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1.9 INTRODUCTION

This report covers Contract Number F33615-84-C-3229,
“Quantification of the Effects of Various lLevels of Several Critical
Shot Peen Process Variables on Workpiece Surface Inteority and the
Resultant Effect on Workpiece Fatigue Life Behavior.®™ This contract is
the continuaticn of a program with a previous contract,
233615-8?:S:zg§3, *"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 Aaeronautical
Laboratories in April, 1985 (AFWAL-TR-84-3115). The program is funded
through the Small Business 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 program is to acquire a statistical data base
from which a mathematical model of the interaction between various
materials and various levels of critical shot peen process parameter
values on fatigue behavior can be established. The cbjective is for
this =model to predict optimum process parameter values and tolerances
for specific workpieces of known material cheaical 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 gquantitative level
atfects wvorkpiece fatigue strength, and the qualification and

quantification of tkese effects 3in several =materials that are




éxtensively used in transportation vehicle structures. During the
prograsd; 1148 fatigue speciaens wvere tested in 3 material types, 7
material groups, and 9 material sud groups (per Table 1).

—,

Historically, the published techniczl iiterature concerning shot
peening has primarily focused oh applied research relating to specific
components or fatigue test specimens of specific materials and the
behefits obtained from shot peening at specific intenaity levels. The
giéat majority of technicéal eamphasis brcught to bear on the shot
péening process has been placed on the magnitude and depth of the shot
peen process induced residual stress and cther phenomena related +to
the résiduval stress profile. Little new information was published
between 1945 and 1980 concérning thée patternn of effect on workpiece
fatigué strength of varying peening intensities. (Seé First
International Conference on Shot Peening: Paris, 14-17 September,
1981, Publicatjons.) The effect of varying levels of process variabies
within given intensities additionally received little attention in
applicable specifications (MIL-S-13165B). In recent years, it has
been generally believed that the fatigue life of shct peened specirens
was relatively insensitive to changing 1levels of shot peening
intensity. This is witnessed by the large number of technical
publications relating the effects of shot peening at a given intensity
wvith no explanation as to the choice of or detailed description of
peeéning condition or possible further work identifying the effects of
other peening conditions. (See First International Ccnference on Shot




Peening; Paris, 14-17 Septewber, 3981, Publications. See also Second

International Conference on Shot Peening; Chicago, 14-17 May, 1984,
Preprints. See also Second International Conference on Impact
Treatment Processes, 22-26 Septexber, 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 develcping workpiece fatigue life benefits, a
highly significant and largely undefined factor, workpiece surface
integrity phenomena, was involved in achieving the hignest possible
fatigue strength benefits from the shot peen process. The existence
of this factor is resultant from certain quantitativs levels of shot
peening and causal to the timing and location of primary crack
nucleation. it was theorized to be a critical factor in determining
the shot peening process variakle levels associated with optimunm
fatigue resistance benefits generated by the shot peening process.
This metallurcical 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 danage were such that it affected the timing and location of
primary crack nucleation, then it would also affect the amount of
beriefit gernsrated by that set of shot peening conditions.

Phase I of this prograzx investigated Aluminur Alloy 7075 in the
T-6 and T-73 conditior and evaluated fatigue life at varying ievels
of shot peening intensity. Also tested were the effects on fatigue
life of saturaticn 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




betweern a shot peen process induced surface integrity phenomenon
identified as Peened Surface Extrusion Folds (PSEF) ard peening
intensity, and between PSEF and shot peened specimen fatigue 1life.
("Development of a Mathematical Model for Predicting the Percentage
Fatigue Life Increase Resulting fror Shot Peened Compcnents - Phase
I, Roger Simpscn, Aaprii, 1985.) PSEF were first identified In
technical literature in the Phase I report and were described as the
lapping of the workpieéce surface at the edge of the piastic
deformation zone resultant from a shot particle impacting the surface.
Puzring Phase I testing, we fcund the size and depth of PSEF had a
statistically significant negative correlation with fatigue 1life.
("Developzent of a Mathematical Model for Predicting the Percentage
Fatigue Life Increase Resulting from Shot Peened Components - Phase
I," Roger Simpson, April, 1385.) Due te this, significant attention
dering 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 could be significantly more sensitive to changes in shot peen
process variabkle 1levels than hsd previously been assumed. It also
indicated that large increases 3in fatique life and reduction of
scatter froz the unpeened state are possible when peening is closely
controlled within process variable ranges which are known to produce
the paxirum fatigue strength benefits for the workpiece chemical and

physical characteristics and load environment in question.




2.0 PROGRAM SCOPE
The testing program was executed in eight tasks aimed at
investigation of the effects of major shot peening prccess 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
progras. 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, ATSI
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 cf the program materials. Namely these were:
1. Commerically Pure (C.P.) Titarium
2. Titanium - 6A1-4V
3. 2024-T4 Aluminum
4. 6061-T6 Aluninum
5. 7075-T6 Aiuminum
6. 7075-T73 Aluainum
7. AISY 4340 Steel, Airmelt, 20/25 HRC
8. AISI 4340 Steel, Airmelt, 34/36 HRC
9. AISI 4340 Steel, Airmelt, 40/42 HRC
10. AIST 4340 Steel, Airmelt, 48/50 HRC
12. AIST 4340 Steel, Vacuur Arc Remelt, 48/50 HRC

2.3 Task 3

This task involved investigation of the influence on initial
surface condition (machined or machined and polished) on fatigue life
as a function of Alwmen intensity. The material employed was 7075-T6

Aluminunm.




2.4 Task 4

This task involved determination of the 2ffect of varying
workpiece saturation 1level as defined ir Tack 1, on fatigue 1life.
The materials employed were:

1. Titanium - 6A1-4V

2. 2024-T4 Alunminum

3. 6061-T6 Aluminum

4. 7075-T6 Aluminun

5. 7075-T73 Aluminum

6. AIST 4340 Steel, Airmel:, 40/42 HRC

7. AISI 4340 Steel, Airmelt, 48/5y HRC

8. AISI 4340 Steel, Vacuum Arc Remelt, 48,5 HRC
2.5 Task 5

This tasX involved determination of the influence of irpact angie
cf incidence on fatigue 1life. Materiale ewploved ware 7375773
Aluminum and AISI 4340 Steel, VAR, 48/5C HRC.

2. _ Task 6

This task involved determination of the effect of peeili.lg media
broken particle content on workpiece fatigue life. Haterials employaa
were 7075-T73 Aluminur and AXSY 434G Steel, VAR, 48/55 HRC.

2.7 Task 7

This task involved determining whether peening media type (qlass
beads versus steel shot) affected fatique iife in 7075-T73 Aluminum.
2.8 Task 8

This task involved investigating whether an increase in shot size
or a secondary low intensity peening after the initial peening woulc
affect the surface integrity of reened parts, varticularly as related
to PSEF size and depth.

Faterials employed were 7075~T6 and 7075-T73 aluminum.
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5.0 CCHRCLUSTIONS
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 statisi:tical reletionship exists
bntween Almen saturation and workpiece saturation as 2 Funclion of
woxrkpiece hardness.

3.2 Task =

This task determined the effect of Almen int=znsity or fatigque life
in all of the program materials.

A distinct set of intensity conditions which clearly reixted to
the highest fatiqgue life existed for specimens of all materials tested
except 4340 Airmelt Steel and Commercizlly Pure Titaniam  This set of
intensity conditions is referred tc in this study as Optimim Intensity
Range (OIR). 1In 4340 Airmelt Steel, this patiern, wiile present, was
much 1less clearly identified due o broad fatigue scatter within
peening conditions.

The materials where an Optimum Intensit, Range was clzarly
identified include:

1. Titarium 6A1-4V

2. 2024-T4 Aluminum

3. 6061-T6 Aluminuw

4. 7075~T6 Aluminum (Polished)

5. 7075-T6 Aluminum (Lathe Turned Only)}

6. 7975-T73 Aluminum

7. AISI 4340 Steel, Vacuum Arc keme2lit, 48/5C EPC
There was a consistent interreiationship between failure modality,
specimen fatigue life and peening intensicy.

In unpeened specimens, all primary crack nucleation was at the
surface of the specimen gauge section.

At intensities below OIR, primary crack nucleaticn was both

internal and external.




At intensities withiu OIR, primary <rack nucleation was internal.

2t thé fir¥st intehsity condition quantitatively above OIR, some
gpééimens had intéernal pribary crack ntucleation and some e€xternal.
THére was a reliable Urend toward internal primary crack nucleation in
§pseiméns within these Gonditions t6 be associated with higher fatiGue
life than external primary crack rucleation specimens in the same
pééiiing GoRditién.

At intensity conditions above thosz described in the preceding

in all specimens subjected to failure analysis, for all materials,
and ail intersity conditions above OIR, where GIR was present, primary
&érack nucleation was related to the presence of, and emanated from, a
dA6t peening induced surf-<é integrity degradation phenomenon referred
€6 as Peéenad Surface Extrusion Folds (PSEF). ("Developrent of a
Mathematical Model for Predictihg the Percéentage Fatigue Life Increase
Résulting from Shot Péened Compcnents - Phase I," Roger Simpson,
April, 198%,)

In 4340 Airmelt Steel. pripary crack nucleation was ascociated
with alurinum oxicde inclusions in ove¥ 90-percent o6f specimens
subjécted to failure analysis.

For cormercially pure titanium, mean fatigue life of the unpeened
specimens was higher thah the mearn fatigue life of any shot peened
condition.

For commercially pure titanium, increasinhg peefiing intensity
consistently produced mean fatigue life reduction.

3.2 Task 3
This task investigataed the influence of initial surface condition

on fatigue life as a function of Alwen intensity.




Lathe turned only and lathe turned and polished 7075-T6 specimens
exhibited fatigue life at intensity conditions within their respective
OIKR's tlrzt had no apparent difference.

There was a substantial difference in the quantitative value and
pattern of OIR between lathe turned only specimeas and laths turned
and polished specimens.

2.4 Task 4

This task determined the effect of saturation level on fatigue
life. Some materials showed a distinct pattern of variation in
fatique life as workpiece saturation was increased over 100-percent at
a peening intensity within OIR. These included:

1. Titanium 6Al1 4V

2. 2024-T4 Alumimunm

2. 6061-~T6 Aluminum

4. 707E-T6 Aluminum

5. AISI 4340 Steel, Airmelt. 20/42 HERC

6. AISI 4349 Steel, Vacuum Arc Remeit, 43/5C HRC

One material, 7075-T73, did not exhibit a distinct pattern of
variation in fatiguo 1ife as workpiece saturation increased over 10G-
percent at a peening intensity within OIR.

3.5 Task ©

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

There is a dintiauct difference in the fatigue 1life c¢f both
7075-T73 aluminum specimens and AISI 4340 steel VAR 48/50 HRC
spszimens when peened at OIR at varyirg impzct angles.

3.6 Task 6

This task determined the effect of peening media broken particie
content on fatigue life.

Increases in shot broken particle conteat were consistently



associatad with decreases in specimen fatique 1ife in both 7075-T73
aluminum 2nd AISI 4340 steel VAR 48/55 HRC specimens.
3.7 Ta 7

This task aetermined whether peening media type (glass beads
versus steel shot) affected fatigue life in 7075-T73 Aluminum.

