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1.0 INTRODUCTION

This report covers Contract  Number F33615~-84-C-3229,
"Quantification 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 Behavior." This contract is
the continuation of a program with a previous contract,
F33615-83-C-3252, ‘"Development 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
lLaboratories in April, 1985 (AFWAL-TR-84-3116). The program is funded
through the Small Buéiness Innovative Research (SBIR) grant program of
the U.S. Department of Defense. This effort represents Phase II of the
three~phase effort prescribed by the Federal Small Business Innovative
Research Act (SBIR) of 1981.

The purpose of the pfogram is to acquire a statistical data base
from which a mathematical model of thé interaction bhetween 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 II of this program continued to address the identification
of shot peen process parameters and variables whose quantitative level
affects workpiece fatigue strength, and the gqualification 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

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

Background

Historically, the published technical'literature concerning shot
peening has primarily 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 the shot
peeninq process has been placed on the magnitude and depﬁh éf the shot
peen process induced residual stress and other phenomena related to
the residual stress profile., Little new-ihformation was publishéd
between 1945 and 1980 concerning the pattern of effect on workpiece
fatigue strength of varying peening intensities. (Sée First
International Conference on Shot Peening; Paris, 14-17 September,
1981, Publications.) The effect of varying levels of process variables
within given intensities additionally received little attentjon in
applicable specifications (HIL4S—131653). In recent years, it has
been generally believed that the fatigue life of shot peened specimens
was relatively insensitive to changing 1levels of sghet peening
intensity. This is witnessed by the large number of technical

publications relating the effects of shot peéning at a given intensity'

with no explanation as to the choice of or detailed description of
peening condition or possible further work identifying the effects of

other peening conditions. (See First International Conference on Shot

o



Peening; Paris, 14-17 September, 1981, Publications. See also Second
International Conference on Shot Peening: Chicago, 14-17 May, 1984,
. Epgpxints; 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 ﬁorkpiece 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 guantitative levels of shot
peening and causal to the timing and location of primaxry 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 alsc 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 ashot peen process induced surface Iintegrity phenomenon
identified as ?eened surface Extrusion Folds (PSEF) and peening
intensity, and between PSEF and shot peened specimen fatigue 1life.
("Development of a Mathematical Model for Predicting the Perxcentage
Fatigue Life Increase Resulting from Shot Peened chponenté - Phasge
I," Roger Simpson, April, 1985.) PSEF were first identified in
technical 1literature in the Phase ] report and were descgribed as the
lapping of the workpigce surface at thg edge of the plastic.
daeformation zone resultant from a shot particle impacting the ﬁurtqpé.
During Phase I testing, we found the size and depth of PSEF had a
statistically significant negative correlation with fatigue life.
("Development o©f a Hathématical Model for Predicting the Pergentage
Fatigue Life Increase Resulting from Shot Peened Components - Phase
I," Roger Simpson, April, 1985.) Due to thig, significant attention
during Phase II was given to the effect of varying shot peening
parameter levels on surface integrity. |

Phase I testing also indicated that shot peened workpiece fatigue
life cquld bhe significantly more gsensitive to changes in shot peen
process variable levels than had previously been assumed. It also
indicated that Jlarge increases in fatigue life and reduction eof
scatter from the unpeened state are possible when peening js closely
controlled within process variable ranges which are known to produce
the maximum fatigue strength benefits for the workpiece chemical and
physical characteristice and load @nVirohment in question, |



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 1life of several materials. An outline giving the purpose
and the specific materials investigated in each task is presented in
the following:
2.1 Task 1

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

1. Commerically Pure (C.P.) Titanium
2, Titanium - 6Al-4V

. 2024-T4 Aluminum
. 6061-T6é Aluminum
. 7075-T6 Aluminum
. 7075-T73 Aluminum
. 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. AIST 4340 Steel, Vacuum Arc Remelt, 48/50 HRC

2.3 Task 3

This task involved investigation of the influence on initial

NG Ww

surface condition (machined or machined and polished) on fatigque life
as a function of Almen intensity. The material employed was 7075-Té6

Aluminum.



£-4 Task 4
This task involved determination of the effect of varying
workpiece saturation 1level, as detined in Task 1, on :atigue life,
The materials efiployed were:
1. 'witanium - 5A1~4v

2, 2034- i i

3. 6061~ Aluminum

4, 7078~ g %minum

8, 7075-T73 A umi un

6, AISI 43 teel, rms t, 10/

7. a1si teel C

8. Afs1 4340 gteel, Vaeuum re Remelt, 48/50 HRC

2.5 Task §

This task involved determination of the influence of impact angle
of incidence on fatigue 1life. Materlals employed were 7075-T73
Aluminum and AISI 4340 Steel, VAR, 48/50 HRC. '

. Task ,

?his task involved determination of the effect of peening media
broken particle content on workpiece fatigue life. Materials emplayed
were 7075-T73 Aluminum and AISI 4340 Steel, VAR, 48/50 HRQ.

fhis task involved determining whether peehinglmedin type (glass
beads versus steel shot) affected £a?ighe life in 7075-T73 Aluminum,

This task involved investigating whether an increase in shot size
or a secondary low intenaity peening after the initial peening would
affect the surface integrity of peened parts, particularly as related
to PSEF size and depth,

Materials employed were 7075-Té and 7075-T73 aluminum,
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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 E

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-T6 Aluminum

4, 7075-T6 Aluminum (Polished)

5. 7075-T6 Aluminum (Lathe Turned Only)

6. 7075-T73 Aluminum

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 nucleation was internal.

At the first intensity condition quantitatively above OIR, 8ome
gpecimens had internal primary crack nucleation and Eome external.
There was a reliable trend toward internal primary crack nucleation in
speciméns within these conditions to be associated with higher fatigue
life than external primary crack nucleation specimens in the same’
peening condition.

At intensity conditions above those described in the preceding
paragraph, primary c¢rack nucleation was external.

-In al)l specimens subjected to failure Analysis, for all materials,
and all intensity conditions above OIR, where OIR wasé present, primary
erack nucleation was related to the presence of, and émanated from, a
shot peening induced surface integrity degradation phehomenon referred
to 88 Peened Surface Extrusion Folds (PSEF). ("Development of a
Mathematical Model for Predicting the Percentadge Patique Life Increadae
Regulting from ghot Pesned Components » Phage I," Roger Simpson,
April, 1985.)

In 4340 Airmelt Steel, primary crack nucleéation was associated
with aluminum oxide inclusions in over 90-percent of specimens
- Bubjected to fallure analysis,

For commercially pure titanjum, mean fatigue life of the unpeened
specigens was higher than the mean gatique life of any sghot peeﬁed
condition.

For commercially pure titanium, increasing peening intensity
conéistently producded mean fatigue life reduction.

Thie task investigataed the influence of initial surface cohdition
on tetigue life as a function of Almen intensity.



Lathe turned only and lathe turned and polished 7075-T6 specimens
exhibited fatigue life at intensity conditions within their respective

0IR's that had no apparent difference.

There was a substantial differenice in the quantitative value and

pattern of OIR between lathe turned only specimens and lathe turned
and polished specimens.

3.4 Tagk 4

This task determined the effect of saturation level on fatique
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: o |

1. Titanium 6Al 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 wofkpiece saturation increased over 100-
percent at a peening intensity within OIR.

3 ask 5

This task determined the influence of impact angle of incidence on
fatigue life.

There is a dintinct difference in the fatigue 1life 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

This task determined the effect of peening media broken particle

content on fatigue life.

Increases in shot broken particle content were consistently




&ssaciaﬁed with decreases in gpecimen fatigue life in both 7075-T73
alufiinim atd AISI 4340 steel VAR 48/50 HRC specimens.
1.9 Task 1 |

this task determiined whether peening media type (glass beads
versius steel shot) affected fatiguée life in 7075-T73 Aluminum.

The type of shot used did not affect the fatigue 1ife of sSpecimens

peetied at OIR in a sigriificaint Hanféer.

This task established whether ineressed shot size or a secchdary
low intensity peening affects spacimen surface integrity as it fejates
to PEEF size and depth at a given intensity. |

While apecimens peened with Ilarger shot or a Séééﬁdafy  low

intensity peening (yielding a less soarge surface finish) have PSEF

that are decreased in size for « gi#aﬁ intensity condition, PEEF Qepth
ifto the Spetimsn Femains unchanged.

16
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4.0 GENERAL EXPERIMENTAL PROCEDURES

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 naterial types had to be limited due to
program cost and time constraints, representative materials from a
broad spectrum of available materials were chosen toé give as broad a
technical overview as possibie. ' |

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 predicti#e model that is to be finalized in Phase III 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 alsc 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 stéel,'
Vacuum Arc Remelt, 48/50 HRC was also selected for Tasks 4 through 6.

11



All heat tréatment repfesénts the through-hardness eonditioh.

i 6A1+4V and cemiercially pure titahium wadre chodén to ednpare
the effectd on a vommonly used Alloy and its basa derivativa.

in Pask 3, 7078-f6 was choser to eofipafe lathe turned ohly and
lathe tufnéd and polished fatidiie behavior when Bhot pesned.

MATERTAL P9BE ' MATRRTAL 8Rots EATERIAL sUB-EROUES
_ _ (HEAT TREAT EoNDITION)
1. PIPANTOM 1. C6ﬂMEgéIALLY BURE -
) e wen e 2o GAL-4V ALLOY s
2, ALOMINUM ALto¥ 3. 2024 3.1 T4
5. Y075 g.% f;g
3. BTEEL Attov 8. 4340 (AIRMELS) 6.1  %0/25 HRE
§.2  34/36 HRC
8.3 40742 HRC
6.4  48/50 HRC
7.1 48780 HRE

7. 4340 (VAGUUM ARG
REMELY)

To estéblish both broad pattern rectynition and a gquantitativa
understanding of the statistical rsiiability of EhoBe patterns, onea
tatigiie 11fé versus Almen intensity pattapns wers established for alil
maﬁaéiais, & few of the material groups would be shesen tor Ffurthes
tests & Ffatilitdate furthe¥ patbtern definition and statisticsl
ahalyais.
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1

.2 Fati est cimens

Many variables exist in fatigue testing that can affect results.
These include, but are not limited to, teétiﬁg type, testing
frequency, testing mode, specimen design, etc. For Phase II of this
program, the combination of these factors needed fo 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 Peening :

Shot peening was performed on three identical contractor designed,
computer controlled shot peening machines using parameter tolerance

controls per Table 2.

TABLE 2
SHOT NING PROC VARTA TOLERANCE QUALIFICATION
TOLERANCE

PROCESS VARIABLE | MIL~-S-13165B TEST TOLERANCES
AIR PRESSURE ~ NOT STATED +/= 1.0 PSI
TURNTABLE SPEED NOT STATED +/- 0.5 RPM
NOZZLE DISTANCE NOT STATED +/- 0.25"
ANGLE OF IMPACT NOT STATED +/- 2.0 DEGREES
NOZZLE ORIFICE DIA. NOT STATED +/- 0.002" .
MEDIA FLOW _

GLASS BEAD  NOT STATED +/~ 3.0 GRAMS/MIN

STEEL SHOT NOT STATED  4+/- 3.0 OZ/MIN
STROKER SPEED NOT STATED +/= .25"/MIN
CYCLE TIME NOT STATED +/- 1.0 SECOND
ALMEN STRIP ‘ |

FLATNESS +/- 0.0015" +/- 0.0001"

THICKNESS +/- 0.001" +/- 0.001"

HARDNESS +/- 3 HRC +/- 1.5 HRC
ALMEN GAUGE

MOUNTING PLANE +/- 0.002" +/- 0.0001"

Tests were run prior to peenlng any spec1mens to establish
cumulative process tolerance 1limits. 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%. )

13
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Individuai test specimens were selected for a given peening
intensity using a random numbefs 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-prbcess record sheet and a fatigue test specinen
peening .1cg; Shot peen machines were calibrated per MIL-STD-45662.
Shot peen machine setup was inspectéd 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-13165B,
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
ﬁRC minimum hardness. Specimen holding fixtures were machined from
Ultra High Molecular Weight polymer. Specimens were peened per the
contractors Quality Assurance System, in l0-percent or less increments
of the cyéle time necessary to achieve Almén saturation. ("A New
Concept for Defining Optimum lLevels 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 workpliece coverage was

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

15



aftér each 10-perdent or less increément. Full specimeh coverage was
verifiad by at least twé péersonfiel quaiifiea per the contractor's
Guality AssuFanse Bystem. After pesfiing was cofipleted the specimen
was {mmediatéely placed into an  air tight spéaimén tube holding an :
individual s&pecinén. Stesl specimerns  were anatéd Wwith a
rust= inhibitinq iight macdhine sil béfore being placed in tubea |

Fatigue testing was asccefiplished at the contractor's facllity and
the University of Wisconsin utiliging Bonhtag type mechanical fatique
test machiries, 'The lower flex plate in the BX multiplier in tests
oondusted at the Univérsity of Wisesnein wax strain gauged and
ealibrated o moniter loadisng during each test using an oseliiloscops.
A Btraincert Precision 1sad Cell Model FFL (18,0004 capacity) or a
Lebow Precision Load Cell Model 3181 (10,0004 capaecity) in dcﬁjunctién
with & Datronic 8ignal Conditiocner Model 3370 was incorpoféted into
the pull train of fatigue testing at the contractor's fadility.

Patigua testing was pesprformed in axial ﬁéﬁgioﬁ/ténéicﬁ mode at 30
Hz fragusney with & load ratie, R = 0.1.

In all spetimens éxcept titahium, pull traine were spring loaded
to retrast the failed spaciméen halvas ahd pravent fracture suffaée.
datags. | _

Tthe mastimum stress level utiiized for specific material conditions
was sstablishéd by testing at least Blx unpesened specimens.' Tafﬁatéd
unpeensd sontrol Bpesimeén fatigue 1ife was 106,000 oycles, with stress i'
jevels adjuBted to obtain uUnpesred contrsl specimen fatigue 1ife'néar
this taFget. All fatigue téﬁtiﬂg prccédures coﬁfofméd to ASTM
spacifications B-466 and R-4é7.
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4.5 Post-Fatique ecimen Examination and Test S ecimen Fatl ue
Failure Analyses _ ,

Fractography was performed at the}contractor's'facility utilizing
{;a 70X Bausch & Lomb Stereo 7 Blnocular microscope and a Quickscan 1000
3;scann1ng electron mlcroscope, . and at ‘the University of hlchlgan
ut11x21ng a Hitachi scannlng electron microscope. Metallography was
performed at the contractor's facility ctili;ing'a_ Bausch & Lomb
metallograph and at a local materials laboratory utilizing a Hitachi
netallograph.

