1 CAST STEEL 1 260, 270, 163, 1262 
I I I 

MEAN 
- 
X 

TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 7) 
MATERIAL : 7075-T73 ALUMINUM 158 HBN (LOT C-00171 

SPECIMEN SURFACE : LATHE TURNED AND POLISHED (c) 
WORKPIECE SATURATION : 100% 

ANGLE OF IMPACT : 90 DEGREES 

FRACTURE 
INITIATION 

( #  OF SPEC. 
INT. I EXT 

I 
I 

N/A I N/A 
I 
I 

N/A I N/A 
I 
I 

N/A I N/A 
I 
I 

N/A I N/A 
I 
I 

~ ~ ~ - . MAXIMUM STRESS (KSI) : 50 