The type of snot used did not affect the fatigue life of specimens
peened at OIR :in a significant mranner.
3.8

This task established whether increased shot size or & secondary
low intensity peening affects speciren surface integrity as it relotes
to PSEF siz= and depth at a given intensity.

While specimens peened with larger shot or a secondary low
intensity peening (yielding a less coarse surface finish) have PSEF
that are decreased in size for a given intensity condition, PSEF depth

into the specimen remains unchanged.




4.9 GENERAL EXPERIMENTAI PROCEDURES
4.1 Materials

Paterial selection emphasized two criteria:

(1) Otilizing materials for whick large amounts of information are
available on strength characteristics, strain rates, and other
physical properties.

(2) Materials which are extensively used as structura: =aterials
in transportation vehicle systens.

Since the number of material types had to be 1limited due to
program c¢ost apnd time constraints, representative materials from a
broad spectrum of available materials were chosen to give as vroad a
technical cverview as possible.

The patterns of change in optizum parameter and variable valuec
within a given =material as material ckemical and physical
cha=acteristics changed was of particular importance to  the
anticipated predictive mcdel that is to be finalized in Phase III of
this sffort.

The {ollowing material typi. were selected fur examination (See
Tabie 1):

i. Precipitation Bardening Alurinum

2. High Strength Steel

3. Titanium

For Task 2, all »aterials selected were examineu. Ti 6Al-4V,
2024~-T4 2aiuminum, ani 6G€1-T6 aluwinum were also selected for Task 4.
7075~T6 was 2iso seliected for Taske 3, 4. ana 8. 7075-T73 alaminum was
also selected for Tasks 4 through 5. AISI 4340 steel, Airmelt, 4C/42
HRC and 48.50 IRC were also selected for Task 4. AISI 4340 steel,
Vacuum Arc Remelt, 48/59 HRC was also selected for Tasks 4 through 6.

11
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All heat treatment represents the through-hardrness condition.
T1 6A}~4V and comxmercially pure titanium were cposen to compare
the effscts on 2 commonly used alloy and its base derivative.

In Task 3, 7075--T6 was chosen to cnapare lathe turned only and -

TABLE 1 - TEST KaTERIALS
MATERIAL TYPE AATERIAL GRAU? HATERIAL SUB-GROUPS
(HEAT TREAT CONDITION)
1. TITANION 1. CGMMERCIALLY PURE -—
2. 6AL-4V ALIOY -_—
2. ALUMINDE ALIOY 3. 2924 3.1 T4
4. 6G61 4.2 T€
5. 7075 5.1 T6
5.2 773
3. STEEL ALLOY 6. 4349 {ATRMELT) 6.1 20/25 HRC
6.2 34/36 HRC
6.3 40/42 HRC
6.4 48/50 HRC
7. 4340 (VACUUM ARC 7.1  48/50 HRC

HEMELT)

Tc establish both prcad pattern recognition and a quantitative
understanding of the statistical reliability of those patterns, once
fatigue 1life versus Almen intensity patterns were established for aiil -
materials, a few cf the material groups would be chosen for further
tests to facilitate further ©pattern definition and statistical

analysis.




4.2 Fatique Test Specimens

Many variables exist in faticue testing that can affect resuilts.
These include, but are not 1limited to, testing type, testing
frequency, testing mode, specimen design, etc. For Phase II of thnis
program, the combination of these factors needed to be minimized in
termas of inherent testing bias in testing surface related phenomena.
These criteria resulted in the selection of an axial fatigue test
speciuen as described in Figure 1.
4.3 Shot Peening

Shot peening was performed on three identical contractor designed,

computer contrclled shot peening machines using parameter tolerance
controls per Table 2.

FABLE 2
SHOT G 1LE TO CE QUALIFICATION
TOLERANCE

PROCESS VARIABLE MIL~S-13365B TEST TOLERANCES
ATR PRESSURE NOT STATED +/- 1.0 PSI
TURNTABLE SPEED NOT STATED +/- 0.5 RPM
NOZZLE DISTANCE NOT STATED +/- 0.25"
ANGLE OF IfPACT NOT STATED +/~- 2.0 DEGREES
NOZZIE ORIFICE DIA. NOT STATED +/- 0.002"
MEDIA FLOW

GLASS BEAD NOT STATED /- 3.0 GRAMS/MIN

STEEL SHOT NCT STATED +/~ 3.0 OZ/MIN
STROKER SPEED NOT STATED ~/- .25"/MIN
CYCLE TIME NOT STATED +/- 1.0 SECOND
AIMEN STRIP

FIATNESS +/- 0.0015" +/- 0.0001"

THICKNESS +/- 0.001" +/- 0.001"

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

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

Tests were run prior ¢to peening any specimens to establish
cumulative process tolerance 1limits. Quantification of the
relationship of critical process parameters to Aimen 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%.

i3
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Individual test specimens were selected for a given peening
intensity using a random numbers table to remove selection bias.
Specimens were subsequently placed in an envelope which was tied
cilosed and identified on its face with the specimen identification
nuzbers, peening condition desired, specimen material type, the
percent of Almen saturation necessary to achieve 100-percent workpiece
saturation per the eguation derived in Task 1 and any other pertinent
processing information. Accompanying paperwork consisted of a shot
peen process procedure sheet, Almen test strip record sheet, fatigue
test specimen in-process record sheet and a fatigue test specimen
pzening 1log. Shot peen machines were calibrated per MIL-STD-45662.
Shot peen machine setup was inspected daily per MIL-I-45208A prior to
processing specimens. The contractor's USAF approved MIi-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 speciren processing. Glass
bead conforamed to MIL-G-9954A. Almen test fixtures were machined per
standaxd MIL-S-13165B 2Alzen block dimensions and heat treated to 60
HRC minimar hardness. Speciwmen holding fixtures were machined fro=
Ultra High Molecular Weight polymer. Specimens were peened per the
contractors Quality aAssurance Svstem, in l10-percent or less increments
of the cycle time necessary to achieve Almen saturatic.:. {"A New
Concept for Defining Cptimum Levels of a Critical %~ct Peeaning Process
Variable,™ Roger Simpson, Gordon cChiasson:; Second Internationail
Conference on Impact Treatment Processes, 22-26 September, 198§,
p-101.) Visual incspection for 100-percent workpiece coverage was

conducted using a 78X Bavsch & Lomb Stereo 7 binocular mnicrecscope
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after each 10-percent or less increment. Full specimen coverage was
verified by at least two personnel qualified per the contracter's
Quality Assurance Systemn. ter pesening was completed the specimen
was immediately placed into an air tight specimen tube holding an
individual specizen. Steel specimens were <coated with a
rust-inhibiting light machine oil before being placed in tubes.

4.4 Fatigque Testing

Fatigue testing was accomplished at the contractor’s facility and
the University of Wisconsin utilizing Sonntag type mechanical fatigue
test machines. The lower flex plate in the 5X multiplier in tests
conducted at the University of Wisconsin was strain gauged and
calibrated to monitor loading during eack test using an oscilloscope.
A Straincert Precision 1iocad Cell ¥odel FFL (15,000f# capacity) or a
Lebow Precision Load Cell Model 3161 (10,000# capacity) in conjunction
with a Datronic Signal Conditioner Model 3370 was incorporated into
the pull train of fatigue testing at the contractor's facility.

Fatigue testing was performed in axial tension/tension rode at 30
Bz frequency with a load ratic. R = 0.1.

In all specimens except titanium, pull trains were spring loaded
to retract the failed specimen halves and prevent fracture surface
damage.

The maximum stress level utilized for specific material conditions
was established by testing at least six unpeened specimens. Targeted
unpzened control specimen fatigue life was 100,000 cycles, with stress
levels adjusted to obtain unpeened control specirmen fatigue life near
this target. All fatigue testing procedures conformed to ASTH
specifications E-466 and E-467.




4.5 Post-Fatigque Specimen Examination and Test Specimen Fatique
Failure Anaivyses

Fractography was performed at the contractor's facility utilizing
a 70X Bausch & Lomb Stereo 7 Binocular microscope and a Quickscan 1000
scanning electron microscope; and at the University of Michigan
utilizing a Hitacki scanning electron microscope. Metallography was
performed at the contractor's facility utilizing a Bausch & Lomb
rmetallograph and at a lccal materials laboratoryv utilizing a Hitachi
mnetallograph.
4.6 PSEF Identification, Procedures

In describing procedures for identifying the surface integrity
Phenomena referred to as Peened Surface Extrusion Foids (PSEF), a
description of the formative mechanics of PSEF is helpfui.

As eack peening shot strikes the workpiece, it displaces
wcrkpiece mnaterial plastically in a radial patterm, centering on the
impact, assuming 90-degree impact angle.

At relatively low shot peening intensitv 1levels, even highly
malleable workpiece materials. such as aluminum or titanium, will be
deforned such that the peaks and valleys created by overlapping shot
impingements form a continuous surface largely uninterrupted by 1laps
or folds in the surface. Note the presence of machining =marks in
Figure 2 and the very small surface folds in Figure 3.

In harder materials, the total amount of plastic deformation is
lower, much like a Brinnell Hardness Test, for a given intensity with
the size of individual shot impact craters and associated radial
displacement of wcrkpiece material being reduced. In very hard
materials, the plastic deformation caused by shot impacts can becone

very difficult to see even at higk magnification. Note the presence
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FIGURE 2 - 7075-T73 AT 0.0020A FIGURE 3 - 7075-T73 AT 0.00202
AT 200X (SURFACE) AT 700X (CROSS SECTION)

FIGURE 4 - 4340 STEEL VAR 48/50 HRC FIGURE 5 - 4340 STEEL VAR 4£8/350 HRC
AT 0.0020A AT 200X (SURFACE) AT 0.00202 AT 700X (CROSS SECTIOX)

i3




of large machining marks in FPigure 4 and the very small surface fold
in Figure 5.

FPigures 6, 7, 8, and 9 illustrate the increasing 1level of
plastic deformaticn and radial displacement that occurs from the sum
of many individual shot impact craters as peening intensity increases
from zero. Note the presence of machining marks in the unpeened and
0.08020A conditions, and that these machining marks have been
obliterated in the 6G.00402A and ©.0CS50A conditions.

At some point, all else egual, as the total energy transferred by
individual shot impacts increases (i.e., peening intensity increases)
and the resuitant plastic deformation of the workpiece surface and
associated radial displacerment of material increases, the material
associated with the edges of a shot impact crater begins to be
extruded over surrounding material at the edge of the impact crater
rim in conceptually much the same way as an ocean wave <crests and
breaks (Figure 10). Note the significant amount of grain flow in,
near, and under the "wave" or PSEF.

These laps were first identified in technical 1literature in
"Developrent of a Mathematical Model for Predicting the Percentage
Fatigue Life Increase Resulting from Shct Peened Components - Phase
I," {the 1initial phase of this prograr) and identified as PSEF to
cifferentiate them from machine marks and other types of surface folds
and laps.

Since Phase I, other literature has focused on the identification
of qualitative changes occurring in workpiece surface integrity as
shot peening intensity changes. Of particular interest are the
excellent photomicrographs in "Selected Examples on the Topography of
Shot Peened Metal Surfaces,"” W. Kohler, Dornier System GmbH, Third




FIGUORE 6 - 7G75-T6 ALUM., UNPEENED FIGURE 7 -7075-T6 ALUM. AT ©.0020A
AT 50X, TOOL MARKS PRESENT Al 50X, TCGOL MARKS PRESENT

FIGGRE 8 -7075-T6 ALUM. AT 0.0040A, FIGURE 9 -7075-T6 ALUM. AT 0.0060A
AT 350X, TOOL MARKS & PSEY NOT AT 50X, PSEF PRESEKRT
PRESENT
20




International Conference on Shot Peening, 1587.