4.6 PSEFlldentigication, Procedures _

In describing procedures for identifying the _surface- integrity
phenomena referred to as Peened Surface Extrusicn ;Fclde' {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, centerlng on the
impact, assuming 90-degree impact angie. "

At relatively low shot peening intensity' ievels,_even highly
ffheileéble 'WOfkpiece'materials,'Such as aluminum or titanium, will be
ﬁfdefcfmed such that the peaks and valleys created by overlapping shot
i;impihgements’ foémfa continuous sufface iargely unintefrupted by laps
;:cr”foids in the sufface. Note the presence of machlning marks in
'hFlgure 2 ‘and the very small surface folds in Figure 3.

, ‘In harder materlals, the total amount of plastic deformatlon is
lower,' much 11ke a Brlnnell Hardness Test for a glven 1nten51ty with
;?the size of 1nd1v1dua1 shot impact craters and assoc1ated radial

displacement of workpiece material being reduced. In very hard’

materials, the plastic deformation caused by shot impacts can become o

very difficult <to see even at high magnlflcatlon. Note the presence
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FIGURE 2 - 7075-T73 AT 0.0020A

FIGURE 3 - 7075-T73 AT 0.0020A
AT 200X (SURFACE)

AT 700X (CROSS SECTION)

FIGURE 4 - 4340 STEEL VAR 48/50 HRC FIGURE 5 - 4340 STEEL VAR 48/50 HRC
AT 0.0020A AT 200X (SURFACE) AT 0.0020A AT 700X (CROSS SECTION)
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of large machining marks in Figure 4 and the very small surface  fold
in Figure 5. | | | -

Figures 6, 7, 8, and 9 1illustrate the increasing level of
plastic" deformation and radial displacement that occurs from the sum
bfﬂnany individual shot impact craters as peening intensity increases
from zero. . Note the presence of machining marks in the unpeened _and
0. oosz conditions, and thath these machlning marks have .been
obliterated in the 0.0040A and 0.0060A condltions. o . __

‘At some po1nt all else equal, as the total energy transferred by‘/
individual shot impacts 1ncreases (i. e., peening 1nten51ty increases)
and the resultant plastic deformation of the workplece surface and
associated radial displacement of material 1ncreases, the _material‘
associated w1th the ‘edges of a shot impact crater begins to be
extruded over surrounding material at the edge of the 1mpact crater
fim in conceptually much the same way as an ocean wave crests.:and‘
breaks (Figure 10). Note the s1gnif1cant amount of grain flow in,
near, and under the "wave" or PSEF. ' _

' These laps were first 1dent1fied in technical literature in
"Development of & Hathematical Model for Predlcting the Percentage
Fatigue Life Increase Resulting from Shot Peened Components ~ Phase
I," (the 1n1t1a1 phase of this proqram) and identified as. PSEF to
differentiate them from machlne marks and other types of surface folds
and laps. \ l‘ o '_ o L o _

Since Phase I, other 1iterature has focused on the identification
cf qualitative changes occurrlng in workpiece surface integrity as
shot peenlng intensity changes. Of_partlcular _interest " are the
excellent -photomicrographs in "Selectéd Examples.on the Topography of

Shot Peened Metal Surfaces," W. Kohler, Dornier System GmbH, Third
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FIGURE 6 - 7075~T6 ALUM., UNPEENED FIGURE 7 -7075-T6 ALUM. AT 0.0020A
AT 50X, TOOL MARKS PRESENT AT 50X, TOOL MARKS PRESENT

FIGURE 8 -7075-T6 ALUM. AT 0.0040A, FIGURE 9 -7075-T6é ALUM. AT 0,0060A
AT 50X, TOOL MARKS & PSEF NOT AT 50X, PSEF PRESENT
PRESENT
20



International Conference on Shot Peening, 198

FIGURE 10- 7075-T6 AT 0.0105A (PHASE I), NOTE GRAIN FLOW

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 iap or fold

(Figure 11).
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PSEF DEPTH.__
The phy51cal dlstance from the deepest p01nt of a surface lap or
fold meetlng the requlrements of PSEF deflnitlon abOVe,' to the

approxlmaté pre process1ng surface (Flgure 11)

FIGURE 11 DESCRIPTION OF PSEF SIZE AND DEFPTH

The goals of Phase II of the research program did not include
quantification of size and depth of PSEF; but rather to make
qualitative Jjudgements 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.
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(2) One hundred'percent workpiece gaturation requires 100-percent
cold working of the surfece.a' ” o | .

(3) Due to (1) and (2) above, shot impacts overiap 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 (Fiqure 13).
There are, in fact, certaih peening conditions which, while
yielding surfaces in which PSEF are not visible from surface
examination, have extensive surface laps and folds meetlng the
requlrements of PSEF deflnition (See Task 8 dlscu551on)

(5) PSEF need not have significant depth to form ~enough of a
stress concentratlonr to nucleate cracks,;dependlng 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 diétinctly 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 .cf ?SEF ﬁhctomicrographs.'in peened
surfaces. These PSEF are v1sible frcm surface examination. |

During testlng, PSEF 1dent1f1catlon 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.
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FIGURE 12 - 7075-T73 AT 0.0140A, PSEF IN BOTTOM OF
ANOTHER IMPINGEMENT

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

24
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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 Fallure Ana1V51s

"_ Each spec1men, except those fatique tested at the Unxvers1ty of
Wisconéin,f was 'examlned for failure mode by 50X binocular microscope
and at _1east  two trained'techniqians. Where any non concurrence oy
lack of certainty cohcerning'the failure moede existéd, specimens were
subjeéted to scanning electron miéroscbpy exgminétion. Of particular
importance to the Phase II effort was the establishment of trends
associated with brimary érack nucleation site characteristics. During
failure analysis of Phaée 1T specimens, the physical structures
assocxated with primary crack nucleation fell 1nto three categories:
(1) Internal == This fallure mode is 111ustrated by the typical.
.photomicrographs of internal failure shown in Figure 19. These
are repreSéntative 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 aré- |
(a) _Machlne polish or grlnd marks left over from spec1men
‘manufacturing. (Figures 20 and 21 ) ' '
{b)- PSEF ‘at primary crack nudleatlon site. Figures 22, 23,
24, and 25 are increasing magnification photomicrographs;
of the primary ~crack nu¢1eation site 'én a 7075-T73
aluminﬁm specimen._ Note tﬁe ragged appearanée of the PSEF

edge in Figure 25. j R ) |
(3) Inclusion -- This catégory of fallure mode was found strictly
in AISI 4340 (Airmelt) where aluminum oxide 1nc1uslons were
associated with primary ¢fack nucleation with one exceptioh,
that being a submergéd carbide inclusion in.one specimen 6f
AISI 4340 (VAR). Fiéures 26A and 26B are increasing
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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 40/42 HRC AT 0.0060A, EXTERNAL
FATLURE MODE AT MACHINE MARK -
PEENING DID NOT OVERCOME RISER
DUE TO GRIND MARK, 40X
27
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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 1000X - PSEF FIGURE 22 AT 1970X - PSEF
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FIGURE 26B- 4340 AIRMELT STEEL 48/50 HRC,

0.0080A, INCLUSION, FIGURE 26 AT 1000X
29

FIGURE 27- 4340 VAR STEEL 48/50
HRC, 0.0080A, SURFACE INITIATION
AT CARBIDE INCLUSION, 100X



magnification photomicrographs gf:an ;hgernal aluminum oxide

inclusion and thergssociated fracturé lines around it. Figure

27 shows a Submerged sub surface carbide inclusion with
associated fracture lines. | . -

Failuyre analys;g was gccomplished en various randomly selected

specimens throughout scatter ranges and overtly selected specimens at

the top and bottom of gcatter ranges until rel;able trends were
established
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5.0 SPECIFIC STUDY GROUP PROCEDURES, RESULTS, DISCUSSION

5.1 TASK 1: DETERMINATINON OF WORKPIECE SATURATION AS FUNCTION OF
A N _S T

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 ogcur sooner because of the
relatively larger shot impingeﬁent 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
}
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calculated to cause less than 1 degree change in impact angle when'

accounting for nozzle motion and part rotation). The Almen saturatjion
curve was establiShed. N | |

 The intensity of peening was 0.0088N +/- 0.00050N., Peening media
used was S5-70 cast steel shot per MIL-S-13165B Tabie I.

After the Almen saturation curve was established each specimen

was peened' in 10-percent indrements‘of the time necessary to achieve
100-percent Almen saturation on a test strip. After each l0-percent

ingrement, two individuals indepehdently 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 loo-peréenf on each one was recorded. All Rockwell.

uer hardnesses (HRC) were converted te the Brinell scale (HBN) to

facilitate statistical analysis.

The results shown in Figure 28 clearly indicate that a strong

pogitive relationship exists between the relative time to achieve 100-.

percent wofkpiece'saturdtioh (expressed as a percentage of Almen strip
gaturation time) and workpiece hardness. B
Analysis of the data shows a 0.97 explained variance and a
gorrelation coefficient of 0.98+. Both numbers hold statigtical
gignifieance. Actual cycle time for peening specimens of varying

hardnesses was consistent with the data generated.
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ALMEN SATURATION (T)
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100
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ALMEN  SATURATION

REQUIRED TO ATTAIN

100% WORKPIECE SATURATION
vs

WORKPIECE HARDNESS

MATERIAL:

* 7075=T8 ALUMINUM ALLOY
® 4340 ALLOY STEEL

® b1 TOOL STEEL

Explsined variance 97%
Cofssistion cosfiicient OB%
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WORKPIECE  MARDNESS (X100} NBN
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-FIGURE 28: ALMEN SATURATION REQUIRED TO ATTAIN
'100% WORKPIECE SATURATION VS. WORKPIECE HARDNESS
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The purpose of Task 2 was to identify the statistical
relationship between changes in Almen peening intensity and fatigque
life for each test material. |

During Phase I testing, itrwas determined that, for the workpiece
chemical characteristics and load type used in testing;' as Almen
intengity was increased from 0 (zero) to 0.0120A, a distinct set of
Almen intensity c¢onditions yielded higher mean fatigué life than

all other Almen intensities or ranges of Almen intensity. Phase 1I1I,

Task 2 expanded this.

v

Test data were obtained at a ﬁaximqm stress condition; of 85.3
ksi. Figﬁre 29 and Table A~1l (Appendix A) present the fatigue 1life
versus Almehlintenéity data. | '

RESULTS
Unpeened control specimens exhibited a mean fatigue 1life of
129,000 cycles, As peening intensity increased, fatigue 1life
decreased, with all intepgity conditions having lower mean fatigue
life than unpeened control specimens.
8.2.2 _ Ti 6AL-4V Alloy S

Fatigue testing was donﬁugtéé a§'thé‘vniversitf: of Wisconsin.
The tept 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 jntensity data. |

RESULTS

Unpeened control specimens exhibited a mean fatigue 1life of
922,000 cycles, (This value is artificially high due to the one
spacimen which had a fatigue life of 5,711,000 cycles,) As peening
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intensity increased up to about 0.0020A, fatigue life increased. As
peening intensity increased above 0.0020A, fatigque 1life 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
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5.2.3 . Aluminum Allo 024-T4
Test data were obtained at a maximum stress condition of 47 ksi.:
Figure 32 and Table A-3 (Appendix A) present fatigue life versuzs Almen
intensity data.
RESULTS

Unpeened control specimens exhibited a mean fatigue 1life of
157,000 cycles, The peening intensity condition 6f 0.0010A had the
highest fatigue 1life. Peening conditions above 0.0020A had fean
fatigue life lower than unpeened control specimens.

Specimen failure analysis indicated specimens with fatigue 1life
above 1,000,000 cycles had internal fracture initiatioh sites.
Unpeened contrel specimens and 'specimens treated with intensity
conditions above 0. 0030A indichted surface 1n1tiation sites.
$5.2.4 Aluminum Allov 6061~-T6

Test data were ébtalned at a maximum stress tondition of 40 ksi.

Figure 33 and Table A-4 (Appendlx a) present_fatlgue life versus Almen
intensity data. ' ' |
RESULTS ‘

Unhpeened control Qbédimens_ éxhlblted a mean fatigue 1life of
239,000' cycles. All peéped cond;tions %Xhlblted narrow scatter band
ranges. Fatigue“life _ﬁor_a11 specimens in the 0.0020A intensity
condition yielde& fatigﬁe lives higher than any other peened or
unpeenad specim&hs. All 'Speciméﬁé:ﬁt. intensity conditions above
0.0030A exhibited fatigue 1ives below the unpeened control specimen
mean. - ‘ |
5.2,5 . Aluminum Alloy 7075-T6

Test data were obtained at a maximum stréss condition of 58 ksi.
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FATIGUE LIFE VERSUS INTENSITY (TASK 2)
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[4 ALUMINUM
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' " DETERMINATION FOR 6061-T6 ALUMINUM
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Figure 34 and Table A-6 (Appendix A) present the fatique 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
sectioﬁal area of 71.6-percent from Phase I to Phase II.
' RESULTS
Unpeened control specimens exhibited a mean fatigue 1life 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 fatique life of 66,000
cycles and two ﬁarameter 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
specimehs exhibited both internal and external fracture initiatioﬁ
sites. Peening intensities of 0.0QGOA up to and including 0©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
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7075~T6 ALUMINUM 143 HBN (LOT C-0002)
LATHE TURNED & POLISHED (C)

TEST GROUP
 MATERIAL
SPECIMEN SURFACE

WORKPIECE SATURATION 100%
ANGLE OF IMPACT 90 DEGREES
MAXIMUM STRESS (KSI) 58
‘FIGURE 34

FATIGUE RESULTS VS. INTENSITY. PEENING PARAMETERS AND FRACTURE SITE
DETERMINATION FOR 7075-T6 ALUMINUM
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WORKPIECE SATURATION : 100% -
ANGLE OF IMPACT : 90 DEGREES
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FIGURE 35
F RESUI N : RS FOR 7075~T6 ALUMINU
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FATIGUE LIFE VERSUS INTENSITY (TASK 2)

TEST GROUP : \'TIGU . VERS ‘ :
_ MATERIAL :  7075-T73 ALUMINUM 136 HBN (LOT C-0030)

SPECIMEN SURFACE : LATHE TURNED & POLISHED (C)
WORKPIECE S5ATURATION : 100%

ANGLE OF IMPACT : 90 DEGREES
MAXIMUM STRESS (KS81) : 50

FIGURE_36

FATIGUE RESUITS VS, INTENSITY. PEENING PARAMETERS AND_FRACTURE SITE
ST DETERMINATION FOR 7075-1T73 ALUMINUM
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initiation site of 100-percent of specimens examined.

FIGURE 37 7075-T73 ALUM. AT 0.0140A
EXTERNAL INITIATION AT PSEF (ARROW
DENOTES CRACK INITIATION SITE), 150X
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FIGURE 38 -
AT 200X, EX
TR

FIGURE 40 - FIGURE 38 AT 1000X

7075-T73 ALUM. AT 0.0140A
TERNAL INITIATION AT PSEF
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FIGURE 41

FIGURE 38 AT 2000X
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FIGURE 42- 7075-T73 ALUM. AT 0.0140A
"AT 150X, EXTERNAL INITIATION AT PSEF
(ARROW DENOTES CRACK INITIATION SITE)

? 014

FIGURE 44— AT 10 ' GURE 42 AT 1970X
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FIGURE 46- 7075-T73 ALUM. AT 0.0080A FIGURE 47- 7075-T73.ALﬁM7AT 6.0140A
PSEF EVIDENT, 200X AT 200X, SIGNIFICANT PSEF FORMATICN

FIGURE 48- 7075-T73 ALUM AT 0. 014OA AT 200X
SIGNIFICANT PSEF FORMATION
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2.7 0_Al eel = Ai t = 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 1life 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, 340 Allo teel - 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 1life of
128,000 cycles. Mean fatigue life of peened specimens generally
increases as intensity increases up to the 0.0060A'intenéity condition
and then generally deteriorates through the 0.0120Aa intensity
condition as intensity increases, although this pattern is less than
distinct. All fracture initiation sites examined were associated with
non metallic inclusions. High fatique 1life specimens peened at
0.0045A, O0.0050A, and 0.0060A intensities exhibited internal fracture
initiation as compared to all other test specimens exhibiting surface

fracture initiation sites. All specimen fatigue 1lives in 0.0040a,
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MATERIAL

SPECIMEN SURFACE
WORKPIECE SATURATION
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SITY, PEENING PARAMETERS AND FRACTURE SITE
OR_4340 AIRMELT STEEL 20/25 HRC
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TEST GROUP
MATERIAL
SPECIMEN SURFACE

FATIGUE LIFE VERSUS INTENSITY (TASK 2)
4340 AIRMELT STEEL 34/36 HRC (LOT C-0007)
GROUND & POLISHED (L)

a8 24 % %% o8 39

WORKPIECE SATURATION 100%
ANGLE OF IMPACT 90 DEGREES
MAXIMUM STRESS (KSI) 140
FIGURE 50

ATIGU ESULTS VERSU NTENSITY EENING PARAMETERS AND_FRACTURE

SITE DETERMINATION FOR 4340 AIRMELT STEEL 34/36 HRC
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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 - Airmelt - 40/42 HRC

The test data were obtained at a maximum stress condition of 155
ksi. Figure 51 and Table A-10 (Appendix A) present the fatigue 1life
" versus intensity data.

RESULTS

Unpeened control specimens exhibited a mean fatigue llife of
159,000 cycles. Fatigue life increased with intensity for specimens
peened at 0.0030A, 0.0035A, and 0.0040A intensities. One hundred
percent of the fracture initiation sites for specimens examined in the
0.0030A, 0.0035A, 0.0040A, and 0.0045A conditions were internal in
origin and associated with non metallic inclusions. Mean fatigque 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 0.0090A or greater exhibited fracture initiation sites
that originated at the surface. |
5.2.10 4340 Alloy Steel - Airmelt ~ 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 tontrol specimens exhibited a mean fatigue life of 74,000
~cycles., Fatigue life was above unpeenad at all intensity conditions.
Inclusions 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.' | |
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TEST GROUP
MATERIAL
SPECIMEN SURFACE

FATIGUE LIFE VERSUS INTENSITY
4340 AIRMELT STEEL, 40/42 HRC
GROUND & POLISHED (L) =

WORKPIECE SATURATION 100% _
ANGLE OF IMPACT 90 DEGREES
MAXIMUM STRESS (KSI) 155
FIGURE 51

i

TASK 2)
LOT C-0020)

FATIGUE RESULTS_VERSUS INTENSITY, PEENING PARAMETERS AND FRACTURE SITE
DETERMINATION FOR 4340 AIRMELT STEEL_40/42 HRC |
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' Figure. 53 shows spec1men 0797 peened at 0.0080A intensity
exhibiting a subsurface fracture inltiating at a foreign 1nc1u51on at'
100X magnlfication. | B | o

Figure 55 shows .specimen 0818 peening at 0. 0080A intens1ty
exhibiting an internal nrimary fracture site at a foreign 1nclu51on
at 100X magnification. The intensity conditions of 0.0070A through
0. 0090A exhibit both higher peak fatigue life and a greater fatigue
strength in the surface as w1tnessed by a higher percentage of
1nterna1 primary failure 51tes.g This is believed, however, to be more
a factor of the- particular inclu31ons in the specimens of these
conditions than of the peenlng condition as scatter in a11 condltions
was relatively broad. | | | "o | |

* The identificatlon‘ of an Optimum Intensity Range is as such,f
clouded considerably by the presence of non metallic inclusions and
the relatively 1arge fatigue life scatter associated with their
5presence (Figures 53 through 56) B - . 1. o
;;.2,;; 5340 Alloy gteel - Va cggm Arc Remelt - 48150 HRC P
_ ' Test data were obtalned at a maximum stress condition of 195 kSl.
iFigure 57 and Table A-12 (Appendix A) present the fatigue life versus
:Almen intensity data. * o '

[ Unpeened control spec1mens exhibited a mean fatigue life of 41 000
‘cycles and Weibull fatigue life of 7000 cycles. Mean fatigue life and
fWelbull fatigue _11fe were 1 359 000 ; cycles and 267,000 éYcies
frespectlvely 1n the 0 0020A conditlon.: Increa51ng peening 1nten51ty
Tabove 0 0020A was assoclated with a consistent downward trend :in

?speclmen mean and Weibull fatigue life.g_z’
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e
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 1000X
HRC AT 0.0080A AT 100X, INTERNAL (ALUMINUM OXIDE PARTICLE)
INITIATION AT INCLUSION
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TEST GROUP
MATERIAL

PLEASE CONSULT APPENDIX A FOR COMPLETE DATA.

FATIGUE LIFE VERSUS INTENSITY (TASK 2)
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
ATIGUE, RESU VERS TENSIT ENING TERS AND FRACTURE SITE
DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL, 48/50 HRC
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Fracture intiation sites of_specimens peened at 0.0020A vwere
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 cra@k nucleation
specimens having a fatigue life above 500,000 cycles and all externai
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
0.0080A exhibited PSEF formation (Figure 59). Specimens peened at
0.0140A exhibited exaggerated PSEF formation (Figures 60 and 61).

.1 ersus_Cyc _Fajlure tud | -

S/N curves were established for the following materials:

(1) Aluminum 7075-T73.

{2) AISI 4340 Steel, Airmelt, 48/50 HRC. _

(3) AIST 4340 Steel, Vacuum Arc Remelt, 48/50 HRC.

1 075-T nmin

Specimens were peened at 0.0020A Almen intensity-(per Task 2) at
100-percent workpiece satﬁration (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 1imit for this material (stress level at which failure does
not occur) was not defined, The data clearly ghow, however, that
peening resulted in significantly imﬁrqud fatigue ;ife at all stress
levels employed in testing.
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i P ; B : . T i
FIGURE 58— 4340 STEEL VAR 48/50 FIGURE 59- 4340 STEEL VAR 48/50 HRC
HRC AT 0.0020A AT 200X, TOOL MARKS AT 0.0080A AT 200X, PSEF AND TOOL
PRESENT _ MARKS PRESENT

ot

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)
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FIGURE 82

FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N)
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5.2.12,2 4340 Alloy Steel - Airmelt 48/50 HRC

Specimens were peened at 0.0080A (Per Task 2) at 100-percent
ﬁorkpiece saturation (Per Task 1). Test data were cbtained
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 §8/N data.
Fatigue 1l1limit 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 fatique 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 peenihg for all stress
levels employed in testing.

212, 4340 Alloy Steel - Vacuum Arc Remelt -~ 48/50 H

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 §8/N data.
Fatigque limit for this material was not defined. Mean fatique life at
each stress level employed for testing was significantly improved by
peening. - |

.3 ASK 3 : THE EFFECT INITIAL SURFACE CONDITION ON_FATIGUE
AF SHOT PEENING | .

All results presented in the Task 2 represented specimens with
gauge sections machined and mechanically peclished prior to peening.

Task 3 was performed to determine if fatigue 1life and/or optimum
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intensity range would be affected by the initial surface condition.
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.

Additional test samples were evaluated in the lathe turned only
pre peening surface c¢ondition at peening intensity conditions of
0.0020a, 0,0040A, O-QoﬁoA and 0,0080A as well as unpeened c¢ontrol.
The prepeening specimen surface finish, approximately 60 RMS, was a
threefold increase compared to the lathe turned and polished specimen
surface condition (Figure §).

As with lathe turned and polished 7075-T6é specimens, the test data
were again obtained at a maximum stress condition of 58 ksi.

Figure 65 and Taple A-16 (Appendix A) present the fatigue 1life
versus Almen intensity data. Unpeened control specimens exhibited a
mean fatigue life of 39,000 cycles. Weibull fatigue life rose with
Almen intensity as intensity increased up to and including 0.0060A.

Specimen failure analysis indicated that at 0.0020A intensity
(Figure 66), fracture initiation was internal in origin. The shot
peen process induced surface plastic deformation did not obliterate
the tool marks (Figure 68)., At 0.0040A intensity, the induced surface
damage gbliterated the 'tgql marks and fracture initiation was
internal. At 0.0060A intensity (PSEF present) fracture initiation
sites were both int@rnal (Figure 67) and external (Figuye 69).

' ELATIQNS 1 'WEEN FATIGUE LIFE

Assuming Almen intensity is kept within the optimum intensity
range for a given workpiece, then determining the optimum duration of
cold warking at this energy transfer level is a logical next step. By
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FIGURE 66—~ 7075-T6 ALUM AT 0.0020A FIGURE 67- 7075-T6 ALUM AT 0.0060A
AT 35X, INTERNAL INITIATION AT 50X, INTERNAL INITIATION

FIGURE 68— 7075-T6 ALUM AT 0.0020A - FIGURE 69- 7075-T6 ALUM AT 0.0060A
AT 50X, TOOL MARKS PRESENT, EXTERNAL AT 20X, TOOL MARKS NOT PRESENT,
INTTTIATION I EXTERNAL INITIATION
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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, defihition 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 II testing used 45 HRC +/-1 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-5-13165B.
Experimental test data generated is plotted as fatigue 1life versus
percentage workpiece saturation.
.4.1 Ti 6A1 - 4V allo

Figure 70 and Table A-17 (appendix A) present the data for fatigue
life versus workpiece saturation on Ti 6Al-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 1lives also exhibited the lowest. - 110-pé£¢ent
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 fatique life decreased

as workpiece saturation increased above 110-percent  workpiece -
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saturation. Note that the range of Almen saturation which occurs in
this material jis approximately 100- to 125-percent of workpiece
saturation.
$.4,2 2024-T4 Aluminum Alloy

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 méximum stress of 47 ksi.

RESULTS

Workpiece saturation showed the highest fatigque 1life at 100-
percent to  200-percent. Fatique life decreased as saturation wés
increased above 200-percent workpiece saturation. Note the position
of Almen saturation.

5.4.3 6061-T6 Aluminum Alloy
Figure 72 and Table A-19 (Appendix A) present the data for fatigque

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. -/
RESULTS

Mean fatigue 1life peaked at 100-percent workpiece saturation.
Fatigque 1life generally decreased as wotkpiece 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-T6é specimens. Specimens were

peened in increments of workpiece saturation ranging from B80-percent
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through 250-percent. The test data were cbtained at a maximum stress
of 58 ksi.

RESULTS
Weibull fatigue 1life 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 sbatter and lower fatigque life at the bottom of the scatter
range.
5. 7075-T73 minum o

Figure 74 and Table A-21 (Appendix A) present the fatigue 1life
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 impaét
cratérs on the surface of .the 800-percent workpiece saturation
speéimen. There is quite clearly a difference in these groups of
small fissures from the large surface folds that constifﬁﬁe PSEF. The
surface of the 100-percent workpiece saturation spécimen does not
exhibit these small fissures. This is consistent with Phase I
findings.
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5.4.6 4340 Alloy Steel - Airmelt ~ 40/42 HRC
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. _
Specimene were pesned in incfements of workplece saturation_
ranglng from 100-percent through 400-percent
| RESULTS . | |
The data indicated that increaslnq percentages ‘bf _WOrkpiece
saturation did not adversely affect fatigue 1ife up to and including
350~percént workpiece saturation. At 400—percent workplece sat&ration
fatigue life was significantly lower than all other 1evels.'“
5,4.2 4340 Alloy teel = A'rmelt = 48/50 HRC , |
| Figure 78 and ‘Table A—23 (Appendix A) present the data for fatlgue

life versus workpiece eaturation. Spécimens were peened in increments“
of WQrkpiece saturation ranging from 100-pereent through 400-percent.
Test data were obtained at a maximum stress condltlon of 170 ksi.
' ' RESULTS o

The low end of the scatter range is approximately the same for<a11
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 Alloy Steel = Vacuum Arc Remelt -~ 48/50 HRC

Figure 79 and Table A-24 (Appendix A) present the data for fatique
life versus workpiece saturation. 8pecimens 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.
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RESULTS

A general pattern of decreasing fatigque 1life as saturation
increased is present. However, 100~-percent, 200-percent, and
300-percent fatigue 1life values are very similar. There is a large
difference Dbetween the fatigue 1life 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 812 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 1life. 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 wused in determining optimum intensity in Task 2. This
included wuse 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 stress condition of 5b ksi.
The intensity level used was 0.0020A ét 100-percent ‘wofkpiéce
saturation per Task 4.