L T s S Ly
FIGURE 10- 7075-T6 AT 0.0105A (PHASE I), NOTE GRAIN FLOW

In order to facilitate discussion of PSEF identification, several

- :finitions are given below:

PEENED SURFACE EXTRUSION FOLDS (PSZF):
A lap or fold in a metal surface at the edge of a peening shot
impact dent or crater caused by the abscrption and conversion of

energy from a peeninag shot impact into plastic deformation.

PSEF SIZE:
The dJistance from the deepest point of a surface lap or fold
meeting the regquirements of PSEF definition above, to the highest peak

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

(Figure 11).




PSEF DEPTH:
: The physical distance fror the deepest point of a surface lap or
fold meeting the requirements of PSEF definition above, to the

approximate pre processing surface (Figure 11).
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FIGURE 11 DESCRIPTION OF PSEF SIiZE ANHD DEPTH

The goals of Phase II of the research program did not include
gquantification of size and depth of PSEF; but rather to make
quaiitative judgements as to the size and depth of PSEF associated

with varying peening conditions.

Icportant concepts in examining PSEF's are: .

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

nmicroscopic areas of the workpiece surface.




{2) One hundred percent workpiece saturation requires 10¢-percent
cold working of the surface.

(3) Due to (1) and (2) above, shct impacts overlap each other. As
such, PSEF can be seen in metallcgraphic sectioning within
the radius of another shot impingement (Figure 12).

(4) PSEF can be hidden from surface examination (Figure 13).
There are, in fact, certain peening conditions which, while
yielding surfaces in which PSEF are not visible from surface
examrination, have extensive surface liaps and folds meeting the
requiremen*s of PSEP definition (See Task 8 discussion).

(5) PSEF need not have significant depth to form enough of a
stress ccncentration to nucleate cracks, depending on the
fracture toughness of the material in guestion. 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 arzs, is defining what
PSEF are not. PSEF are distinctly different from either the angular
impingements caused by fractured, angular, or deformed shct particles,
cr surface strain cracking due to prolonged cold work. Figures 15,
16, 17, and 18 are exanples of PSEF photomicrographs in peened
surfaces. These PSEF are visible from surface examination.

During testing, PSEF identification for given peening conditions
and material types was accomplished after fatigue testing by scanning
electron microscopy examination of the peened surface and transverse
retallographi sectioning of the specimen gauge section.

Photomicrographs of PSEFs found were kept as a permanent record.
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FIGURE 12 - 7075-T72 AT 0.01453, PSEF IN BOTTOM OF
ANOTHER IMPINGEMENT

.

eas
-

FIGURE 13 - 7G75-T6 AT 0.0180A, LAP COVERS SEVERE
SURFACE ANOMALIES

' ! 4

FIGURE 14 - 7075-7T73 AT C.C060A, ARROW DENOTES
CRACK EMANATING FROM PSEF
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4.7 Failure 2Analysis

Each specimen. excepi those fatigue tested at the University of
Wisconsin, was examined for failure mode by 50X binocular microscope
and at least twec trained technicians. Where any non concurrence or
lack of certainty concerning the failure node existed, specimens were
subjected tc scanning electron microscopy examination. Of particular
importance tc the Phase II effort was the establishment of trends
associated with primary crack nucleation site characteristics. During
failure anelysis of Phase II specimens, the physical structures
associated with prirary crack nucleation fell into three categories:

(1)} Internal -- This failure rode is illustrated by the typical
photoricrographs of internal failure shcwn in Figure 19. These
are representative of the type of intergranular failure found
in specizens which had internai primary crack nucleation not
asscciated with foreign inclusicns.

(2) Extern2l -- This category is formed by two sub categories.
They are:

{a) Machine poiish or grind marks ieft over fron specimen
manufacturing. (Figures 20 and 23:.)

{b) PSEF at primar, crack nucleatica site. Figures 22, 23,
24, and 2% are increasing magnification photomicrozraphs
of the primary cracx snucleaticn site on a 7075-173
2ivainur specimen. ¥Yote the ragged appearance of the DPSEF
edge in Figure 25.

{3} Inclusion -- This category of failure mode was found strictly
in AISTI 4340 {Airmelt) where aluminum oxide inclusions were
associated with prizmary crack nuclieation with one =xception,
that bpeing a subperged carbide inclusicn in one specizen of
AIST 4355 {VaR). Figures 26aA and 268 are increasing
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TIGURE 22 AT 350X - PSEF

8.8:44

FIGURF 24— 7075-T73 AILH a1 0.0140A
FIGURE 22 AT 1003X - PSEF FIGRE 22 AT 1970X -

22




100X,

FIGURE 26A - 4340 AIRMELT STEEL 48/50 HRC AT 0.0G80A,
INTERNAL INITIATION AT ALUMINUM OXIDE INCLUSICN

FIGCURE 26B- 4340 AIRMELT STEEL 48/30 HRC, TFIGURE 27— 4340 VAR STEEL
0.0080A, INCILSIOX, FIGURE 26 AT 1000X HRC, 0.008Cx, SURFACE INITI
AT CARBIDE INCIUSION, 183
2¢




magnification photomicrographs of an internal aluminum oxide

inclusicn and the associated fracture lines around it. Fiqure

27 shows a submerged sub surface carbide inclusion with
associated fracture lines.

Failure analysis was accomplished on various randocmly selected

specizens throughout scatter ranges and overtly selected specimens at

the top and bottom cf scatter ranges until reliable trends were

established.




5.0 SPECIFIC STUDY GROUP PROCEDURES, RESULTS, DISCUSSION

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

Intuitively, we can recognize that if a workpiece material is
relatively harder than the standard Almen Strip, workpiece saturation
will occur 1later in the blast cycle, all else equal, due to the
relatively smaller shot impingement diameters in the workpiece.
Conversely if the workpiece hardness is iess than that of the Alren
Strip, workpiece saturation will occur sooner because -~f the
relatively larger shot impingement diameters in the workpiece.

Tests were performed on 7075-T6 Aluminum, AISI 4340 Steel and Type
0-1 tool steel to quantify these effects.

A 3-inch diameter specimer 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. Alsen strips were mounted in a 3-inch diarmeter
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 parailel to the axis of the cylinder. Nczzle to
workpiece distance was 10 inches which produced a 7/8 inch diameter
blast pattern. Speed of rotation of the workpiece was 30 RPM oa the
workpiece cylinder's axis. Nozzle vartical oscillation speed was 12
inches/minute, 6 incnes of total travel. (This rctation
speed/osciilatisn speed relationship was establish2d so as to

eliminate primary and seccndary patterns on tae 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 saturation
curve was established.

The intensity of peening was 0.G088N +/- 0.00050N. Peening media
used was S-70 cast steel shot per MIL-S-13165B Table I.

After the Almen saturation curve was established each specimen
was peened in 10-percent increments of the time necessary to achieve
100-percent Almen saturation on a test strip. After each 10-percent
increment, two individuals independently exarined each cylinder to
determine when 100-percent workpiece coverage first occurred.
Twenty-foar specimens were peened, four of each material/hardness and
the time to reach 100-percent on each one was reccrded. All Rockwell
#C® hardnesses (HRC) were converted to the Brineil scale {(HBN) to
facilitate statistical analysis.

The 7results shown in Figure 28 clearly indicate that a strong
positive relationship exists between the relativs time to achieve 160-
percent workpiece saturation (expressed as a percernitage of Almen strip
saturation time} and workpiece hardness.

Analysis of the data shows a 0.97 explained variance and a
correlation coefficient of 0.98+. Both numbers hold statistical
significarnce. Actual cycie time for peening specimens of varying

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

?

ALMEN  SATURATION
REQUIRED TO ATTAIN

100% WORKPIECE SATURATION g'.
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VORKFIECE HARDNESS
MATEMAL :

® 7073-T8 ALVMNGM ALLOY
® 4330 ALLOY STEEL
® Ot TOOL STEEL

Expisined veorigmee $7%
Corrsialion coefiiciont 98%

FIGURE 28: ALMEN SATURATICN REQUIRED TO ATTAIN
1003 WORKPIECE SATURATION VS. WORKPIECE HARDNESS



5.2 TASK 2: FATIGUE LIFE VERSUS AIMEN INTENSITY
The purpose of Task 2 was to identify the statistical

relationship between changes in Almen peening intensity and fatigue
life for each test material.

During Phase I testing, it was determined that, for the workpiece
chemical characteristics and 1load type used in testing, as Almen
intensity was increased from 0 (zero) to 0.0120A, a distinct set of
Almen intensity conditions yielded higher mean fatigue life than
all other Almen intensities or ranges of Almen intensity. Phase II,
Task 2 expanded this.

5.2.1 Commercially Pure Titanium
Test data were obtained at a maximum stress condition of 85.3
ksi. Figure 29 and Table A-1 (Appendix A) present the fatique 1life
versus Almen intensity data.
RESULTS

Unpeered control specimens exhibited a mean fatigue 1ife of
129,000 cycles. As peening intensity increased, fatigue 1life
decreased, with ail intensity conditions having lower mean fatigue
life than unpeened control specinmens.

5.2.2 Ti 6AI-4V Allocy

Fatigue testing was conducted at the University of Wisconsin.
The test data were obtained at a maximum stress condition of 140 ksi.
Figure 30 and Table A-2 (Appendix A) present the fatigque iife versus
Almen intensity data.
RESULTS
Unpeened control specimens exhibited a mean fatigque Life cf
222,000 cycles. (This vaiue is artificially hich due to the ocne

specimen which had a fatigue life of 5,711,30C cycles.) As peening
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intensity increased up to about 2.0020A, fatigue life increased. 2s
peening intensity increased above 0.C020A, fatigue 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 faiiure, and as
such faiiure analysis was not possible.

Based on post peening specimen examination, at the 0.00202a
intensity condition, PSEF were very small relative to higher intensity

cenditions, or were not visibkly present (Figure 31).

FIGURE 31 Ti SAL~-4YV AT 0.0020A AT 200X,
INSIGNIFICANT PSEF FORMATION
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5.2.3 Aluminum Alioy 2024-72

Test data were cbtained at a maximum stress condition of 47 ksi.
Figura 32 and Table A-2 (Appendix A) present fatigue life versuvs Almen
intensity data.

RESULTS

Unpeened control specimens exhibited a mean fatigue .ife of
157,000 cycles. The peening intensity condition of 0.00102 had the
highest fatique 1life. Peening conditions above ©.0020A had mean
fatigue life lower than unpeened control specimens.

Specimen failure analysis indicated specivens with fatigue 1life
above 1,000,000 cycles had internal fracture initiation sites.
Unpeened control specimens and specimens treated with intensity
conditions above 0.0030A indicated surface initiation sites.

5.2.4 Aluminum Allcy 60S1-T6

Test data were obtained at a maximum stress condition of 4C ksi.
Figure 33 and Table A-4 (Appendix 2) present taticue life versus 2l=zen
intensity data.

RESULTS

Unpeened control specimens exhiritel a meun tatigue 1life of
239,000 cycles. All peened conditions exbibited narrow scatter rard
ranges. Fatigue 1life for ali svecimens in tkre ©.0020A intersity
condition yielded fatique 1lives higher than anv other peened or
unpeened specinmens. All specimens at intensity conditions above
0.0030A exhibited fatigue lives below the unneened control specimen
mean.

5.2.5 Aluminum 2Alloy 7075-T&

Test data were obtaired at a maximum stress condition of 58 Kksi.
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Figure 24 and Tabl=a A-6 {Appendix A) present Lhe Zfatigue life versus

Alzmen antensity data. Figure 35 and Table A-5 (Appendix A) present
the faligue 1i’e versus Almen intensity data from Piase I testing for
the saaxe material. Note that tnere wvas ro change in the general
ratterr of results sithcugh the specizmer. gauge section diazmeter is
reduced by 46.7-percent which resvits in & guction of cross
sectional area of 71.6 percest froam Piase I to Phase II.
RESULTS

Unpeened control specimens exhibited a mean fatigue 1life of
3129,00C cycles. Increasina rpeening intensitv above 0.0910A was
generally associated with s consistent trend of decreasiilg fatigue
life.
£.2.6 Alueinum Aliov 7075-T,3

fest data were cbtained at a maxipum stress coniiticn of 5C ksi.
Figure 35 and Table 4A-7 (Pppendix A) present the fatigue life versus
Almen inlensity data.

RESULTS

Unpeened control specimens extibited a mean fatigue iife cf 66,008
cycles and two parameter ¥Weibuil valae of 3,373. ks peening intensity
increased above 5.0020A Weikull fatigue life generally Jdecreased.

Unpeened control specimens evhibited surface fracture initiation
sites. All specimens peened a2t an Inlensity of 0.~°020A exnipited
internal fracture initiaticn. The  U.004CA intensity co: dition
specirens exhibited both intermal and external <fracture initiatioﬁ
sites. Peening intensities of 0.C060A up to and including 0.63140A
produced surface fracture initiaticn sites in all specireas. in
0.0080A (Figures 46 and 48} through 0.C140A (Figures 37 through 45,

ané 47) conditions, PSEF were positively ldentified at the fracture
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5.2.7 4340 Alloy Zteel - Airmelt - 20/25 HRC

Test data were obtained 2t a mavimum stress condition cof 102 xsi.

Figure <9 and Table A-8 (Arzpendix A) present the faligque 1ife versus
intensity data.

RESULTS

Unpeaned control specimens evyhibited a mean fatigue 1l1life of
237,060 cycies. For increasirg peeninj intensities up to and including
0.0040A there was & yrelated increase in mean fatigue life. Except for
one zpecimel.,, 211 fractur~ iritiation sites were surfsce in origin.
Al frachire inuitiation sites 2xamined were associated with
non tetalilic inclusions.

Scatter rances for all intensity ccnditions were reictiveiy broad.

5.2.3 43406 Allov Steei - Airmelt 35/36 RERZ

Test data were cbtained at a mexirum stress condition of 140 ksi.
Ficvre 30 and Table A-9 (Appencdiy A) present the fatique life versus
intensicy data.

RESULTS

Unpeened control specimens exiibit>d a mean fatigue 1life of
128,62C cycles. Mean fatigue iife of gpeened specimens generaily
increases as intensity incrsases up tc the 9.6060A intensity condition
and then gen=rally deteriorates througn the 0.0120A intensity
conditisn as intensity increases, ali*rovgb this pattern is iess than
drstinet. All fracture initiation sites examined sere associated with
non setallic inclusions. High fatique 1iife specimens peened at
0.U0452, 0.0050A, and 0.00602 intensizies exxkibited internal fracture
initiaticn as comppared to all other test specimens =2xhibiting surface

fracture initiation sites. All specinen fatigee 1lives in 0.0C40aA,
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§.00453, and 0.0CX0A intensity conditions were above the fatigue 1 s
of all specirens with intensity conditions gr2ater thar 0.0<7CA.

5.2.8 4340 Allov Stee: - Airmelt -~ 49/42 HRC

The test data were obtained at z maxinmua sTiess cordition of 1

U
(%)

ksi. Figure 51 and Table A-10 {Appendix 2) w:esent tne

m
rf
ot
\Q
=
)
(]
}ods
th
®

versus intensity data.
RESULTS
Unpeened control specimens exhibited a mean Zatique 1l1life uf
159,000 cycles. Fatigue life increased with inrensity for specimens
peened at d.0030R, 0.0035A, and 9.0040A intensities. One hundred
percent of the fracture initiation sites for specimens examined in the

-~

C.0030A. O0.0035A, ¢£.004Ca, and 0.00452 conditions were nternai in

Jote

origin and associated witk non metallic inciusions. Mean fatigue life
peaked at 1,467,00C in the 0.0060A condition. Hean fatigue l1ife for
specinens pweened above 0.006A gererally secreased thrcugh the 6.0iZ0A
intensity condition. One hundred percent cf specimens psened at
intensities of $.80902 or greater exhibiled fracture initiation sites
that originzted at the surface

5.2.310 4340 Alloy Steel - Airmelt - £8/3y HXC

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

Figure 52 and Table 2-il ( Appendix A} presant the fatigue life versus

aAlmen intensity data.

RESUZLTS
Unpeened control specimens exhibited a mean faticue iife of 74,000
cycles. Fatigue iife was above unpeened at all intensity conditions.

inciusions were associated with fractures initiation sites in all but
three of te specirens exarined. Scanni.ng efectron microscope X-~ray
probe analysis confirmed the foreign inclusicns present were z2luminum

oxide.
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FIGURE 53
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Picure 53 shows specimen 0797 peened at 0.0080A intensity
exhibiting a subsurface fracture initiating at a foreign inclusion at
100X magnification.

Figure 52 shows specizen CRif peening at 0.5608CA intensitv
exhibiting an internal primary fracture site at a foreign inclusiocn
at 180X magnificaticn. The intensity conditions cf C.0070A through
0.J0%0A exbibit both hiyher peak fatigue life and a greater fatigue
strengtk in the surface as witrnessed by a higher percentage of
internal vrimary faiire sites. This is believed, however, to be nore
a factor of the particular inclusions ir trte specimens of these
conditions than of the peeninc condition as scatter in all conditicns
was relatively broad.

The identification of an Cptimux Intensity Range is as such,
clouded considerably by the prssence of nen =s=tallic inclusions and
the reiatively large fatigue 1life scatter asscciated with their
presence {Figures 53 through 56).

5.2.11 4340 Allcy Steel - Vacuuge Arc Rezert - 48750 HRCL

Tes:t data were cbtaircd at a2 maxirzum stress conditicon cf 195 ksi.

Figure 57 and Taple A-12 {Appendix A) preseat the fatigue life versus
Alaen intensity data.

Unpeeneit control specimens exniibited a nean fotigue 1iZe of 41,9000
cycles z2nd Weibull fatigue Jife of 7000 cycles. Mean fatigue iife and

weibul: facigue Xife were 1,359,000 <cycles and 287,000 cycies

Pt
L)

respectively 3in the 2.00202 condition. Increasing pe2axing intensity
abova £.0520A w2s associated witk a consistent dermward trend in

speciren mean and Weibull fatigue life.
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FIGURE 57
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Fracture intiation sites of specinens peened at 0.G020A were
internz2l ir origin. Flastic deformation of the surface cue to peening
did not obliterate the grind marks (Figere 58). Specirens peened at
the 0.9040A :intensity condition exhibited both internal and cxternal

fracture initjation sites, with all intermal crack nucleation

specimens bhaving a fatigue life above 500,000 cycles and ail externai
crack nucleation site specimens having fatigue lives belcw 200,000

cycles. At peening intensity cocnditions above 0.00402 fracture
initistion sites 2re exciusively externai. Specimens peened at
0.0080A exhibited PSEFf formation (Figure 59). Specimens peened at
0.0140A exhibited exagmerated PSEF foraation (Figurzs 60 and 51).
5.2.3 to ilure Sta

5/8 curves were estabiished for the following materials:

{1} Aluminum 7G675-T73.

{2) AISI 4340 Steel, Airmelt, 48/56 HRC.

{3) AIST 4340 Steei, Vacuum Arc Remelt, 48/50 HEC.
5.2.32.1 7075-T73 &l inus

Specizens were paensd at 0.0020A Almen intensity {per Task 2) at
190-percent workpicce saturation (Per Task 3i}. Test data were
incrementally obtazinec at maximue stress conditions ranging fro= 29-
percent up to and 1including 120-percent of the paxizum stress
condition (S0 ksij used in the fatique life versus intensity task.

Pigure 62 asnd Tapie A-13 (Appendix A) present the S/N data.
Fatigue 1limit for this material (stress level at which failure does
nct sccur) was not defined. The data cleariy show, however, that
peening resulted in significantly improved fatique life at a:l stress
levels employ=2 in testing.

58




FIGORE 58~ $34€ STEZL VAR 48/50
HRC AT 0.0020A AT 203X, TOOL MARKS

w2 . ' . .
FIGURE 80- 43329 STEEL VAR 48/5C HRC FIGURE 81— 2338

AT J.0140A AT 350X, PSETF AND TOOL

MARKS FRESENT

FIGORE 59~ 434
AT ¢.95303 AT
EARKS

AT 0.031432. AT

STEZEL ¥AR 48/735¢ HRC
202%, ISEY ARD TOQL

8d¢X, PSEF
IECTION)




ERACIER IRITIATION
AWALYSIE NOT 3TAFORMED-

5% 84 00 08 80

TRPESATD; -~ ¢
PEENED N/CAZT STXEL -- @
65 - ¢ MEXN CYCLIC LIFE -~ @

SN |

#n
Fy Y
! .
T s -2 o \\s
n :
o : X
2 .
13
s : ° s
¥ :
5 :
4 H
s H
s s -; e G o o #s
es1s :
H
: =
M < o~
3
3
; ‘
33 -3 £ G o9 88 2
1]
3 n/ -
-3 o
t
H
H
:--..-:...-:...;..g-i-nv...:-....g.s.:..:-g......g....g...;--g-:--
2 ¢ €l 2 & $ i 3 & s &
i® 15¢ 3953

CITLIC LITS ryseeesy:

*NCTE: TO ERHANCE CIARITY OF MEAX CYCiIC IIPE, ACTUAL DATA MAY HAVE

BEZN DELETEP. PLEASE CONSTLY APPERDIX A TOR CUMPLETE DATA. .
TEST GROUP : FATIGGE LIFE VBRSUS STRESS (TASK 2 - S/H)
MNATERIAL : 7075-T73 ALUMINUK 136 HBN (iCT C-0030: .
SFECIMEN SURFACE : LATEE TURNWED & POLISHED {C}
ALMEN INTENSITY : 0-.002GA (OPTIMUE PER TASK 2}

HORRPIECE SATURATIOR : 1003 (OPTIMUX PER TASK 4)
MEDIA SIZE/TYPE : 5-79 CAST STEEL
ARGLE COF INPACT : 392 DEGRERS
TIGURE 63
L5 S 9 S, D 1] SI1TE

DETERMIRATION FOR 7075-T73 ALUHMINUM

60




5.2-32. £348 1 Steel - Airmelt 48/50 HRC

Specixens were peened at 0.CG80A (Per Task 2) at 10C-percent
workpiece ssturation (Per Task 1). Test data were obtained
ircrementally at raximum stress ccenditions ranging fror 85-percent up
to and incliuding 125~ cent of the maximum stress condition {170 ksi)
used in the fatigue life versus intensity task.