Figure 82 and Table A-25 (Appendix A) present the fatigue 1life

versus angle of impact data.
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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

- CBLITERATED

FIGURE 81A- FIGURE 81 AT 1000X
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RESULTS

Mean fatigue 1life decreased and Weibull fatique 1life 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
speciﬁens. 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
spécimens, 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 Alloi 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 (Appéndix 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. Weibﬁll

and mean fatigue 1life <than either 60-degree or 45-degree impact

angle. The 60-degree impact angle data had a lower Weibull fatigque
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TEST GROUP
MATERIAL

SPECIMEN SURFACE

. ALMEN INTENSITY
WORKPIECE SATURATION
. MEDIA SIZE/TYPE
MAXIMUM STRESS (KSI)

FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 6)
4340 VACUUM ARC REMELT STEEL 48/50 HRC
(LOT C-0028, C-0031)
GROUND |
0.0020A (OPTIMUM PER TASK 2)
100% (OPTIMUM PER TASK 4)
§-7° CAST STEEL
95

FIGURE 83

FATIGUE_RESULTS VS. IMPACT ANGLE, PEENING PARAMETERS AND FRACTURE SITE
DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/50 HRC
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life and approximately'the_same mean fatigue life 'as the 45-degree
tata. o ) T r. : _ .
Primary crack nucleatlon sites were 1nterna1 on a11 spe01mens.
Figure_ 84 shows specimen 2349 peened surface with 90-degree
impact angle and O.OQZOAVpeening intensity, ‘at 200X magnification.
Figure 85 shows”specimen 2626 peened surface at 60-degree angie,
200X magnification and 0.0020a optimum peening 1ntensity. NotiCe.the
greater degree and the directional flow of surface plastic deformatlon
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 inten51ty. The surface
exhibits a greater degree of plastic deformation and discontinuitiesl
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 vas to‘quantify the.relationship between
shot broken particle'content and sbecimen.fatigue life. Two materials
were employed: 7075-T73 .Al_uminem and 4340 Steel, VAR, 48/50 HRC.

Test specimens of each material were peened at optimum intensity
from Task 2 utilizing MiL—Sel3165?B Table I cast steel shot having
increasing percentages of L.G. 80 cast steel grit per MIL-S5-851C
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 )
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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,
DIRECTION OF PLASTIC FLOW —

FIGURE 86- 4340 STEEL VAR 48/50 HRC AT 0.0020A
AT 200X, 45 DEG. ANGLE OF IMPACT, DIRECTIONAL
DEFORMATION, DIRECTION OF PILASTIC FLOW —=
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5.6.1 7075-T73 _Aluminum Ailoy

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 iife 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 1level 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 Alloy Steel = Vacuum Arc melt - 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 1life. Mean and Weibull fatigue 1life
decreased linearily as broken shot content increased. At the
25-percent and 50-percent broken particle condifions, fracture
“initiation sites were all internal. 1In the 75-percent broken particle
condition specimens exhibited primary and secondary crack nucleation

sites of both internal and external origin.
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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
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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
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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 1life versus intensity data would be affected by media
size/type. 7075-T73  specimens were peened to various Almen
intensities wusing either glass beads per MIL-G-9954A or cast steel
shot per MIL-S5-13165B, Table 1.

Tegt 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 simjilar (Figure 103); No significant
differences in fatigue life at a given intensity, or in the trend of
fatigue 1life as intensity increased, was apparent for steel and glass
shot. | :

It is apparent from exaﬁingt;on'og”thg results that the ‘two
peening medias produced esséhtially 1dénticalff§tigué life results.

5.8 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.

Testing was accomplished by comparing the size and depth of PSEF
in the following conditions:

(1) 7075-T73 0.0100A, 0,011 dia, shot
{2) 7075-Té 0.0110A, 0.023 dia. shot
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FIGURE 96— 4340 STEEL VAR 48/50 HRC FIGURE 97- 4340 STEEL VAR 48/50

AT 0.0020A, LESS THAN 2% HRC AT 0.0020A, 25% BROKEN
BROKEN PARTICLE CONTENT, 200X PARTICLE CONTENT, ACCICULAR

IMPINGEMENTS, 200X

FIGURE 98- 4340 STEEL VAR 48/50 HRC AT 0.0020A, 200X
75% BROKEN PARTICLE CONTENT, SEVERE ACCICULAR IMPINGEMENTS
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FIGURE 99- 4340 STEEL VAR 48/50 HRC AT 0.0020A AT 700X,
LESS THAN 2% BROKEN PARTICLE CONTENT IN MEDIA,
CONTIGUOUS SURFACE

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- 4340 STEEL VAR 48/50 HRC AT 0.0020A AT 700X, 50%
BROKEN PARTICLE CON’I‘ENT IN MEDIA EROSION CON’I‘INUES

FIGURE 102- 4340 STEEL VAR 48/50 HRC AT 0.0020A AT 700X, 75%
BROKEN PARTICLE CONTENT IN MEDIA, SEVERE SURFACE EROSION
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(3) 7075-773 0.0100A, 0.011 dia. shot followed by 0.0030A, 0.0070

dia. shot. ‘ A _
(4) 7075-T6 0.0110A, 0.023 dia. shot followed by 0.0030A, 0.0070
dia. shot. '

RESULTS
Thé major trend established is that the size of PSEF was smaller
as conditions went from (1) to (4) above. There was no recognizable
thange in the depth of DPSEF befweén any cdﬁditidﬁ. See Figures 104
through 116 and PSEF size and depth definitions in section 4.6, the
PSEF igentification poértion of the prdécedures séction.
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FIGURE 104- 7075-T73 AT 0.0100A AT 700X
USING 0.011%. DIAMETER MEDIA, PSEF

FIGURE 105- 7075-T6é 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
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7075-T73 AT 0.0100A, USING 0.011" DIAMETER MEDIA AT 700X

FIGURE 106- PSEF HAS BEEN
EXTRUDED UP OFF SURFACE
DUE TO OVER INTENSIFYING

FIGURE 107- PSEF IN THE

OVER DUE TO SUBSEQUENT
IMPACTS

FIGURE 108~ PSEF TOTALLY
FOLDED OVER FORMING SUB-
“SURFACE ANOMALY WHICH
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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
o IN SURFACE INSPECTION

PIGURE 111~ PSEF CONFORMING TO UNDERLYING
SURFACE, UNDETECTABLE IN SURFACE INSPECTION
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7075-T6 AT 0.0110A 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
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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
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6.0 DISCUSSION

TASKS 1 AND 4

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

Task 4: Determlnatlcn : of the effect of _saturation level on
fatlgue life.

GENERAL TRENDS: _ o

Task 1 defined a relatlonshlp between workpiece hardness and
peening cycle time that dlrectly contradicts the widely held view
that, all else being equal the peening time cycle used to achieve
Almen saturatiocn 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 saturetlon. clearly, this is only the case 1if
they are the same hardness. ("A New Concept for Defining Optimum
Levels of a Crltical Shot Peenlng Process Varlable," Roger Simpson,
Gordon chlasson. Second Internatlcnal cOnference on Impact Treatment
Processes, 22~26 September; 1936,'91 '1d1.) '

While being a necessary and integral step 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 (i.e., blast cycle time) to saturate the workplece with
impingements resulting from uniform shot impacts that have masses,

sizes, spherocities, velocities and impact angles that are uniform
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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 hardnéss. 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
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have been exposed to far more cold work than that asséciated with
the highest fatigue resistance benefits. Materials in Task 4,
particularly Ti 6AL 4, 2024-T4 aluminum, 6061-T6é 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 shallower, does not appear to be
folded, but appears to be inter granular. Just as energy transfer, as
dafined by intensity, can be both too low or too high, so saturation
versus fatigue 1life 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
tolerarices 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 workpiece saturation, as a
function of the relative hardness of Almen strips and the workpiece,
are substantial when considering both the effectivenéess of shot
peening in yielding the highest possible fatique resigtance benefits
and the cost associated with such processing. By determining Almen
saturation achieved in a manner truly representative of the
workpiece's configuration, we can statistically predict the percentadge

of the exposure time required to achieve Almen saturation that wilil
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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
occursj 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 highést possible fatigue benefits. 1In 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 cyble time "overkill" 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.
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TASKS 2 AND 3

Task 2: Determination of the effect of Aimen interigity on
fatigue life.

Pask 3: 1Investigation of the influence of initial surface
condition on fatigue 1llfe as a function of Alnmen
intensity. ‘

GENERAL TRENDS:

Tagk 2 afid Task 3 data indicate that as shot peening inténsity
increases and regardless of workplece surface integrity, fatigue life
peaks at the point whére peening intehsify ig sufficiently high' to
ciFéate PSEF which a&are dgsociated with primary crack nucleation
catsality. :

This strongly indicates thatrthe conéeptual approach to shot
peening that reéelies only o6n determining the correct amount of residual
stress to be imparted, and does not factor in workpiece surface
integrity, is ‘over simplified. Clearly, there is a multiplicity of
action afid interactiori both on redidual stresses and surface integrity
by process variable levels that must be considered in pfééess
sngineéering. | -

A coriclusion reached as early as the 1930's, and widely accépted
today, is that increagingly hard mateérials would have ‘incréasing
optimum intensities (see MIL-&-13165A and MI1-5-13165B). Based on
available data (including this program) thé conclusion is at times,
but clearly not &lways, correct. The problem lies in that it is B&sed“
on assumptiofis that give no impottarice tc the relationship between pré
processing surface condition and the resultant post-processing surface
damage. Because 1in many caseas this oversimplified and incomplete
cohiclusion seemed to work, it has been both resilient (witness the
decades that have passed sirnce MIL-5-13165A) and highly unreliable.

It has, in the author's opinion, added considerably tc the current
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image of shot peening being an engineering "black 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 intehsity 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 adid specificatioﬁs 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 surfacé 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 1is 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 testlng for this effort to determine
similar optimum and tolerance shot peen process varlable levels on a

number of actual product components, including gears, aircraft and
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automotive road wheels, stabiliger bars, connecting rods, turbine
gngine disks, and other components. Throughout these test prograns,
the general trend jillustrated in Figure 117 hag been congistent.

30 | 50 HRC STEEL
oPTIHUM |
TENSITY
ANGE
ALUMINUM
0
HIGH - — TOW

SURFACE INTEGRITY
FIGURE 117: GENERAL TREND, OPTIMUM INTENSITY VERSUS
PRE-PEENING WORKPIECE SURFACE INTEGRITY
PRACTICAL EFFECTS ON PRODUCTION SHOT PEENING:

The action and interaction of multiple layers of variébles
(material type, hardness, fracture toughness, impact angle, shot
velocity, preprocessing surface integrity, etc) léave é Signific;nt
amount of information and quantitative undersfanding to be. developed
and analyzed before valid intensity optimum and tolerance level
prediction can be realized.

As referred to above, however, thié does not leave the process
enginger without methodology for determining these intensity optimun
tolerance levels. With a well organized itérative testing program,
these tolerances and the benefit levels associated with them, can be
gquantified and gonsistently raproduced in productlon. _

A limiting factor to the effective predictlon of workpiece

saturation is the current level of acceptable inherent tolerances
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associated with the Almen strip in abplicable military and industry
specifications. ("The Effect of Inherent Tolerances in the Almen Test
Strip on Shot Peening Process Reliability," 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
consiétently indicate that determining the effect of the process
variable levels and toleranges 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," S. Meguid, First
International Conference on Shoﬁ Peening, 1981.) This increase in the
magnitude of residual stresses in and near maximum PSEF depth
specifically could explain why, during Phase II testing, specimens
peened at low impact angles had lower fatigue life than those peened
at higher impact angles, while still exhibitiﬁg 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 c¢ross sections of specimens peened at 90 degree angle of
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impact taken transversely across the diameter of the gauge section.
In Figures 119 and 121, (specimens peened at 60 degrees angle of
impact, taken longitudinally across the gauge section) PSEF are
largest on the rim of shot impacts which crest in the same direction
a8 the media impact angle. The general trend for fatigue 1life
decreasing as impact angle decreased could be explained in ane, or a
combination of, several ways:

{1) while primary ocrack nucleation was internal, secondary
fajlures emanating from PSEF caused reduced fatigue 1life.
There is some evidehce from failure analysis that thié
occurred. '

(2) Due to the shallower, higher magnitude compréssive stresses,
internally nucleated primary crack 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 peenéd
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 6né
of the most difficult shot peen process variables to control. This is
particularly true in complex shaped WOrkpiéces whose areas to be
peened have relatively small radii of 60 degrees arc or more and/éf
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
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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
AT 90 DEGREE ANGLE QOF IMPACT, 700X

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

.DEGREES TO SURFACE), 700X :
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must be well defined and éuaﬁtitativgly‘_controlled such that
established ﬁorSt case fatiéﬁe life deta from the lowest impact angles
experienced will, indeed, be the worst case.experienced in preduction.
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, btt' obviously m’more caoital intensive
solution, is the robotic control of nozzle motion and impact angle
vis-a-vis the :workpiece such that nozzle motion is programmed to
follow the workpiece contour. Such equipment is currently available
from peening machine manhufacturers. |
A pertinent point in examining Task 5 data is that Task 5
duplicated the same intensity at different impaot engles. This
requirad a manipulation of, and 1ncrease 1n, shot velocity at lower
impact angleg.' In actual production, it is p0551b1e 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 00ntribute 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 11fe.

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
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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 Pccomplished 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.
("Quantification 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,
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the requirements (and equipment to meet requirements) for shot
utilized in blast cleaning operations were applied "“carte blanche" 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 Specifications for Peening and

leaning. While this trend has significantly improved over the past

several years both in specifjcations 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 differentiati&n
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-5-13165B). In short, it is difficult to do good shot
peening without good peening shot, with "good" meaning that all shot
in the machine is kept as near spherical as possible. aAn 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 wvery high
tensjile strength and extremely high fracture resistance and
durability. The limitation on cut wire shot is that it is relatively
soft due to the relatively low hardness of cut wire shot necessary to
cut and c¢ondition 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.
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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 glaés beads in productioh 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 1low

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

115



single operation, the depth of PSEF remain unchanged. (See PSEF
jdentification in <the procedures and Figures 104, 105, 109, and
115.)

PRACTICAL EFFECTS ON PRODUCTION PROCESSING:

While the use of larger shot or a second operation can improve
RMS surface finish, it will not.improvg the basic surface integrity of
the workpiece. The fatigue results of using larger shot indicate that
the use of larger shot may actually degrade fatigue performance.
("Development of a Mathematical Model for Predicting the Percentage
Fatigue Life 1Increase Reéulting from Shot Peened Coﬁpqnents - Phase
I," Roger Simpson, April, 1985.)