Figure 55 and Table A-14 (Appendix A} present the S/R data.
Fatigue 1lixit w=aximu=» stress condition of the peened specimens was
defined as 161.5 xzsi. PFatigue limit of the unpeened control specizen
was defined as i33%.5 ksi. The increase in the fatiyue limit of this
material to e rzalized through peening at a 0.0080A intensity
condition cover <the unpeened condition was 17 ksi, or 10.5-percent.
¥ean fatigue life uas significantly improved by peening for all stress
levels employed in testing.
3.2.12.3 4350 A1}

Specimens wars peena2d at ¢.002CA {Per Task 2) at iCGO0-percsent

workpiece scturation ({Per Task 1!. Tes:t data were obtained st
increasing stress copditions in incresments from 84-percent up to 116-
Fpercent of the zaximum stress ccndition {195 ksi) used in the fatigue
iife versus intensity test group {Per Task 2j.

Pigure €4 &xd Table A-15 {aprendix A) present the 5/% data.
Patigue lizit for this material was nct defined. M2an fatigue life at
each stress ievel axplcoyed for testing was significantly improved by
peening.

-3 T 3.2 EFFpgCT O SURFACE CONDITION ON FATIGUE
H S P N

All results presented in the Task 2 represented specimens vwith
gauge sections wmachined and mechanically polished prior to peening.

Task 3 was perforned to determine if fatigue 1life and/or optimum
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intensity range would be affected by the initial surface conditicn.
The scope was limited to 7075-T€ Alupinum specimens with lathe turited
(no mechanical polishing) gauge =zections. The data wer- compared
against Task 2 data.

5.3.1 Mluminup Alloy 7075-T6 ~-- Ii.che Turned Oniy

Additional test samples were evaZuated in the lathe tutned oniy

pre peening surface condition at peel:iag irtensity conditions of
0.0020Aa, 0.0040A, 0.00€7A and 0.00802a as well as 1peened <control.
The prepeerning specimen surface Finisbh, approximately 60 RS, was a
threefold increase JSomparad to the lathe turiied and polished specimGn
surface condition (Figure 6).

As with lathe turned and polished 7075-Té6 spacirens, the test data
were again cbtained at a maximum stress conditior of 58 ksi.

Figaere 65 and Table A-16 (Appendix A) present the fatigue 1life
versus Almen intensity data. Unpeened control specimens exhibited a
mean fatigue 1life of 33,0600 cycies. Weibull fatigue life rose with
Almen intensity as intensicy increased up to ang inciuding 0.GO60A.

Specimen failure analysis indicated that at 0.0320% intensity
{Figure 66}, fracture initiaticn was in-2rnal in origin. The shot
peen procese induced surface plastic deformation did not obliterate
the tool marks (Figure 68). At 0.0J40a intensity, the induced surface
damage obliterated the tool marks and fracture initiation was
internal. At 0.0060A intensity {PSEF preseit) racture initiating

sites were botn internal (Figure 67) and exteynal {Figure 69).

5.4  TASK 4 - DEFINITION OF TRE RELATIONSKS™ BETWEEN FATIGUE LIFE
IXD WORKPIECE SATURATION

Assuminy A&Alsen intensity is kept within the optimum intensity
range for a given workpiece, then determining the optimux duration of

cold working at this energy transfer level iz 2 logical rext step. By
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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 109-
perceat workpiece saturation, definition of whether an c¢ptinum
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 cf Almen saturation refiecting 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 acceptarle hardness tolerance range in MIL-S-13165B.
Experimental test data generated is plotted as fatigue life versus
percentage workpiece saturation.
5.4.1 Ti 6A} - 4V alloy

Figure 70 and Table A-17 (apvendix A) present the data for fatigue
life versus workpiece saturation or Ti 6A1-4V. Specimeins were peered
in increments of workpiece saturation from 90-percent through
1l0-percent and in larger increments from 130-percent to 200- percent.
Test data were obtaired at a maximem stress condition of 110 ksi.

RESULIS

90-percent workpiece saturation, while exhibiting the highest
specirzen fatigue 1lives also exhibited the 1locwest. 1i0-parcent
workpiece saturation had the highest mean fatigue life and the lowest
scatter of any satur=ation conditcion, even though more specimens were
tested in this condition than any other. Mean fatigue life decreased

as vorkpiece saturation increased above iig-percent workpiece
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saturation. Note that the range of Almen saturation whicu occurs in
this material is approximateliy 1006~ to 125-perceat of workpiece
saturation.
5.4.2 2024-T4 Aluminum Alioy

Figure 71 and Table A-18 (Aprendix Aj} present the cdate for fatigue
life versus workpiece saturation. Specimens w2re peena2d in increments
cf workpiece saturaticen ranging from 80-percent through 40G-percent.
The test data were obtained at a maximum stress of 47 ksi.

RESULTS

Workpiece saturation showzd the highest fatigue 1life at 10e-
percent to 2C9-percent. Fatigue life decreased as saturation was
increased above 20C-percent workpiece saturaticn. 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 fatigue
life versus workpiece saturation or 5061-T6. Specimens werea peened
incresentally from 80-percent up to and including 350-percent
workpiece saturation. The test dzta were obtained at a maximum stress
of 40 ksi.

RESULTS

Mean fatigue 1life peaked at 109-percent workpiece saturation.
Fatigue 1life generally decreased as workpiece saturation increased
above 100-percent.

5.4.4 7075-T6 Aluninum Aliocv

Figure 73 and Table A-20 (Appendix A) presernt the data for fatigue
life versus workpiecs saturation on 7075-T6 =pecimens. Specimens were

peered in increments of workpiece saturation ranging from 8C-percent
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thrgugh 250-percent. The test data were obtained at a maximum stress
of 58 Ksi.

RESULTS )
Weibull fatigue 1life was highest &t  150-percent workpilece

saturation (75-percent Almen saturation). This is consistent with the
findings in TFhase I. #Fatigue life at saturation levels above 150~
percent wvorkpiece saturation showed a cchsistent trend — toward
increasing scatter and lower fatigue 1ife at the buttom of the scatter

range.

5.4.5  7075-T75 Aluninvm Alloy

Figure 74 2nd Tablé a-21 {Appendix A) present the favigue 1life
varsus wnrkpiece saturation data for 7€75-T73. Specimens were paened
in increxents of wvorkpiecs dgfuration ranging from if9-percent through
80G-percert. The test data wets nhtaired at a3 maxiomux stress

candition of 58 4si.

This matérizl exhibits rejative insensitivity to warying workpiece

5 shows spsolier number 2465'S peened surface at 200

magnificati-n al cptimum intemsity of €.00302 at 1Gf-pexrcent workpisce

Figure 75 shois specimen 2428 peenad surZace at 240X wagnificaczion

at ootipuz intensity of 0.00:0% st 88C-percent workpiece saturation.

3

e peexcd surf{ace comparison of ihe ww. ghsto aicrographgs at high
pagnificaticn reveal extensive small tissures surrounding shot fmpact
craters o<n the surfacz of he 809-percent workpiecm S2Turatiod

spaecimen. Ther2 is 7e clearly a Jdifferen—e in *lhese grcoups <i

pod .tj‘
jote

s@ail fissurss from the lavge surfzce folds that constitute PSEF The
surface of the 150-percent unrkpizce saturaticr specizen ZJoes nct
axhibit tnese small issures. This is <onsistent witn Prase I

findings.
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5.4.6 434C Alloy Steel ~ Airmeit - 40/42 HARC

Figure 77 and Takls 4-22 (Appendix 3} present the data fer Zatigae

life versus vorkpiece saturation which were obtainred at ¢ =maxicin

ads

stress condition of 165 k=

Svocimens were peened in increments of vworkmniece saturation

Yl
£

ranging from 108-percent through $00-percent.
RESULTS
The datea indicated that increasing percentages of wunrkpiece
saturation <id not adversely affect fatigque life up to and includiag
350-percent workpiece saturation. At 460-psrcent veorkpiece saturation
faticue life was significantly lower than all other levels.
4.7 4340 23lcv Steel - Alrmelt -~ 48/50 FRC

Figure 78 and Table 3A-23 ({&ppendix A} present the data fer faticu

1

life versus workpiece saturation. Specimens were peened in incresants
of workpiecz saturation rarging from 100-percent through 4CO0-percent.
Test data waere obtained at a maximum stress condition of 170 ksi.
RESTILTS

The 1low ena of tne scatter range is approximztely the same for ail
workpiece satuzation conditivms. XHo apparent trend can be ascertained
n~ther than a reduction in aecan fatigue life as saturatiorn level
increased.

Fracture surface evaluztione revealed non metailic inclusicne at
all fracture initiatior sites exarmined.

5.4.8 4330 Alloy Steel - Vscuup Arc Repelt - 48736 LiRC

Figure 79 and Tzkle k-i4 {Apperndiw &) present the dalta for fatigue
1ife versus workpiece saturation. Specimens were pesned in incremernts
of workpiece saturst-onn f-om 100-percent through €CO--percant. Test

data were obhtained at z maximum stress conditicn of 3195 ksi.

7€
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NERDIA SIZE/TYPE : S-70 CAST STEEL
&HGLE OF IMPACT ¢ 90 DEGREES
MAXMNGM STRESS (KSI) : 170
FICURE 7¢

FATICUR PESULTS +§. WORKPIECE && ; G CTURE
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TES1 SPOUP :  FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERIAL : 4340 VACUUM MRC REMELT STEEL 48/5d HRC (137 C-0928
SPECIMEN SURFACE : GROUND
AIMEN IRTENSITY :  0.0020A (OPTIMUM PER TASK 2)
MEDIA SIZE/TYPE : S-70 CaST STEEL
ANGLE OF IMPACT : 90 DECREES
MAYIMGM STRESS (KSI) : 195
FIGURE 79
FATIGUE RESULTS VS. WORKPISCE SATURATION, PEENING PARAMETERS AND FRACTUR:
SI1TE DETERMINATION OF 4340 VACUUM AXC REMELT 48730 HRC
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RESULTS

A general pattern of decreasing fatigue 1life as saturatic:a
increased is present. However, 100-percent, 200-percent, and
300-percent fatique 1iife values are very similar. There is a large
difference Dbetween the fatique 1life Tresults obtained in the
600-percent condition as opposed to the 100-percent, 200-percent, and
330-percent conditions, mean fatigue life being far 1lower in the
600-percent condition. All fracture initiation sites were internal ir
origin.

Figures 80, 81, and 81A illustrate the differences in surface
appearance between specimens peened at 100-percent versus 600-percent

workpiece saturation.

5.5 TASK 5 —-- THE EFFECT OF PEENIING 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 thke study,
7075-T73 Aluminum and 4340 Steel, VAR, 48/50 HRC. Exclusive of impact
angle and shot velocity (which was increased as impact angle was
lowered to hold intensity constant), all peening parameters were the
same as used in Jdetermining optimum intensity in Task 2. This
included use of optimum intensity as defined in Task 2. Impact angle
conditicns selected were 45, 60, and 90 degrees.
5.5.2 7075-T73 Aluvminum

Test data were obtained at a maximum stress condition of 50 ksi.
The intensity level used was 0.0020A at ioC-percent  workpisce
saturation per Task 4.