The use of a second peening operation provides much higher
surface residual compressive stresses. The authors assume this.tq be
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, and as such the
optimum intensity range is high, a seéondary peening operation which
encapsulates surface integrity problems (i.e., machining marks, or
other pre-processing surface rpughness) and PSEF in a higher magnitude
residual compressive stress zone would most definitely be assumed to
be beneficial. For workpieces with relatively good surface integrity
(i.e., finely ground or polished surfaces}, the authors question the
benefit that a secéndary precess would have due to the relatively low

initial optimum intensity range.
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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, fatiqgue 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 fatique life, or optimum intensity range (OIR), specimen
pfimary_ crack nucleation became generally externél for all material
types tested. These higher than 6ptimum intensity condition specimens
also yielded fatigue life significantly lower than specimens peened at
OIR.
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As inteénsity increased, PSEF size and depth increased as can be
tlearly 8een from the photoiiicrographs of surfaces cross sections for
surfaces peeried varying to intensity levels.

For all material types tested, except those where primary crack
pucleation occured at non metallic inclusions, a PSEF was definitely
identified at the primary crack nucleation gite in over $0-percent of
spsciméns peehed at interisity conditions abeve OIR that were subjected
to failure analysis. Of the rehaining 10-percent, over 90-percent of
thése had a PSEF riear enough to the crack site to be potentially
causal to failure, although tiot definitely determined as causal to
primary crédck nucleation. '

In 1less than 1-percent of these specimens, PSEF were not
identified with primary ¢rack nucleationi. Theése specimeris were all in
the inteneity condition Just above OIR where PSEF formations were
small.

This patteérn of internal primary crack nucleation at low
intensities and surface ptiﬁaiy ¢track fucleation at higher intensities
is directly opposite of what would be eipected if the subsurface
residual tensile stresses in the Specimen werée the detetiining faetor
in failure modality. fThe lack of this ' patterni is particularly
gignificant in 1ight of the speciméns 0.200% gauge section. Clearly
residual tensile stress concentration in the csre 6f the spédimen
gauge séctions was not a factor in failure modality.

The high degree of assoclation of shot péen pfoéess induced
surfacé damage (in the form of PSEF) with fatigue life failure and
failure modality indicates that this phencmena is of far Qreéter
importance than has been indicated in applicable literature in the
past. .
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The pattern of increase in OIR for varying workpiece surface
conditions in Task 3 1is 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
s
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pre~shot peen processing surface i.nt.egri;.]ty anomalies as the
determining factor to primary crack nucleation. .

Quite simply, the worse a workpiece's surface integrity is before
shot peening, the higher the QIR will be, with its incipient higher
levelg, of - beneficial residual compression and detrimental process
induced surface damage. Until the induced surface damage becomes the
weakegt point in the surface from a fatigue perspective, the damage
induced by the process is benign.

Another sgignificant finding was that the fatigue life of coarser
surfaced spebimens peened at their respectlvely hlgher OIR was not
significantly different than finely polished specimens peened at their
respectively ;ower QIR. :

It is clea; that aqme materiéiég éuch §s.Ti' 631 4V, can be
extremely sensitive to saturation; and cthere, such as 7075-T73, may
be very insensitive. ) h

Generally, impact angle decrease was associated with decreased
specimen fatigue life. This seems logical, if peening specimens at
OIR, since increased media'?elocity (over that used in 90-degree
impact angle) caused PSEF formation such that specimen fatigue 1life
would be reduced. A 90-Qegree impact angle deforms the workpiece
surface by moving 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 gurface finish realized by using larger shot has
been recognized by U.S. Military specificatjons for years, Task 8
makes it clear that this is not the case for surface inteqrity.

This points out the fact that profilometer examination of a
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surface is insufficient infoﬁgation 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 II 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 c¢crack growth
arrest, c¢rack propagation was of little importance. While this is
consistent with many actual production componéents, such as automotive
transmission gears, crack dgrowth rates are certainly of dgreat
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 ICF and crack propagation are accounted for. The c¢loser the
testing conditions reproduce the actual operational 1loads 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 effect$ ‘of -intensity

overpeening (PSEF), the effects of saturation overpeening (surface
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gtrain cracking), and any other surface related phenomena.

The Phase IT effort, while representing a significant milestone
in development of a predictive model, does not provide engineers with
such a predictive systen.

The knowledge gleaned from this program, however, does not leave
the process engineer without methodology for arﬁiving at a peening
process whose variable levels and tolerances have been selected
through .a quantitative examination of the individual and cumulative
effect of process varijiable action and interaction .on the fatigue
behavior of the workpiece in question.

While requiring significant aexpertise and shot peen process
background to perform in the most cost effective manner, the iterative
system outlined below can, if implemented, achieve the production
process benefit level consistency that has been almast totally lacking
for decades in shot peening. It involves several straightforward
%téps, They are as follows:

(1) Identify the workpiece chemical and physical characteristics
jincluding material type, hardness, case depth, surface finish in
the area to be peened, and other pertinent characteristics. It
is important to identify the best and the worst case pre shot
peening surface finish that can be expected for the area to be
peened.

(2) Identify the operating environment that the workpiece in dquestion
will experience in the area to be peened. This could include:
@ o,

L ey

Eb) Corrosives

¢) Damage tolerance

1. Pre installation tolerance.
2. Mechanical damage due to contact with foreign objects.
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(3)

(4)

(5)

(6)

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. |
Identify the prescribed intensity 1levels in U.S. Military and
industry specifications.
Insure that the process variable level controls on the peening
machines intended for use during testing are sufficientiy 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).

Establish workpiece saturation as a function of Almen saturation.
("A New Concept for defining Optimum Levels of a Critical Shot
Peening Process Variable," Roger Simpson, Gordon Chiasson;
Second International cConference on Impact Treatment Processes,
22-26 September, 1986, p. 101.)

Determine the method of fatigue testing. Testing is best done

with actual components. However, in aerospace and many other
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industries, this is prohibitively expensive. Specimens which
most clearly duplicate the workpiece chemical and physical
characteristicg and operational environment of the workpiece
should be manufactured where actual preduction components cannot
be used, Where possible, load gpectrums duplicating the actual
operating environment should be applied.

(7) Establish unpeened control gpecimen fatigue data.

(8) Manufacture an Almen test fixture which, as accurately as
possible within the limitations inherent in the Almen strip,
represents the workpiece and area to be peened.

(9) Shot péen a number of specimens at intensity levels varying from
0,0020A to some level above that specified in current Military
and industry specifications in, 0.0020A to 0,0040A increments.

(10) From step 9 data, establish general trends in fatigue life as
intengity increases.

(a) If fatigue life is highest at the highest intensity peened,
peen at higher intengities and fatigue test these specimens.
Repeat this until fatigue life begins to decrease for higher
intensity. _

(b) When fatigue life has peaked at some intensgity value hetween
0.0020A and the highest intensity, shot peen several
gpecimens at intensities above and below the intensity
associated with the highast statistical fatigue 1life in
0.0005A intensity increments to quantitatively define the
exact position of OIR (Optimum Intensity Range) and its
tolerances.

(11) Using the gptimum intensity level as defined in 10, define in a

gimilar manner the optimum workpiece saturation level, effect on
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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 Processing:

(a)

(b)

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).

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
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(c)

(d)

on existing equipment s¢ as to insure that processing is

always maintained within acceptable limits.
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=~ ALMEN STRIP CUMULATIVE TOLERANCES
- OPTIMUM INTENSITY RANGE AS DEFINED BY STEPS 10 AND 11

= CRITICAL VARIABLE CUMULATIVE TOLERANCES EFFECT ON OPTIMUM

INTENSITY RANGE

- CRITICAL VARIABLE PROCESS CONTROLS CALIBRATION TOLERANCES
-~ PRODUCTION INTENSITY RANGE SPECIFICATION

FIGURE 123 - CONCEPTUAL ILLUSTRATION FOR ARRIVING AT
PRODUCTION PROCESS TOLERANCE SPECIFICATION

Design and implement preduction equipment and process
controls that can guantitatively reproduce these bprocess
variable levels,

Determine what level of ipherent Almen strip cumulative
tolerances will be specified for preduction processing.
("The Effect of Inherent Tolerances in thé Almen Strip on
ghot Peening Process Reliability," Roger Simpson, Dan Clark,
Gordon Chiasson; Third International Conference on Shot
Peening, 1987) These tolerances should also be removéd from
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the acceptable production tolerance range.

(e) Thoroughly educate process engineering personnel, production
supervisors, operétors, quality assurance  personnel,
maintenance personnel,and others as applicable, as to the
difference between this type of peening operation and
traditional "controlled" shot peening. One should carefully
describe how changes i; single or multiple variable levels
will statistically affect the level of benefit the process
induces in workpieces.

(£) 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 thét 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 c¢learly 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 signifiéant
attention in terms of proposed Military and AMS standards.

O0f particular concern, however, is the ongoing lack of attention

in Military and industry standards to choosing the correct process
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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 out.line in gtandards
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
there. Controlling at very fine tolerafices t¢ the wrong nominal level
is, at best problematic. Tighter control is only "good" if it can be
documénted to provide benefit for the added cost. The question is how
to know if the nominal level and tolerances you are controlling to are
the correct ones unless there is hard data to support it., Once that
question is addressed in a quantitative fashion, with quantitative
effects documented for variatce in all the critical variables,
implementing process equipment, process controls, and written
specifications becomes a matter of what benefit levels are desired and

the cost associated with achieving them.

The real world ramifications for the use of the methodology
‘outlined above ig the cépability' to 'significantly &nd reliably
increase the allowable load on fatigue sensitive workpieces. In the =
past, while significant increases were possible under laboratory
conditions, achieving fatigue benefit reliability induced by the
process was ofﬁen 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 workpileca will probably not be widely
cost effective wuntil a predictive model for optimum process variable

levels and tolerances can be éasily computer applied.
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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
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 5ystem 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 alloﬁable loads, in
aerospace the very best is often already being used; and in
automotive the cost of using better materials often proves cost
prchibitive.

In cases of applying a fix for an emergency situation that
involves 1little time to retool or reengineer, the methodology
described above 1is 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 II of this
program were chosen for their capacity to isoclate the effects of
process induced surface integrity phenomena from other c¢ritical
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 considefed when
defining optimum process variable nominal and range values for actual
production component shot peen proceéessing. 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 II of this program
as universal prescription for intensity optimums on the material typés
investigated. The workpiece chemical and physical characteristics and
the particulars of the operational load and operating environment for
the workpiece in question must be taken into consideration.

The relationships of interaction between applied 1load &tress
concentration factors, shot peen process induced residual stress
profile, - workpiece material characteristics {(such as  fracture
toughness and many others), and both pré and post process surface
integrity are complex and have yet to be statistically quantified.
While Phase I and Phase II of this research program have added

significantly to the understanding of how process induced surface
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integrity degradation affects workpiece fatigue 1life, substantially
more data is needed in defining all of the <c¢ritical variable
relationships before these relationships can be predictively
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 II
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 1load 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 progranm 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 1load
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¢haracteristics can be made only through a battery of iterative
fests which bpth duplicates the operational load characteristics and
workpiece characteristics for the gpecific workpiece in question, and
does so for varying quantitative levels of shot peen processing.

An important realization that should he derived from the Phase I
and Phase II data as well as other technical publications, is that the
very simple charts that can be found in a majority of military and
industry specifications 1listing prescribed peening intensity ranges
are clearly inadequate for prescribing shot peen process levels which
can be relied on to cgnsistently produce the desired benefit level on
workpieces of all configurations and loading characteristics. If one
jntends to use the shot peen process as a means of reliably
reproducing ecertain desired levels of workpiece fatigue sgtrength
benefit, several factors above and beyond material type and hardness
must be considered. While elegant in their simplicity, arriving at
optimal shot peen parameter values and insuring that the desired
benefit level is attainable at both extremes of cumulative adceptable
process variable tolerance limits is technically a much more complex
challenge than the typical military and/or industry specification's
table of prescribed peening intensities would indjcate.

An additional area that needs further development is that of
process  measurement. As described earlier and ~ in numerous
publications, the Almen test strip system is quite incapable of being
the sole and autonomous measure of shot peen process effectiveness as
it is currently prescribed in miljitary and industry specifications,
It is obvious from a gimple analysis of cumulative acceptable
tolerances that the Almen test strip's currently acceptable tolerances
will exceed the specified intepnsity ranges in these same

specifications.
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VARIAB OLERANC

Almen Strip Hardness Variation +/-0.0005
(6HRC)

Almen Strip Thickness +/-0,0010

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
QOF CURRENTLY ALIOWABLE TOLERANCES 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.
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APPENDIX A

| TABLE A-1
FATIGUE RESULTS VS. INTENSITY, PEENING PARAMETERS AND FRACTURE SITE

DETERMINATION FOR TITANIUM (C.P.)

MEAN FRACTURE
_ INITIATION
PEENED/ MEDIA CYCLES TO FAILURE X (# OF SPEC.
UNPEENED SIZE/TYPE _ | (Nf x 1000) INT. | EXT
BASELINE \
(UNPEENED) N/A 72, 80, 80, 122, 180, 237 129 N/A | N/A
MIL-13/
0.0010A GLASS BEAD 60, 78 69 N/A | N/A
MIL-13/
0.0020A GLASS BEAD 81, 92, 96 90 N/A | N/A
MIL-11/
0.0030A GLASS BEAD 63, 65, 69 66 N/A | N/A
MIL-8/ .
0.0050A GLASS BEAD 40, 43, 60 48 N/A N/A
MIL-5/
0.0120A GLASS BEAD 26, 35, 41 34 N/A | N/A
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL TITANIUM (C.P.) 34/36 HRC,

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED & POLISHED (C)

100%

90 DEGREES

85.3

(LOT C-0016)



APPENDIX A

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED & POLISHED (C)

100%
90 DEGREES
140

TABLE A-2
TIGUE R vS. INTENSITY, PEENING T 1
DETERMINATION FOR - 4V _TITANIUM
MEAN FRACTURE
: . _ INITIATION
. INTENSITY MEDIA CYCLES TO FAILURE X (# OF SPEC.
JCONDITION SIZE/TYPE (Nf x 1000) INT, | EXT
'| BASELINE
| (UNPEENED) N/A g%i 64, 83, 134, 185, 214,| 922 N/A N/A
1
MIL-13/ _
0.0010a GLASS BEAD 109, 941 525 N/A N/A
S-70/
0.Q015A CAST STEEL 2031, 2131 2081 N/A N/A
MIL-13/
0.0020A GLASS BEAD 1179, 1471, 2523, 1753, 2010 N/A N/2
1732, 1656, 3754
8-70/
0.0025A CAST STEEL 960 N/A N/A N/A
MIL-11/
0.0030A GLASS BEAD 113, 1499 - N/A N/A
l
_ 8-70/ 544
0.0030A CAST STEEL 19 | N/A N/A
MIL-9/ _
0.0040A GLASS BEAD 118, 612, 1199 643 N/a N/A
MIL-8/
0.0050A GLASS BEAD 82, 92, 198 124 N/Aa N/A
MIL~-5/
0.0120A GLASS BEAD 19, 34, 36 30 N/A N/A
TEST GROUP :  FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL :  6AL - 4V TITANIUM 41/42 HRC (LOT C-0015)

AR



FATIGUE RESULTS VS, INT)

APPENDIX A
TABLE A-3 .