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

versus angle of impact data.




LT
FIGURE 80- 42340 STLDEL VAR 48/50 HRC FIGURE 81- 4340 STEEL VAR 48/50 HRC
AT C.GO20A AT 200X, 100% WORKPIECE AT 0.0020A AT 200X, 600% WORKPIECE
SATURATION, TOOL MARKS VISIBLE SATURATION, TOOL MARKS NEAKRLY
OBLITERATED

- -

FIGURE 81A- FIGURE 81 AT 1000X
81
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TEST GROUP FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 35)
MATERTAL 7075-T73 ALUMINUM 136 BHN (IOT -(039)

SPECIMEN SURFACE
AIMER INTENSITY

LATHE TURAED ARD PCLISHED (C}
0.0020A (OPTIMUM PER TASK 2)

0 66 00 00 00 00 0

WORKPIECE SATURATION 100% (OPTIMUM PER TASK 4)
MEDIA SIZE/TYPE S-70 CAST STEEL
MAXTMUM STRESS {KSI) 50




RESULTS

Mean fatique 1life decreased and Weibull faciqgue 1life increased
marginally as impact angle was cdecreased from 90 to 60 degrees. The
size of the scatter band for the 60-degree cdata approximated that of
the 80-degree data. As angle of impact was decreased to 45 degrees,
Weidull fatigue life decreased to below that of the unneened control
specimens. The data scatter band increased {wofold from the 60-degree
or 90-degree impact angle conditions tc the 45-degree impact angle
conditions.

Since the primary crack nucleation sites were internal for ali
specixens, PSIF size and depth were not causal to primary failure.
However, PSEF were 1larger in the &0-degree deoree versus the
90-degree impsct angle condition {(Ficgures 118 and 119). We believed
that the surfaces with farger PSEF were inherently weaker, and as
such, were associated with earlier crack breakthrough tc the surface
and subsequent total specimen failur=. {Figures are in £.0 Discussion
section.)

5.5.2 42450 Alloy Steel - Vacuum hrc Kemelt -~ 48/50 HRC

Peenin¢g was at $8.00202 and optimum saturation levei psr Task 4
{100-percent wor<piece saturaticn) at 45, 6C, and 90 degrees.

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

Figure 83 and Tabie A-26 (Appendix Aj; present the data for fatigue
iife versus peening angle of impact for 4340 Alloy Steel - Vacuum Arc
Remelt.

RESULTS

The 90-degree impact angle data has significantiy higher #eibuill

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

angle. The 60-3egree impact angle data had a lower Weibull fatigue
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TEST GROUP
MATERIAL

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

FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK €)
4340 VACUUM ARC REMELT STEEL 48/50 HRC

(LOT C-0628, C~0031}

GROUND

0.0020A (OPTIMUM PER TASK 2)

100t (OPTIMUM PER TASK 4)

S-70 CAST STEEL
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life and approximately the same mean fatigue life as the 45-degree
data.
Primary crack nucleatior. sites were internal on all specimens.
Figure 84 shows specimen 2349 peened surface with 90-degree
impact angle and 0.0020A peening intensity, at 200X magnification.
Figure 8% shows specimen 2626 peened surface at 60-degree angle,
200X magnification and 0.0020A optimum peening intensity. Notice the
greater degree and the directional flow of surface plastic deformation
as compared to the 30- degree impact angle condition in Figure 84.
Figure 86 shows specimen 2353 peened surface at 45-degree angle,
200X magnification and 0.0020A optimum peening intensity. The surface
exhibits a greater degree of plastic deformation and discontinuities
associated with PSEF than are present in 90-and 60-degree impact angle
specimens. (See Figures 120 and 121 for cross sections at 90-degree

and §0-degree angle in 6.0 Discussion section.}

5.6 TASK 6 —— EFFECT OF SHOT BROKEN PARTICLE CGNTENT ON FATIGUE LIFE

The purpose of this task was to quantify the relationship bestweer
shot btroken particle ccntent and specimen fatiqgue life. Two materiails
were employed: 7075-T73 Aluminum and 4340 Steel, VAR, 485/50 HRC.

Test specimens of each material were peened at optimu=m intensity
from Task 2 utilizing MII~S-13165-B Table I cast steel stot bkaving
increasing percentages of L.G. 89 cast steel grit per MIL-S-851C
added to simulate broken =edia 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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FIGUGRE 84— 4340 STEEL VAR 48/50 HRC FIGURE 85— 4340 STEEL VAR 43730 HRC
AT 0.0020A AT 200X, 90 DEG. ANGLiE OF AT 0.0020A AT 200X, 60 DEG. ANGLE OF
IMPACT, RADIAL PLASTIT DEFCRMATION IMPACT, DIRFC’IIONAL DEFFCRMATION,
DIRECTION OF PLASTIC FLOW —>—

s N
N -}’s“-z— o
f 2 2. 4

FIGURE 86- 4340 STEEL VAR 49/50 HRC AT 0.00202&
AT 20CX, 25 DEG. ANGLE OF IHPACT DIRECTIONAL
DEFORHATION , DIRECTION OF PLASTIC FLOW

£€6




5.6.1 7075-T73 Alumirum Alloy

Figure 87 and Table A-27 (Appendix A) presenc the data for fatigue
life versus broken particle content of the shot. The test data were
obtained at a maximum stress of 50 ksi.

RESULTS

Mean and Weibull fatigue life were highest at the 2-percent or
less brokren particle content levels. Increasing broken particle
content was associated with decreasing Weibull and mean fatigue life.
The ore unusually 1low specimen fatigue life value at the 50-percent
broken particle content 1level significantly reduced the ¥#a2ibull
fatigue life for this condition.

Pigures £3, 85, and 90 illustrate the increasing numbexr of ancular

impingements associated with increasing shot broken particie conteat.

"y

igares 1, 92, 93, and 94 show these surfaces in cross section.

5.€.2 4340 Alljov Steel - Vacuum Arc Remelt ~ 48/50 HRC

rigure 25 and Table A-238 {Appendix A) present the data for fatigue
life versus shot broken particie content on 4340 VAR 487350 HRC. The
test data were obtained at a maximum stress of 195 ksi.

RESULTS

Increasing bioken particle content was ciosely associated with
decreasing spaciaen fatique 1life. ¥ean and Weiburll fatigue 1life
decreased 1linearily as broken shot  content increased. At the
25-percent and 50-percent broken particle conditions, fracture
initiation sites were all internal. In the 75-percent broken partiicle
conditicen specimens exhibited primary and secondary crack nucleation

sites of both internal and external origin.
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TEST GROUP

%z
5
§

WORKXKPIECE SATURATION

FATIGUE LIFE VS. BROKEK PARTICLE CONTENT (TASK 6)
7075-T73 ALUMINUM 136 HBN (LOT C-2030)

LATHE TURNED AND POLISHED (C)
0.0020A {OPTIMUM PER GROUP B)
iC0% (CPTIMUM PER GROUP G)

MEDIA(SHOT/GRIT) SIZE/TYPE: S70 CAST STEEL/IG-80 CAST STEEL

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




. E . - ’. : ~ o -~
FIGURE 88~ 7075-T73 ALUM 2T 0.0020A FIGURE 89~ 7075-T73 ALUM AT

IESS THAN 2% BROKEN FPARTICLE CONTENT 0.0020A, 25% BROKEN PARTICLE
200X CONRTENT, ACCICULAR IMPIKGENMENT,

200X

FIGURE 906- 7075-T73 ALUM AT 0.0020A AT 200X
75% BROKEN PARTICLE CCITENT
SEVERE ACCICULAR IMPINGEMENTS
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FIGURE 91 ~ 7075-T73 AT @.00202 AT 700X, WiTH LESS THAN 2%
BROREN PARTICLE CONTENT IN MEDIA, CONTISUOUS SURFACE

FIGURE 92—~ 7075-~T73 AT 0.0020& AT 709X. WITH 25% BROKEN FARTICLE
CONTENT IN MEDIA, NOTICE ACCICUTAR IMPINGEM:NTS

FIGURE S3- 7075-T73 AT 0.0020A AT 700X, WITH 50% BRCKEN PARTICLE
CONTENRT IN MEDIA, SURFACE EROSION HAS BEGUN

FIGURE 94- 7075~-T73 AT 0.0020A AT 700X, WITH 75% BROXEN PARTICLE
CONTERT IN MEDIA, SEVERE SURFACE EROSION
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TEST GROUP
MATERIAL
SPECIMEN SURFACE GROUND
AIMEN INTENSITY 0.0020A (OPTIMUM PER TASK 2)
WORKPIECE SATURATION : 100% {CPTIMUM PER TASK 4}
MEDIA (SHOT/GRIT! SIZE/TYPE : S-70 CAST STEEL/ iG-80 CAST STEEL
ANGLE OF IMPACT : 90 DEGREES
MAXTMGHA STRESS (KSI) : 195

FATIGUE LIFE VS.BROKER PARTICLE CONTENT (TASK ¢)
4340 VACUUM ARC REMELT STEEL 48/50 HRC(LOT C-003

EISURE 95
FATIGUE RESULTS VS. BROKEN PARTICLE CONIENT, PEENING PARAMETERS AND
3 NATION 4340 V. LT STEEL 48/59 HRC
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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 fatique life, or if the general trends in
fatiguz 1life versus intensity data would be affected by media
size/type. 7075-T73 specimens were peened to various Almen
intensities using either giass beads per MIL-G-9954A or cast steel
shot per MIL-S-13165B, Table 1.

Test data were obtained at a maximum stress condition of 50 ksi.
FPigure 103 and Table A-29 (Appendix A) present the data.

RESULTS

Unpeened control specimens had a mean fatigue life of 458,000
cycles. At 0.0010A and 0.0030A intensities, both the mean life and
the scatter band of data are similar (Figure 103). No sionificant
differences in fatique 1life 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 examination of the results that the two

peening medias _roduced essentially identical fatique 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) 79075-T73 0.01060A, 0.011 dia. shot
(2) 7075-T6 0.C1i10A, 0.923 dia. shot
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FIGURE 96— 434C STEEL VAR 48/50 HRC FIGURE 97- 4340 STEEL VAR 48/50
AT 0.9020A, LESS THAN 2% HRC AT 0.0020A, 25% BROKEN
BROKEN PARTICLE CONTENT, 200X PARTICLE CONTENT, ACCICULAR

IMPINGEMENTS, 200X

ty -’ g U - -
PR P — p ‘H . S B

FIGURE 98~ 4340 STEEL VAR 438/50 HERC AT 0.00203a, 200X
75% BROKEYX PARTICLE ZTONTZNT, SEVERE ACCICUIAR IMPINGEMENTS
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FICGURE ©29- 4340 STEEL VAR 48/50 HRC AT 0.0020A AT 700X,
LESS THAN 2% BROKEN PARTICLE CONTENT IN HEDIZ2,
CONTIGUOUS SURFACE

3

FIGGRE 100- 4340 STEEL VAR 48/50 hRC AT 0.0020A AT 700X, 233
BROKEN PARTICLE CONRTENT 1IN MEDIA, MNOTICE ACCICULAR
INPIRGEMENTS AND ERCSTION

-

FIGURE 101- 4340 STEEL YAR 48/50 HRC AT 0.0020A AT 700X, 50%
SROKEN PARTICLE CONTENT IN MEDIA, ERCSIOKR CONTINIES

FIGURE 102- 4340 STEZL VAR 48/50 HRC AT 0.0020A AT 700X, 73%
RROXEN PARTICLE CONTENT IN MEDIA, SEVERE SUPFACE EROSION

53
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TEST GROUP :  FATIGUE LIFE VERSUS INTENSITY {TaSX 7)
MATERIAL :  7073-T73 ALUKINUN 158 EB¥ (LOT C-0017;
. SPECIMEN SURFACE : LATHE TURNZD AND POLISHED (C)
WORKSIECE SATURATION :  100%
ARZLE OF IMPZCT : 90 DEGREES
MAXIHGH STRESS {XSI) : 50
FIGURE 103
SATIGUE LIFE VS. iNTENSITY VS. MEDIA TYPE, PJENING PARAMETERS ARD
ITE z ATION 7075-T73 : T
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(3) 7075-T73 0.010CA, 0.011 dia. shot followed by 0.0030A, 0.0070
dia. shot.

(4) 7075-T6é 0.0110A, 0.023 dia. shot followed by 0.0030A, 0.0070
dia. shot.
RESULTS
The major trend established is that the size of PSEF was smaller
as conditions went from (1) to (4) above. There was no recognizable .
change in the depth of PSEF betveen any condition. See Figures 104
through 116 and PSEF size and depth definitions in section 4.6, the

PSEF identification portion of the procedures section.
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TICURE 104- 7075-T73 AT 0.931003A AT 700X
USIFr~ 0.011" DIZMETER MEDIA, PSEF

FIGURE 105- 7075-T6 AT 0.011GA 27T 7GCX
GSING 0.023" DIAMFTER HMEDIA, P3EF

THESE METALIOGRAPHS GRAPERICALLY PRESENT THAT USINCG X IARGER MEDIA
AT A GIVEN INTENSITY DOES KOT PREVENT OR ERRADICATE FORMATICK OF PSET.
ALTHOGGH IT DGES TOC A GREAT EXTENT MASK THEIR PRESENCE F«OM SURFACE
ORBRSERVATION
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7075-T73 AT 0.0100A, USING 0.011" DIAMETER MEDIA AT 70CX

5 FIGURE 106- PSEF HAS BEEW
=72 EXTRUDED UP OFF SURFACE
~ DUE TO OVER INTENSIFYING

FIGURE 107- PSEF IN THE
* PROCESS OF BEING FOLDED
OVER DUE TO SUBSEQUENT
IMPACTS

FIGURE 108- PSEF TOTALLV
FOLDED OVER FORMING SUB-
SUPFACE AHOMALY WHICH
BECOMES PRIMARY CRACK
NUCLEATIOX SITE
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PSEF CONFORMING TO UNDERL;

WITH 0.0C7" DIAMETER McDIA AT 700X
FIGURE 109~ PSEF LENGTHENED AND ROUGH EDGES

ROUNDED DUE TO SECOND OPERATION
SURFACE, UNDETECTABLE IN SURFACE INSPECTION

FIGURE 110- PSEF BEATEN DCWN TO CONFORM TO
Vi
IR SURTACE INSPECTION

UNDERLYING SURFACE

FIGURE 111-

7075~-T73 AT 0.01GOA WITH 0.011" DIZMETER MEDIA FOLLOWED BY 0.003CA




7075~T6 AT 0.0110A USING 0.023" DIAMETER MEDIA AT 700X

FIGURE 112- PSEF FORMATION AT POINT
WHERE FOLDOVER HAS BEGURN

° FIGURE 113~ PSEF FORMATION CAUSING
VOID IN SURFACE

FIGURE 114~ PSEF FORMATION WHERE FOLDOVER 1S
COMPLETE AND FURTHZR EXTRUSION HAS TAKEK PIACE



DIAMETER MEDIA FOLLOWED BY 0.0030A
WITH 0.007" DIAMETER MEDYA AT 700X

7075-T6 AT 0.0110A WITH 0.023"

PSEF MADE TO CCHFORM TO
SURFACE

GURE 115~
UNDERLYING

FI

CAl: SITUGATION TO FIGURE 115

116- IDERTI

I

Fic
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6.9 DISCUSSION

TASKS 1 AND 4

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

Task 4: Determination of the effect of =s=saturation 1level on
fatigue life.

GENERAL TRENDS:

Task 1 defined a relationship between workpiece hardness and
peening cycle time that directly ccntradicts the widely held view
that, 11 else being equal, the peening time cycie used to achieve
Almen saturation represents the amount of cold working that will yield
tne highest fatigue resistance benefits. 1In fact, the underlying
assumption to the use of Almen saturation as a direct determination of
peening cycle time is that the Almen strip will react the same as the
workpiece in terms of saturation. Clearly, this is only the case if
they are the same hardness. ("A New Concept for Defining Optimum
ievels of a Critical Shot Peening Process Variable,™ Roger Simpson,
Gordon Chiasson; Second International Conference on Impact Treatment
Processes, 22-26 September, 1986, p. 101.‘}

While being a necessary and integral step in establishing the best
axount of cold work, Almen saturation calculated irn such a way that it
is truly representative of a workpiece's dimensicns and angles of
incidence vis-a-vis the peening blast is, i» 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 recessary bput
insufficient information in establishing the amcunt of cold work
required (i.e., blast cycle time) to saturate the workpiece with
impingements resulting fror uniform shot impacts that have masses,

sizes, srherccities, wv2locities 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. Ther2 1is some
inevitable impacting of the workpiece surface by shot particles that
have previously impacted workpiece holding fixtur: sachine interior
walls, and, in the case of complex shaped workpiet 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 iower energy tiransfer 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 coverace is to shot peen to
some predetermined minimum percentage of coverage (such as 200-percent
ninimum) 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 resuits it wouid =ot insure the
workpiece 1is saturated. This is particulariy problematic when
workpiece coverage becomes increasingly difficult to measure as
workpieces increase in hardness above 50 Rc, the high end of the
acceptable tolerance range for Almen strip hardness. In workpieces
that are softer than the Almen strip, determining process cycle time

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




have been exposed to far more cold work than that associated witn
the highest fatigue resistance benefits. Materials in Task 4,
particularly Ti 6AL 4, 2024-T4 aluminum, 6061-T6 aluminum &and 4340
VAR, strongly indicate that a surface can be coid 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
defined by intensity, can be both too low or too high, so saturation
versus fatigue 1life data indicates that the duracion of exposure to
that energy transfer, as defined by workpiece saturaticn, can be both
too low and too high. Task 1 and 4 data clearly indicate that for the
shot peening process toc reproducibly achieve its maxirum
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 =nust be accurately controlled within
telerances known to resuit it certain levels of workpiece saturation

known to produce the desired benefit levels.

PRACTICAL EYFECTS ON FRODUCTION SHOT PEENING:

The ramifications of bhaving a well defined statistical
relationship between Almen saturaticn and workpiece saturation, as a
function of the relative hardness of Almen strips and the workpiece,
are substantial when considering both the effectiveness of shot
peening in yielding the highest pcssible fatigue resistance benefits
and the cost associated with such processing. By determining &lmen
saturation achieved in a manner truly representative of the
workpiece's confiquration, we can statistically predict the percentage

of the exposure time required to achieve Almen saturation that will




result in 100-percent workpiece saturaticn. 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 Aimen coverage or 100-percent Almen saturation, whichever
ozcurs first, the process cycle time on some materials, such as
2024-T4, 6061-T6, 7075-T6 would be 250- to 300-percent of what was
required to achieve the workpiece saturation levels associated with
the highest possibkle 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 cycle time "overkili™ represented by the commen
usage of 200- to 400-percent workpiece coverage as minimum processing
requirenments. 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
peeried and their hardnesses. This would unequivocally Jjustify the
cost of the additional process monitoring and control devices
necessary to reproduce shot flow ana nozzle or wheel position, motion
and blast pattern. As such, it seems probable that shot peen
precessing 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 Almen intensity on
fatigue 1life.

Task 3: Investigation of the influence of initial surface
condition on fatigue 1life as a function of Almen
intensity.

GENERAL TRENDS:

Task 2 and Task 3 data indicate that as shot peening intensity
increases and regardless of workpiece surface integrity, fatigue life
Deaks at the point where peening intensity is sufficiently high to
Create PSEF which are associated with primary crack nucleation
causality.

This strongly indicates tha* the conceptual approach to shot
peening that relies only on 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
acticn and interaction both on residual stresses and surface integrity
by process variable 1leveis that must be considered in process
engineering.

A conclusion reached as eariy as the 1930's, and widely accepted
today, is that increasingly hard materials would have increasing
optimum intensities (see MIL-S-13165A and MIL-S-13165B). Based on
available data (including this program) the conclusion is at times,
but clearly not aiways, correct. The problem lies in that it is based
on assumptions that give no importance to the relationship between pre
processing surface condition and the resultant post-processing surface
damage. Because in many cases this oversimplified and incomplete
conclusion seemed to work, it has been both resilient (witness the

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

It has, in the author's opinion, added considerably to the current
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izage of shot peening being an erngineering "black bcox" that cannot be
counted on to reliably prcduce benefit levels required.

A 1lcgicezl outgrowti: of the PSEF concept, and as important a
finding as any in this program, is that optimum intensity range varies
with pre precessing surfzce integrity. A question ariiing is: if
surface condition 1is at least or even more important than material
hardness in establishing optimum intensity, how did specifications for
Aimen intensity in harder materials come to consistently reflect the
use ¢f relatively higher Almen intensity? The answer lies in the
facts that mcst workpieces are not polished and a machining operation
used on a relatively hard material and a relatively soft material
will, all else equal, yield the same surface finish on both the hard
and soft material. While there are obvious exceptions to this rule,
such as tool feed rates and other machineability factors, in general
this statement 1is correct. As stated previousiy, however, the same
Almen intensity applied to both the harder machined w.rkpiece and the
softer machined workpiece will not yield the same amount of plastic
aeformation and resultant PSEF size and depth. The net effect is that
higher intensities are needed to genasrate 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, mnethcdology used in determining optimum intensity and
other prccess variable optimums and tolerances during this effort has
been used during and since the testing for this effort to determine
similar optimum and tolerance shot peen process variable levels on a

nueber of actuai product components, incliuding gears, aircraft and
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automotive road wheels, stabilizer bars, ccnnecting rods, turbine
enhgine disks, and other components. Throughout these test precgrass,
the generai trend illustrated in Figure 117 has been consistent.

30 50 HRC STEEL
OPTINUM
INTENSITY
RANGE
ALUMINUOM
0
HIcH IOW

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

TFhe action and interaction of multiple layers of variables
(material type, hardness, fracture toughness, impact angle, shot
velocity, preprocessing surface integrity, etc) leave a significant
amount of information and quantitative uvnderstanding to be developed
and analyzed before valid intensity optizua and tolerance 1level
prediction can be reaiized.

As referred to above, however, this does not leave the process
engineer vwithout msthodology for determining these intensity optimum
tolerance 1levels. With a well organized iterative testing progranm,
these tolerances and the benefit levels associated with them, can be
quantified and consistently reproduced in production.