ENSITY, PEENING PARAMETERS AND FRACTURE SITE

DETERMINATION FOR 2024-T4 ALUMINUM |
- S MEAN FRACTURE
_ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (# OF SPEC.
CONDITION | SIZE/TVPE (Nf X 1000) INT, | EXT
BASELINE i
(UNPEENED) N/A 184, 162, 141, 138, 186, 157 ) 6
129
| MIL-13/
0.0010a GLASS BEAD 1110, 293, 1235, 947 879 2 N/A
MIL-13/ -
0.0020A GLASS BEAD 162, 110, 482 251 2 1
MIL-11/
0.0030A GLASS BEAD 112, 111, 82 102 2 1
MIL-8/
0.0050a GLASS BEAD 84, 128, 110 107 0 3
MIL-5/
0.0100A GLASS BEAD 135, 116, 113 121 0 3
| MIL-5/
0.0120A GLASS BEAD 89, 73, 91 84 0 3
MIL-4/
0.01402 GLASS BEAD 69, 94, 92 85 0 3
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL 2024-T4 ALUMINUM 110/119 HBN (LOT C-0001)

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

S BE % BE BN P

LATHE TURNED & POLISHED (C)
100% - '
90 DEGREES

47



APPENDIX A
| TABLE A-4
FATIGUE RESULTS V8. INTENSITY, PEENING P

METERS AND. FRACTURE SITE

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

&S &8 X8 &4 FE w

LATHE TURNED & POLISHED (C)

100%

90 DEGREES

40

DETERMINATION FOR 6061-T6 ALUMINUM
MEAN FRACTURE
| . _ INITIATION
INTENSITY MEDIA OYCLES 0 FAILURE % (4 OF SPEC.
LCONDITION | SIZ2E/TYPE (Nf_x 1000) . INT. | BXT
BASELIME | o
(UNPEENED) N/A 64, 447, 224, 158, 130, | 239 N/A | N/A
412
MIL-13/ | A
0.0010A GLASS BEAD 940, 1054, 931, 490, 648] 813 N/A | N/A
MIL-11/
0.0030A GLASS BEAD 448, 431, 310 396 N/A | N/A
MIL-8/ |
0.0050A GLASS  BEAD 173, 164, 161 166 N/A | N/A
' MIL~-5/
0.0080A GLASS BEAD 181, 124 153 N/A | N/A
MIL-5/
0.0100A GLASS BEAD 124, 126, 114 121 N/A | N/A
MIL-5/
0.0120A GLASS BEAD 88, 101, 106, 85, 90, 74| 91 N/A | N/A
MIL-4/
0.0140A GLASS BEAD 124, 118, 77 106 N/A | N/A
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERTAL 6061-T6 ALUMINUM 93/100 HBN (

T €-0003)

»

£y



APPENDIX A
TABLE A-5

FATIGUE RESULTS VERSUS INTENSITY AND PEENING P TERS FOR_7075-T6 ALUMINU
PHASE T -
o MEAN FRACTURE
INITIATIO
INTENSITY MEDIA CYCLES TO FAILURE X (# OF SPE
CONDITION TYPE _(Nf x_1000) INT. | EXT
BASELINE
(UNPEENED) N/A 111, 359, 154, 252 219| 0 3
 0.0010A GLASS BEAD 628, 702, 654, 612, 650 1 0
649, .729, 577
0.0030A | GLASS BEAD 777, 847, 795, 632, 694| © 0
670, 716, 633, 589,
607 o
0.0050A GLASS BEAD 691, 699, 553, 601, 597| o0 0
639, 653, 616, 338,
| 584
0.0070A GLASS BEAD 470, 591, 527, 582, 560| 0 2
573, 616
0.0090A GLASS BEAD 551, 597, 622, 606, 558 0 1
533, 574, 567, 460,
509
0.0110A GLASS BEAD 477, 609, 592, 555, 550] o0 3
575, 535, 504
0.0130A GLASS BEAD 538, 566, 466 523] 2 1
0.0150A GLASS BEAD 516, 454, 498 489 1 2
0.0200A GLASS BEAD 406, 261, 193 287] o0 2
1
MATERIAL 7075-T6

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)
GAGE SECTION DIA.

LATHE TURNED AND POLISHED
100%

90 DEGREES

58 KSI

0.375"

"8 o8 #% s se #9



ATIGU s

MEAN FRACTURE
o INITTATION
INTENSITY MEDIA CYCLES TO FATLURE % (§ OF SPEC.
LCONDITYON | SIZE/TYPE __(Nf x 1000) . INT, | BXT
BASELINE
(UNPEENED) N/A 84, 99, 82, 217, 197, 93_ 129 N/A_ N/A
MIL-13/
0.0010A GLASS BEAD 298, 275, 360, 323, 357, 333 N/A N/A
383
MIL~11/
0.0030A GLASS BEAD 255, 257, 206 239 N/A | N/A
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL 7075-T6 ALUMINUM 143 HBN (LOT C-0002)

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

e S8 R B0 49 9

LATHE TURNED & POLISHED (C)
10

90 DEGREES

58

-
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APPENDIX A
TABLE =7

FATIGUE RESULTS VS. INIQQSTTY, PEENING PARAMETERS AND FRACTURE SITE

DETERMINATION FOR 7075-T73 ALUMINUM

WEIBULL MEAN

FRACTUR
_ INITIATI
INTENSITY MEDIA CYCLES TO FAILURE W X (# OF SPE
CONDITION | SIZE/TYPE - (Nf_x 1000) : INT. | EX
BASELINE ' .
(UNPEENED) N/A 66, 24, 34, 112, 47 4.373 57 N/A 5
s-70/ |
0.0010A CAST STEEL | 1275, 1544, 29, 1424, N/A 1102 1 4
1236 4
S-70/ 2805, 1811,2093,1176,] 291 1800
0.0020A CAST STEEL | 1822, 1096 7 0
s§-70/ 346, 323, 1348, 1463, 43 727
0.0040A CAST STEEL | 588, 120, 141, 1489 5 3
s-70/
0.0060A CAST STEEL | 137, 128, 118, 116, 77 130 0 7
107, 105, 196
s~70/ .
0.0080A CAST STEEL | 95, 131, 105, 88,126, 67 102 0 8
89, 81, 104
5-70/
0.0100A CAST STEEL | 62, 91, 98, 101, 91, 27 91 0 8
104, 68, 109
§-70/
0.0140A CAST STEEL | 93, 112, 37, 112,120, 8 88 0 8
94, 46, 86
TEST GROUP:  FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL:  7075-T73 ALUMINUM 136 HBN (LOT C-0030)

SPECIMEN SURFACE
WORKPIECE SATURATION

ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED & PO

100%

90
50

DEGREES

LISHED (C)



FATIGUE RESULTS VS. INTENSITY, PEI
DETERMINATION FOR 4340

ENDIX
TABLE _A-8

ENING PARAMES

_ RAMETERS AND FRACTURE SITE
ATRMELT STEET, 20725 HRC

SPECIMEN SURFACE

GROUND AND POLISHED (C)

. WORKDIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KST)

bk b 86 vk At e

100%
90 DEGREES
102

A-8

MEAN FRACTURE
, - INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (# OF BPEC.
|CONDITION | SI1ZF/TYPE ) (Nf x 1000) INT. | EXT
BASELINE R
(UNBEENED) N/A igg, 277, 175, 189, 2732, 237 0 6
8-70/ '
0.0020A CAST STEEL 118, 48 83 0 2
8-70/ - |
0.0030A CAST STEEL 345, 218, 659, 372,(R/0) 399 0 4
8-70/ )
0.0035A CAST STEEL 444, 425, 146 338 0 2
§=70/ 484, 438, (R/0), 887,408 |
0.0040A CAST STEEL 915 626 1 4
870/ | |
0.0045A CAST STEEL 498, 493, 333, (R/0) 441 0 3
§-70/
0.0050A CAST STEEL 640 N/A 0 1
§-70/ | |
0.0060A CAST STEEL 130, 102, 356 (R/0), 196 196 0 3
§-70/
0.0075A CAST STEEL 452, 556 504 0 2
8-70/ |
0.0090A CAST STEEL (R/G), 240 N/A 0 1
8-70/
0.0100A CAST STEEL 639, 843, 8§27 670 0 3
§-110/ . |
0.0110A CAST STEEL 106, 131 119 0 2
§-110/
0.0120A CAST BTEEL 141, 176, 236 184 0 3
. N g e e i P oy . . i - e o Aa%«\!‘ _ —— . i . N o
TEST GROUP FATIGUE LIFE VEREUS NTENSITY (TASK 2)
MATERTAL 4340 AIRMELT STEEL 20/25 HRC (LOT C-0006)

1t



APPENDIX A
TABLE A-9

FATIGUE RESULTS VERSUS INTENSITY, PEENING PARAMETERS AND FRACTURE

SITE DETERMINATION FOR 4340 ATRMELT STEEL 34/36 HRC

MEAN FRACTURE
_ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (# OF SPEC.
CONDITION | SIZE/TYPE (Nf_x 1000} : | INT. | EXT
BASELINE
(UNPEENED) N/A 169, 135, 103, 103 128 0 4
s-70/
0.0030A CAST STEEL 108, 113, 77 99 0 3
s-70/
0.0035A CAST STEEL 351, 697, (R/O) 524 1 1
S=-70/
0.0040A CAST STEEL 280, 249, 358 296 0 3
$-70/
0.0045A CAST STEEL (R/0), 3336 N/A s R
|
S=70/
0.0050A CAST STEEL 880, (R/O) N/A 1 0
s-70/
0.0055A CAST STEEL 136, 196 166 0 2
S~70/ 75, 2112, 219, (R/0) 1529
0.0060A CAST STEEL (R/0), 3710 2 2
S-70/
0.0065A CAST STEEL 107, 176, 277 187 0 3
S-~70/
0.0070A CAST STEEL 120, 136 128 0 2
I t
s-70/
0.0075A CAST STEEL 378, 205 292 0 2
S5-70/
0.0090A CAST STEEL 52, 68, 94 71 0 3
S-110/
0.0120A CAST STEEL 118, 88, 77 94 0 3
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)

MATERIAL

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KST)

4340 AIRMELT STEEL 34/36 HRC (LOT C-0007)

GROUND & POLISHED (L)

100% '
90 DEGREES
140

A-9



FATIGUE RE

SULTs VERSUS 1

APPENDIX A
TABLE A-io
NTENSTTY, BEENTME DARAME

TERS AND FRAGTURE SITE

A=1d

DETERMINATION FOR 4340 AIRMEIT STEETL 4G/42 HRe
MEAN FRAGTURE
o . L - INITIATION
ENTRRS IV MEDIA CyCLES TG FAILURE (# OF BPEC. N
| EONDITION SIZE/TYPE : {Nf % 1000) INT, | BYT
SASELINE | o | -
{ NPEENED) R/A 241, 143, 83 159 b 3
o s-70/ 661, 797, 478, (R/0), »
0.66304 CAST STEEL (R/0), 1237 793 3 1
i $-70/ (R/0), (R/0), (R/O) N/A o A
d.6035A CAST/STEEL (R/0), (R/og, 1143 / N/A N/A
e 5-70/ (R/0), (R/0), (R/0) N/A L
6.60404& CAST STEEL (R/0), (R/0), (R/0) N/A N/A
N s-70/ (R/0), 968, (R/0), 1393 1181
0.b045a CAST STEEL (R/0), (R/0D) 1 N/A
e 8-70/ 463, (R/0), (R/D), 300 L
0.060650A CAST STEEL (R/0), 137 N/A 1
e 5-70/ ‘ o 906 |
0.00554& CAST STEEL 1143, 419, 971, 535, 1464 4 i
o 8-70/ 2084, 1594, 1i%80, (R/0), 1467
6.0060A CAST STEEL (R/O), tR/O), 209 2 1
o 8-70/ y e s ; o
0.0065A CAST STEEL 155, 899, 830, 144, 2065 757 3 2
0.0070A CAST STEEL (R/0), 67, 89, 2436, 77 785 N/A 2
o 5-70/ L L N
b.00754 CAST STEEL 1601, (R/0) N/A N/A 1
Q §-70/ A . )
8.00804& CAST STEEL 281, 329 305 1 N/A
e 5-70/ L _ . _
0.D0090A CAST STEEL 566, 265, 47 283 0 3 .
5-iio0 é o . . ) )
b. bléoA CAST STEEL i62, 526 335 333 0 3
J o o N o - . _
“TEST GROUP 3 FATIGUEWLIFE VERSUS INTENSITY (TASK £l
] _ MATERiAL s 4340 AIRMELT STEERL, 40/42 HRC (LOT €-0020)
SPECIMEN SURFA GRobND &k POLISHED (L)
Wbﬁ IECE 8 ATURATiaﬁ : ig
A NGLE %g iupACT T ﬁEGkEﬁs
MART EYRESS (kE1) is5



-

APPENDIX A

TABLE_A-3i1

FATIGUE RESUITS VERSUS INTENSITY, PEENING PARAMETERS AND FRACTURE

SITE DETERMINATION FOR 4340 AIRMELT STEEL 48/50 HRC

MEAN FRACTURE
_ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (# OF SPEC
CONDITION SIZE/TYPE (Nf x 1000) INT. | EXT
BASELINE
(UNPEENED) N/A 61, 97, 46, 48, 70, 93, 74 0 7
106
S§-70/
0.0030A CAST STEEL 337, 754, 408 500 1 2
8-70/
0.0060A CAST STEEL 267, 574, 413 418 2 1
S=70/
0.0065A CAST STEEL 441, 261 351 1 1
$-70/
0.0070A CAST STEEL 1164, 436, 304 635 2 1
S5-70/ 1138, 982, 804, 2047,
0.0075A CAST STEEL 203, 364, 476 859 4 3
S=-70/ 934, 495, 225, 478,1037,
0.0080A CAST STEEL 311, 791, 719, 795, 720 7 6
758, 685, 1019, 1113
s-70/
0.0085A CAST STEEL 590, 629, 370, 122, 743 491 3 2
S8=70/ ,
0.0090A CAST STEEL 649, 191, 702, 536 520 2 2
S-70/
0.0095A CAST STEEL 324, 269, 314, 238 286 2 2
!
S=110/ |
0.0105A CAST STEEL 593, 388 491 0 2
S-110/
0.0120A CAST STEEL 175, 326, 522, 473 374 3 1
|
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL 4340 AIRMELT STEEL 48/50 HRC (LOT C-0021)

SPECIMEN SURFACE
WORKPIECE SATURATION

ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

100%

e Be S8 on 44 o

170

A-11

90 DEGREES

GROUND AND POLISHED (L)



APPENDIX A

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

AR B R

(LOT C-0028)
GROUND

100%

90 DEGREES
195

A-12

TABLE A-12
_AELQHE_BE5ULIﬁ%ygggugﬁlHIE“§;IX;.£dB_“5gh2ABaﬂngﬁﬁ_bﬂmmEBAQIQB%Mﬁliﬂ
DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/50 HRC
, WEIBULL MEAN FRACTURE
. - INITIATION
INTENSITY MEDIA CYCLES TO FAILURE W X (# OF SPEC.
CONDITION SIZE/TYPE _(Nf x 1000) i INT. EXT
BASELINE
(UNPEENED) N/A 27, 35, 40, 41, 7 41 0 6
50, 51
s-70/ 1375, 1509, 1055, 267 1359
0.0020A CAST STEEL 2033, 644, 1910, 7 0
985
5-70/ 100, 675, 751, 616, 30 473
0.0040A CAST STEEL 1187, 176, 157, 123 4 4
s-70/
0.0060A CAST STEEL 72, 326, 68, 68,44, 26 101 0 8
71, 62. 97
§-70/
0.0080A CAST STEEL 74, 65, 62, 68, 90, 26 71 0 8
102, 55, 48
5-70/
0.0100A CAST STEEL 58, 62, 56, 28, 58, 17 52 0 8
58. 55. 43
S-110/
0.0120A CAST STEEL 57, 19, 57, 34, 80, N/A 50 ] 8
52, 52, 50
$-110/
0.0140A CAST STEEL 40, 62, 44 N/A 49 0 3
| |
TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC

A2

L1



APPENDI A
TABLE A-13

FATIGUE RESULTS VS. STRESS, PEENING PARAMETERS AND FRACTURE SITE

DETERMINATION FOR 7075-T73 AILUMINUM

MAXIMUM % OF MEAN FRACTURE
SPECIMEN STRESS BASELINE CYCLES TO FAILURE INITIATION
STATUS (KSI) | .STRESS | (Nf x 1000) X [ (# OF SPEC.
PEENED 60 120 46, 39 43 | N/A | N/A
CONTROL 60 120 29, 21 25 N/A | N/A
PEENED 57.5 115 64, 94 79 N/A | N/A
CONTROL 57.5 115 34, 35 35 N/A | N/A |
PEENED 55 110 309, 212, 268 263 N/A | N/A
CONTROL 55 110 36, 39, 72, 37 46 N/A | N/A
PEENED 52.5 105 718, 514 616 N/A | N/A
CONTROL 52.5 105 241, 158 200 N/A | N/A {
PEENED 50 100 2805, 1811, 2093, 1176 1741 N/A | N/A
1385, 1822, 1096
CONTROL 50 100 66, 24, 34, 112, 47 57 N/A | N/a
PEENED 47.5 95 1486 1222 1354 N/A | N/A E
CONTROL 47.5 95 450 N/A | N/A | N/A |
CONTROL 47 94 61, 209, 398 223 N/A | N/A
PEENED 45 90 3068, 107, 1963 1713 N/A | N/A
CONTROL 45 90 150, 894, 1195 746 N/A | N/A
PEENED 42.5 85 3333 # N/A N/A | N/A
CONTROL 42.5 85 229, 368 299 N/A | N/A
CONTROL 40 80 4608 N/A N/A | N/A
TEST GROUP FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N)
MATERIAL 7075-T73 ALUMINUM 136 HBN (LOT C~0030)

SPECIMEN SURFACE
ALMEN INTENSITY
WORKPIECE SATURATION
MEDIA SIZE/TYPE
ANGLE OF IMPACT

B S0 we PO W ww W4

LATHE TURNED & POLISHED (C)
0.0020A (OPTIMUM PER TASK 2)
100% (OPTIMUM PER TASK 4)

5-70 CAST STEEL
90 DEGREES

A-13



FATIGUE RESULYS Vs, STRESS, PEENMING PARAMETERS AND FER

APPENDIX ..A

TABLE A-14

ACTURE SITE

S8PECIMEN SURFACE :

ALMEN INTENSITY ¢

WORKPIECE SATURATION @

MEDIA BIZE/TYPE :
ANGLE OF IMPACT :

GROUND & POLIBHED =
0.0080A (OPTIMUM PER TASK 2)
100% (OPTIMUM PER TASK 1)
8-70 CAST STEEL

90 DEGREES

A-14

4340 AIRMELT 8TEEL 48/50 HRC (LOT C-0025)

DETERMINATION FOR 4340 AIRMEIN STEEL 48/5Q HRC
MEAN  FRACTURE
Bpperueh BORESS  BASELINE CYCLES 10 FATLURE X (5 ob Bhra.
. BTATUS _(R8T) | STRESS {Nf x 1000) INT, | EXT
PEENED 212.5 125 29 N/A| N/A | N/A
CONTROL 212.5 125 ie, 17 17| K/A N/A
BEENED 204 120 40, 50 45| N/A N/A
EONTROL 204 130 40, 47 44| N/A N/A
PEENED 195.5 115 4%, 103 741 N/A N/A
CONTROL 195.5 115 21, 1006 514| N/A | N/A
PEENED 187 110 143, 145 144| N/A N/A
CONTROL 187 110 52, 54 53| N/A N/A
BEENED 178.5 105 267, 279, 130, 227 226| N/A N/A
CONTROL 178.5 105 137, 211 174| N/A N/A
PEENED 170 100 (R/0), (R/0O) , 98, 2089| N/A N/A
(R/0),291,7784,185
CONTROL 170 100 108, 145 127} N/A N/A
PEENED 161.5 95 6402 (R/O) N/A| N/A N/A
tolTRrol. 161.5 95 294, (R/0O) N/A| N/A N/A
PEENED 153 90 (R/0) (R/0) N/A| N/A N/A
CONTROL 153 90 1010, (R/0) N/A| N/A N/A
PRENED 144.5 85 (R/0) (R/0) N/A| N/A N/A
CONTROL 144.5 85 (R/0) N/A| N/A N/A
TE§§T%§?§E : PATIGUE LIFE VERSUS BTRESS (TASK 2 = B/N)

it ]



APPENDIX A

TABLE A~15
FATIGUE RESULTS VS. STRESS, PEENING PARAMETERS AND FRACTURE SITE

DETERMINATION FOR 4340 VACUUM ARC REMELT STEEL 48/50 HRC
MEAN  FRACTURE

MAXIMUM % OF X  INITIATION
. SPECIMEN STRESS  BASELINE CYCLES TO FAILURE X (% OF SPEC.
STATUS (KSI) STRESS (Nf x 1000) INT. | EXT
PEENED 215 110 41, 39, 35 38| N/A N/A
PEENED 205 105 410, 462, 216, 111 300| N/A N/A
CONTROL 204 104.5 25 N/A| N/A N/A
PEENED 195 100 1375, 1509, 1055, 1362| N/A N/A
985, 2033, 1910, 664
CONTROL 195 100 27, 35, 40, 41, S0, 41{ N/A | N/A
51 |
I I
CONTROL 191 | 98 1814 N/A| N/A | N/A
CONTROL 187 96 65, 46, 35, (R/0) 49| N/A N/A
(R/0) |
PEENED 186 95.5 1895, 1071 1483| N/A N/A
CONTROL 183.6 94 (R/0) N/A[ N/A N/A
CONTROL 182.75 93.5 | 49, 2309 1169| N/A N/A
I .
PEENED 175 89.5 1269, 5199, 6266, : 3819| N/A N/A
2543
CONTROL 175 89.5 (R/0) 169, (R/O) N/A| N/A N/A
CONTROL 170 87 686, 565, 339, 530| N/a | N/A
| | (R/O) |
CONTROL 166 85 96, 208, (R/O) 1643 N/A N/A
| | | 6083, 18 i
-] | | | i | |
TEST GROUP FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N)

- MATERIAL
SPECIMEN SURFACE

ALMEN INTENSITY
WORKPIECE SATURATION
MEDIA SIZE/TYPE

ANGLE OF IMPACT

4340 VACUUM ARC REMELT STEEL 48/50 HRC
GROUND

0.0020A (OPTIMUM PER TASK 2)

100% (OPTIMUM PER TASK 4)

S-70 CAST STEEL

90 DEGREES

A-15



APPENDIX A
TABLE A-16

FATIGUE RESULTS VS. INTENSITY VS. PREPEENING SURFACE CONDITION, PEENING
"~ DARAMETERS AND FRACTURE SITE DETERMINATION FOR 7075-T6 ALUMINUM

WEIBULL MEAN  FRACTURE
_ _ _ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE W X (# OF SPEC.
CONDITION SIZE/TYPE (Nf x 1000) INT. EXT
BASELINE
(UNPEENED) N/A 57, 47, 29, 24 N/A 39 0 6
s-70/
0.0020A CAST STEEL 281, 183, 105, 232, 22 256 6 0
439, 295
s-70/
0.0040A CAST STEEL 387, 197, 358, 242, 68 310 6 0
362, 313
§-70/
0.0060A CAST STEEL 285, 242, 265, 146, 77 252 2 4
302, 274
§-70/
0.0080A CAST STEEL 93, 85, 130, 82, 99, 50> 101| © 6
118
|
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 3)
MATERIAL 7075-T6 ALUMINUM 143 HBN (LOT C-0002)

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED
100%

90 DEGREES
58

A-16

LY )



FATIGUE RESULTS VS, WORKPTECE SATURATIO
SITE _DETERMINATION OF TITANIUM 6AL-4V

APPENDIX A
ABLE A-17

PEENING

RAMETERS AND FRACTURE

MEAN  FRACTURE
_ INITIATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (% OF SPEC.
STATUS SATURATION (Nf_x 1000) INT. | EXT
CONTROL N/A 61, 64, 83, 134, 185, 214, 922 | N/A | N/A
5711 |
PEENED 90% 4753, 4574, 24 3117 | N/A | N/A
PEENED 100% 1179, 1471, 2523, 1753, 2010 | N/A | N/A
3754, 1732, 1656
PEENED 125% 1648, 586, 415 883 | N/A | N/A
PEENED 150% 1067, 188, 217 491 | N/A | N/A
PEENED 175% 1380, 1858, 65 1101 | N/A | N/A
PEENED 200% 138, 580, 1685 801 | N/A | N/A
|
I
TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERIAL 6AL-4V TITANIUM 41/42 HRC (LOT C-0015)

SPECTMEN SURFACE
AILMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXIMUM STRESS (KSI)

LATHE TURNED AND POLISHED (C)
0.0020A (OPTIMUM PER TASK 2)

MIL-13 GLASS BEAD
90 DEGREES
140

A-17



FATIGUE_RESULTS VERSUS_WORKPI

APPENDIX A

FRACTURE SITE DETERMINA

SPECIMEN SURFACE
ALMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXIMUM STRESS (KSI)

e B8 49 gn ¢ BB B

MEAN FRACTURE
: _ INI’I.‘IATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (1 OF sPkC.
“BTATUS | SATURATION (Nf_x 1000} CINT,
CONTROL N/A 184, 162, 141, 138, 186, 157 0 6
129
PEENED 90% 125, 133, 37 98 3 0
PEENED ' 100% 1235, 947, 1110, 293 896 5 N/A
PEENED 200% 496, 1009, 1212 906 3 0
PEENED 250% 929, 992, 1256, 120, 355,| 454 3 N/A
188, 73, 95, 82
PEENED 300% 316, 1205, 166, 59, 46, 309 6 0
) 60
PEENED 350% 58, 130, 94 94 N/A N/A
PEENED ‘ 400% 79, 103, 138 107 3 0
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERTAL

2024-T4 ALUMINUM 1006119 HBN (LOT C-0001)
LATHE TURNED & POLISHED (C)

0,0010A (OPTIMUM PER TASK 2)

MIL-13 GILASS BEAD

90 DEGREES

47

A-18

7}



APPENDIX A
TABLE A-19

FATIGUE RESQULTS VS. WORKPIECE SATURATION, PEENING PARAMETERS AND FRACTURE

SITE DETERMINATION OF 6061-T6 ALUMINUM

MEAN FRACTURE
— INTITATION

SPECIMEN WORKPIECE CYCLES TO FAILURE X (# OF SPEC.
STATUS SATURATION (Nf_x 1000) | INT. | EXT
CONTROL N/A 64, 447, 224, 158, 130 412| 239 N/A N/A
PEENED 80% 90, 468, 440 333 N/A N/A
PEENED 90% ggg, 939, 1021, 399, 374, 739 N/A N/A
PEENED 100% 450, 648, 9240, 1054, 931 813 N/A N/A
PEENED 200% 560, 109, 239 303 N/A N/A
PEENED 250% 131, 213, 150, 72, 57, 644| 211 N/A N/A
PEENED 300% 180, 937, 68 395 N/A N/A
PEENED 350% 136, 146, 361 214 N/A N/A

] |
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)

MATERIAL
SPECIMEN SURFACE
ALMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED & POLISHED (C)
0.0010A (OPTIMUM PER TASK 2)
MIL-13 GLASS BEAD

90 DEGREES

40

A-19

6061-T6 ALUMINUM 93/100 HBN (LOT C-0003)



APPENDIX A

MATERIAL

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA S1ZE/TYPE
ANCLE OF IMPACT
MAXTIMUM STRESS (KST)

ab 48 LS & RS

7075-T6 ALUMINUM 143 HBN (LOT
LATHE TURNED & POLISHED (C)
0.0010A (OPTIMUM PER TASK 2)
MII-13 GLASS BEAD

Qg DEGREES

5

A-20

a-6

003)

TABLE A-J¢
FATTGUR RESULMS VS, ﬁORKPIECE SATURATION, PEENING DAR AMETERS AND FRACTURE
S17TF DETERMINATION OF 7076-Te6 ALUMINUM
WEIBULL MEAN  FRACTURE
_ o . » _ INTITAT1ON
8BE¢C ﬁEN WORKPIECE CYCLES TO FAILURE W X (# OF SPEC.)
4__?3 ASATURATION| . .. (Nf x 1000) ... . : - | _INT, EXT.
CONTROL N/A 84, 99, 82, 217, 197, 93 N/A 129| N/A | N/A
PEENED 80% 329, 297, 392 N/A 306| N/A N/A
PEENED 20% 241, 238, 391 N/A 296| N/A N/A
PEENED 100% gsa, 275, 360, 323, 357, 110 333| N/A N/A
83
PEERED 150% 338, 331, 319, 308, 284, 196 318| N/A N/A
373, 276
PEENED 200% 295, 344, 337, 348, 285, 129 307| N/A N/&
234
PEENED 250% 223, 220, 392 N/A 278| N/A N/A
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)

,



APPENDIX A

TABLE A-21
IGUE RESULTS VERSUS WORKPIECE SAT

TION, PEENING PARAMETERS AND
FRACTURE SITE DETERMINATION OF 7075-T73 ALUMINUM

MEAN  FRACTURE

_ INITIATION

SPECIMEN WORKPIECE CYCLES TO FAILURE X (% OF SPEC.
STATUS SATURATION (Nf x_ 1000) . INT. | EXT
CONTROL N/A 66, 24, 34, 112, 4, (R/0) 57| N/JA | 5

|
PEENED 100% 2805, 1811, 2093, 1176, 1385, [1741]| 7 0
1822, 1096 - :
|
PEENED 200% 1712, 1784 1748| N/A N/A
PEENED 400% 1597, 1387, 2022, 2841 1962| N/A N/A
PEENED 600% 2649, 2067, 2590, 84 1848] N/A N/A
PEENED 800% 1005, 2131, 1398 1511| N/A N/2
1
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERIAL 7075-T73 ALUMINUM 136 HBN (LOT C-0030)

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXTMUM STRESS (KSI)

LATHE TURNED & POLISHED (C)

0.0020A (OPTIMUM PER GROUP B)

S-70 CAST STEEL
90 DEGREES

50

a-21



APPENDIX A

ABLE
TIGUE ] LTS VERSUS WORKPIECE :ATUBATI0NL__E_,lﬂgﬁgﬁggﬂglﬁgﬁﬂ&ﬂg
FRACTURE SITE DETERMINATION OFf STEEL 40/42 HRC
MEAN FRACTURE
, _ INITIATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (# OF SPEC.
_8TATUS SATURATION (Nf X 1000) | _INT. | _EXT
CONTROL N/A 241, 143, 93 159 0 3
PEENED 100% (R/0) (R/0) (R/0) N/A | N/A N/A
(R/0) (R/0) (R/0)
PEENED 150% (R/0) (R/0) (R/O) N/A | N/A N/A
PEENED 200% (R/0) N/A | N/A N/A
PEENED 250% (R/0) (R/0O) N/A | N/A N/A
PEENED 300% (R/0) (R/0O) N/A | N/A N/A
PEENED 350% (R/0) (R/0O) N/A | N/A N/a
PEENED 400% 989, 635 812 | N/A N/A
TEST GROUP : FATIGUE LIFE V8, WORKPIECE SATURATION TASK 4)
MATERIAL 4340 ATRMELT STEEL 40/42 HRC (LOT C-0020) -

SPECIMEN SURFACE
ALMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXTIMUM STRESS (KSI)

GROUND & POLISHED

0.0040A (OPTIMUM PER TASK 2)

S-70 CAST STEEL
90 DEGREES

155

A-22

'

L5 3



FATIGUE RESUILTS VS, WORKPIECE SATURATIC

APPENDIX A

ABLE A-23

PEENING PARAMETERS AND FRACTURE

SITE DETERMINATION OF 4340 RMELT STEEL 48/50 HRC
MEAN FRACTURE
_ INITIATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (# OF SPEC.
STATUS SATURATION (Nf x 1000) INT. EXT
CONTROL N/A 61, 97, 46, 48, 70, 93, 106 74 0 7
PEENED 100% 495, 558, (R/0) 1011, 242, 662 7 6
245, 934, 495, 225, 478, 1037,
685, 311, 791, 719, 795, 1113,
1019, 758
PEENED 120% 2289, 549, 182, 633, 497 830| N/A N/a
PEENED 130% 1480, 566, 724, 212, 397, 135 586| N/A N/A
PEENED 140% 334, 1189, 323, 482,335 533| N/A N/a
PEENED 150% 159, 348, 303, 727, 549 417 N/A N/A
PEENED 180% 687, 1024, 1023 911| N/A N/A
PEENED 200% ° 700, 118, 139, 178, 341 295| N/A N/A
PEENED 250% 302, 155 229| N/A N/A
PEENED 400% 235, 187 211} N/a N/A
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERIAL 4340 AIRMELT STEEL 48/50 HRC (LOT C- 0021)

SPECIMEN SURFACE
ALMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXIMUM STRESS (KSI)

P A P ER B4 we wd

GROUND AND POLISHED (L)
0.0080A

S-70 CAST STEEL

90 DEGREES

170



PENDI A
TABLE A-24

FATIGUE RESULTS VS. WORKPIECE.SATURATIONl PEENING PARAMETERS AND FRACTURE

E_DETERMINATION OF 4340 VACUUM_ARC REMELT 50 HRC
MEAN FRACTURE
_ INITIATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (4 OF SPEC.
ISTATUS | SATURATION | (Nf x 1000) INT. | EXT,
CONTROL N/A 27, 35, 40, 41, 50, 51 41| N/A 4
PEENED 100% 1375, 1509, 1055, 664, 1362| 7 0
| 2033, 1910, 985
PEENED 200% 1139, 641, 1399, 542 930| 4 0
PEENED 400% 2042, 1056, 683, 1609 1348] 4 0
PEENED 600% 914, 897, 219, 156 547| 4 0
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERIAL 4340 VACUUM ARC REMELT STEEL 48/50 HRC (LOT C-0028

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXIMUM STRESS (KSI)

e Be v #P P BB S

GROUND

0.0020A (OPTIMUM PER TASK 2)
S-70 CAST STEEL

90 DEGREES

195

A=-24

'

L]



APPENDIX
TABLE A-25

FATIGUE RESULTS VERSUS IMPACT ANGLE, PEENING PARAMETERS AND FRACTURE

SITE DETERMINATION FOR 707

=T73 ALUMINUM

WEIBULL MEAN FRACTURE
' _ INITIATION
SPECIMEN ANGLE OF CYCLES TO FAILURE W X (# OF SPEC.)
STATUS IMPACT (Nf_x 1000} | INT. | EXT
CONTROL N/A 66, 24, 34, 112, 4 57 0 5
47
PEENED 90 DEGREE 2805, 1811, 2093, 291 1741 7 0
1822, 1096, 1176,
1385
PEENED 60 DEGREE 2325, 961, 1820, 438 1600 6 0
1437, 1618, 1437
PEENED 45 DEGREE 1029, 2582, 2438, .4 (EST) [ 1399 6 0
1988, 265, 93
TEST GROUP : FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 5)
MATERIAL 7075-T73 ALUMINUM 136 BHN (LOT C-0030)

SPECIMEN SURFACE
AIMEN INTENSITY
WORKPIECE SATURATION
MEDIA SIZE/TYPE
MAXIMUM STRESS (KSI)

2% FE 88 08 &3 we

LATHE TURNED AND POLISHED
0.0020A (OPTIMUM PER TASK
100% (OPTIMUM PER TASK 4)
5=-70 CAST STEEL

50

A-25

(<)
2



APPENDIX A
TABLE A-26

ATIGUE RESULTS VS, IMPACT ANGLE, PEENING PARAMETERS AND FRACTURE SITE
" "DETERMINATION FOR 4340 V

WEIBULL MEAN FRACTURE

. _—  INITIATION
SPECIMEN ANGLE OF CYCLES TO FATLURE W X (# OF SPEC.
STATUS IMPACT l (Nf x_1000) | _INT. | EXT
CONTROL N/A 27, 35, 40, 41, 7 41| o 6
50, 51
PEENED 90 DEGREE 1375, 1509, 1055, 267 1362] 7 | o
2033, 1910, 985, 664
PEENED 60 DEGREE 2028, 1328, 502, 6 [1025| 8 N/A
423, 341, 317, 14aaa,
918, 1920
PEENED 45 DEGREE 954, 750, 1534, 875,| 128 1133 9 0
1766, 1077, 1207
1602, 434 |

TEST GROUP

FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 5)
MATERIAL

4340 VACUUM ARC REMELT STEEL 48/50 HRC
(LOT C-0028, C-0031)

GROUND

0.0020A (OPTIMUM PER TASK 2)

100% (OPTIMUM PER TASK 4)

S-70 CAST STEEL

195

" e

SPECIMEN SURFACE
AIMEN INTENSITY
WORKPIECE SATURATION
MEDIA SIZE/TYPE
MAXIMUM STRESS (KSI)

A-26

"

I\ ]



APPENDTX A
TABLE A-27

FATIGUE RESULTS VS. BROKEN PARTICLE CONTENT, PEENING PARAMETERS AND
FRACTURE SITE DETERMINATION OF 7075-T73 ALUMINUM

WEIBULL MEAN FRACTURE

_  INITIATION
SPECIMEN $ OF GRIT BY CYCLES TO FAILURE W X (# OF SPEC.
STATUS WEIGHT _(Nf x 1000) | _INT. | EXT
: I § '
CONTROL 2 OR LESS 66, 24, 34, | 4 57| © 5
47, 112
PEENED 2 OR LESS 2805, 1811, 2093, 291 1741 7 0
1096, 1822, 11385,
1176
PEENED 25 1991, 1018, 2137, 266 1458| 7 0
938, 1053, 1661,
1407 |
PEENED 50 276, 109, 770, 1190, 4 725] 7 0
1341, 804, 587
PEENED 75 314, 590, 771, 386, 25 601] 7 0
307, 1047, 795
|
TEST GROUP : FATIGUE LIFE VERSUS BROKEN PARTICLE CONTENT
(TASK 6)
MATERIAL 7075-T73 ALUMINUM 136 HBN (LOT C-0030)

SPECIMEN SURFACE

AIMEN INTENSITY
WORKPIECE SATURATION
MEDIA (SHOT) SIZE/TYPE
MEDIA (GRIT) SIZE/TYPE
: ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

4 S% 28 Se BB 4w sy ws

LATHE TURNED AND POLISHED (C)
0.0020A (OPTIMUM PER TASK 2)
100% (OPTIMUM PER TASK 4)
S-70 CAST STEEL

LG-80 CAST STEEL

90 DEGREES

50

A-27



FATIGUE RESULTS Vg,

APPENDIX A

TABLE A-28

BROKEN PARTICLE CONTENT, PEENING PARAMETERS AND
NATION OF 4340 VACUUM ARC REMELT STEEL 48/50 HRC

FRAC?URE SITE DETERMI

WEIBULL MEAN FRACTURE

_ INITIATION
SPECIMEN % OF GRIT BY CYCLES TO FAILURE W X (% OF SPEC.
| STATUS WEIGHT (Nf % 1000) | INT. [ EXT
CONTROL 2 OR LESS 27, 35, 40, 41, 50, 7 41 0 4
Bl
PEENED 2 OR LESS 1375, 1509, 1055, 267 1362 7 0
2033, 1910, 985,664
| PEENED 25 896, 791, 319, 494, 85 B74 8 0
796, 1605, 1228,859
PEENED 50 1121, 211, 1034, 18 810 8 0
1138,490, 343, 877,
| | 1264
| PEENED 75 110%, 907, 51, 290, .6 499 4 4
| 213, 199, 422, 805
|
|
|
| | |

TEST GROUP :
MATERIAL :

SPECIMEN SURFACE
ALMEN INTENSITY
WORKPIECE SATURATION
MEDIA (SHOT) SIZE/TYPE
MEDIA (GRIT) SIZE/TYPE
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

8 40 4% oe B9 WY ew

fATIGUE LIFE VERSUS BROKEN PARTICLE CONTENT
TASK 6)

4340 VACUUM ARC REMELT STEEL 48/50 HRC
(LOT C-0031)

GROUND

0.0020A (OPTIMUM PER TASK 2)

100% (OPTIMUM PER TASK 4)

§-70 CAST STEEL

LG-80 CAST STEEL

90 DEGREES

195

A-28

L]

'l



APPENDIX A
TABLE A-29

FATIGUE LIFE VS. INTENSITY VS. MEDIA TYPE, PEENING PARAMETERS AND

FRACTURE SITE DETERMINATION FOR 7075-T73 ALUMINUM
MEAN FRACTURE

_ N INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (% OF SPEC.
CONDITION SIZE/TYPE (Nf x 1000) INT. | EXT
BASELINE 40, 157, 53, 48, 47, 50, 458
(UNPEENED) N/A (R/0), 1830, 1576, 101, 682 N/A N/A
| MIL-13/
0.0010A GLASS BEAD 2160, 1664, 1471 1765 | N/A | N/A
S-70/
0.0010A CAST STEEL 2256, 1223, 1471 1650 | N/A | N/A
s-70/
0.0020A CAST STEEL 2046, 1041, 2805, 1811, 1697 | N/A | N/A
2093, 1176, 1385, 1822, |
1096
MIL-11/
0.0030A GLASS BEAD 1102, 1386, 1875 1454 | N/A N/A
s-70/
0.0030A CAST STEEL 1045, 1397, 1244 1229 | N/A N/A
MIL-8/ |
0.0050A GLASS BEAD 993, 211 602 | N/JA | N/A
|
S-70/ |
0.0060A CAST STEEL 260, 270, 163, 1262 489 | N/A | N/A
I
|
|
|
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 7)
MATERIAL 7075-T73 ALUMINUM 158 HBN (LOT C-0017)

SPECIMEN SURFACE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED AND POLISHED (C)
100%

90 DEGREES

50