A liwmiting factor to the effective prediction of workpiece

saturation is the current level of acceptable inherent tolerances
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assoclalec with the Almen strip in appiicable military and industry
specifications. (™The giffect of Inherent Tolerances in the aiwen Test
Strip on Shot Peening Prccess Peliability,™ Rcger Simpson, Dan
Clark, and Gordon Chiassen, 7Third International Conference on Shot
Peening, 1987.)

TASK 5: Determinaticn of the influence of impact angle of incidence
on fatique life.

GENSRAL TREEDS:

Results from Task 5 support the data from other tasks vwhich
consistently indicate that determining the effect of the process
variable levels and tolerances used in shot peening on workpiece
surface integrity is an important step in obtaining shot peen process
benefit consistency.

It is well established that reducing impact angle at 2 given
intensity will increase the magnitude o5f peak residual stresses and
move the depth of maximur residual compression closer to the workpiece
surface. {"A Practical Approach to Porming and Strengthening of
Metallic Co=mpeonents Using Impact Treatment,® S. Meguid, First
International Conference on Shot Peening, 1981.) This increase in the
magnitude of residual stresses in and near maximum PSEF depth
specifically could explain why, during Phase II testing, specimens
peened at low impact angles khad lower fatigue life than those peened
at higher impact angies, while still exhibiting internal primary crack
nucleation. It alore, however, does not wholistically =xplain the
reduction in workpiece fatique life.

Figures 118, 119, 120, and 121 show that PSEF size and depth
increased with decreasing impact angle up to and including 60 degrees
for a given shot peening intensity. Figures 118 and 120 show

surface cross sections of specimens peened at 90 degree angle of
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the gauge section.

impact taken transversely across tha diameter of
In Figures 119 and 121, (specimens peerned at &0 degrees angle cf
impact, taken longitudinally across the Jauge section} TDSEF are -
largest on the rim of shot impacts which crest in the same 4direction .
as the media izpact angle. The general trend for fatigue life
decreasing as impsct angle decreased could be explained in ore, or a
combina‘ion of, saveral ways:
(1) While primary crack nucleation was internai, secondary
failures emanating from PSEF caused reduced fatigue 1l1life.
There 3is scme evidence from failure analysis that thris
occurread.
(2j Due to the shaliower, higher magnitude corpressive stresses,
internally nucleated primary crack growth to the sursface was
faster thrcugh the subsurface layer that would
Foened

significantiy

have been in compression at higher impact angles.
Due to the reduced fracture resistance of the surfaces
at lower impact angles, with their inherent larger and deeper

(3}
PSEF, crack breakout to the surface, and subsequent total

failure, was accelerated.
PRACTICTAIL: BEFFECTS ON PRODUCTION SHOT PEENING:
In actual production application, impact angle tcierances ars one
This is

of the m»ost difficult shot peen process variables to control.
particularly true in complex shaped workpieces whose areas to ke

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

multiple faces oriented in different planes and in close proxinity.
At the sare time, it is clear Srom the data, however, that impact
in production

angle is a critical variable whose actual tolerances
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FIGORE 1i8- 7075-T73 ALUM., 0.00202A AT 90 DEGREE
ANGLE OF IMFACT, 70CX

FIGURE 119- 7075-T73 A1LUM., 0.0020A AT 60 DEGREE ANGLE OF IMFACT,
700X, NOTICE "WAVE"™ CRESTIRG IR DIRECTION OF MEDIA IMPACT ANGLE
(FROM UPPER RIGHT TO LGWER LEFT AT 60 DEGREES TO SURFACE)

h- ‘ 4

FIGURE 120- 4340 STEEL VAR 48/50 HRC, 0.£0202
AT 90 DEGREE ANRGLE OF IMPACT, 70CX

FIGURE 121~ 4340 STEEL VAR 48/30 HRC, 0.0020A AT 60
DEGREE ANGLE OF IMPACT, NOTICE "WAVE™ CRESTING IN DIRECTION
OF MEDIA IMPACT ANGLE {FROM UPPER RIGHT TO LOWER LEFT AT 60

PEGREES TO SURFACE), 700X
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must be well defined and quantitatively controlled such that

established vorst case fatique life data from the lowest impact angles
experienced will, indeed, be the worst case experienced in production.
This argues strongly for the use of highly reproducibie nozzle motion
systems, which require, as a pinimu=, hardened gun fixtures of
established and frequently calibrated dimensions. An even bLetter,
noys easily controllable, but obviousilv more capitsal intensive
sclution, is the robotic control of nczzle motion and impact angle
vis-a-vis the workpiece such that nozzie motion is programmed to
follow the workpiece contour. Such eguipment is currently available
from peening machine manufacturers.

A pertinent point in exarining Task 5 data is that Task 5
duplicated ¢the same intensity at different impact angles. This
required a =manipulation of, and increase in, shot vrlccity at lower
impact angles. In actual production, it is possible te contrcllably
and reproducibly vary media velocity during processing through the use
of closed loop feedback to air pressure, or in the case of wheel type
eguipzment, 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
lewer angle shot impacts will contribute to workpiece ccverage, they
will not cocntribute to workpiece saturation at an intensity specified
within close toclerances and achieved with a 90-degree impact angle.

TASK 6: Determination cf the effect of prening shot btroken particle
content on fatigue life.

GENERAL TRENDS:
There has long been a reccgnized trend of decreasing fatigue life

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




than approximately spherical. It has been addressed for decades in
U.S. miiitary and industry specifications.

This pattern is entirely consistent with the concept of PSEF
being deletericus tc fatigue life. An examination of phctomicrographs
of surfaces peened with varying amounts of broken shot shows that the
cype of surface damage inparted 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, i0i, and 102.

PRACTICAL EFFECTS ON PRODUCTION PROCESSING:

In the real werld of production processing, the control of shot
is one of the mnost important and, concurrently, one of the most
difficuit tas:s in consistently reproducing shot peen process benefit
levels. Ir 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

roxer or deformed shot impact. Peening iras accomplished by a source
approved by the engine manufacturer tc the reguirements of their then
current peening specification.

At the same time, few mnilitary or industry specifications
adeguately address the reguirements for maintaining shet spherocity.
("Quaniification of Shot Peening Process Variables Affecting Workpiece
Performance: Process Controi and Shot Peening Media,™ Reger Simpson
and Robert Garibay, SAE Technical Series Paper 850714). One of the
reasons the authors belisve that this has historically been the case
is that the manufacturers of peening equipment had as their primary

business, the manufacture of blast cleaning eguipment. Aall too often,
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the requirements (and equipaent to meet requirements) for shot
utilized in blast cleaning operations were applied "carte blanche” to
shot peening applications. An exawple of an industry speciflcation
currently in use which m2kes no differentiation between these is SAE

J444a, Cast Shot and Grit Size Specifications for Peening snd

Cleaning. While this trend has significantly improved over the past
several years both in specifications and equipment available on the
market, it remains perhaps the single greatest weakness in =ost of the
shot peening applications the authors have seen. The differentiation
between good shot and bad shot in MIL-S5-13165B and alrmost ali other
specificetions the authors are aware of is completely subjective.
{Figure 7, MIL-S-12165B}. 1In short, it is difficult to do good shot
peening without good peenirng shot, with “good®™ meaning that all shot
in the machine 1is kept as near spherical as possible. An objective
performance specificaticn for determining what are acceptable and what
are unacceptable shot particles is sorely needed.

A logical alternative is cut wire shct cdue to its very high
tensile strength and extremely hign fracture resistance and
durability. The limitation on cut wire shot is that it is relatively
soft due to the relatively iow hardness of cut wire shot necessary to
cut and condition it, The inherent problems in plasticall’s deforaing
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 wiil not do so cn a 58/60 HRC workpiece.

Currenzly the most cost effective alternative for most peening
applications is the rigorous control of cast steel shot quality to

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




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

GENERAL TRENDS:

There was n¢ apparent difference in scatter produced by peening
with either media.

PRACTICAL EFFECTS ON PROLICTION PROCESSING:

The practical effect cn »roduction prccessing is significant when
we consider the fracture rate of glass shot and data from Task 6.
Ciearly, using glass beads in production is less desirable and much
more difficult tc control than using cast steel media and subsegquently
ferrous decontaainating 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 consideracly more expensive than glass and cast steel, has a
considerably lower fracture rate than glass and not as goed as cast
steel.

Stainless cut wire shot has significant potential for non ferrous
workpieces that are as hard or scfter than the shot itself. As
previously stated, while stainless cut wire is expensive, cut wire
shot is by far the =ost durabie shot that can be purchased on the
market today.

TASK 8: Establishing whether increased shot size or a secondary 1iGw
intensity peening affects specimen surface integrity as it
reiates to PSEF size and depth at a given intensity.

GENZRAL TRENDS:

¥hile both the use of iarger shot at a given intensity, and the
use of a second lower intensity peening in addition to, and on top of,

the originali peening results in smaller residual PSEF size than the
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single operation, the depth of PSEF remain unchanged. (See PSEF
identification in the procedures and Figures 164, 105, 109, and
115.)

PRACTICAL EFFECTS ON PRODUCTION PROCESSING:

¥hile the use of larger shot or a second operation can improve
RMS surface finish, it will not improve the basic surface integrity of
the wockpiece. The fatigue results of using larger shot indicate that
the use o0f 1larger shot may actuzlly degrade <fatigue performance.
("Development of a Mathematical Model for Predicting the Percentage
Fatigue Life Increase Resulting from Shot Peened Components - Phase
I," koger Simpson, April, 1985.)

The use of a second peening operation provides much higher
surface residual compressive stresses. The authors assume this to be
the greatest factor in increasing fatigue strength of components
initially peened at relatively higher intensities and subsequently
subjected to a second lower intensity peenirg. In workpieces where
the inherent pre processing surface integrity is poor, and as such the
optimum intensity range is high, a secondary peening operation which
encapsulates surface integrity problems (i.e., machining marks, or
other pre-processing suriace roughness) 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 gquestion the
bernefit that a secondary process would have due to the relatively low

initial optimum intensity range.




7.0 SUMMARY

The information from Task 1 coupled with data produced in Task 4
indicates a relatively high degree of fatigue life sensitivity in some
materials to the level of saturation used in shot peening, certainly
much more than was previously believed.

A general pattern in specimen fatigue life as peening intensity
increased was present across all material types tested ir Task 2
except commerically pure titanium. Wwhile 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 AISl 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 ~an imbed surface flaws in a compressed layer, if these flaws
are suc- .t applied 1loads concentrate stresses at the flaws in
suffici.... 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 residvual tensile
stress zone associated with shot peening.

At intensity levels relatively low compared tc those specified in
military and industry standards, fatigue life peaked for all intensity
conditions tested in polished specimens. At intensity conditions
above the intensity condition or range of conditions, whick produced
the highest fatique life, or optimum intensity range (OIR), specimen
primary crack nucleation became generally external for all material
types tested. These higher than optimum intensity condition specimens
also yielded fatigue life significantly lower than specimens peened at
OIR.
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As intensity increased, PSEF size and depth increased as can be
clearly seen from the photomicrographs of surfaces cross sections for
surfaces peened varying to intensity levels.

For all material types tested, except those where primary crack
nucleation occured at non metallic inclusions, a PSEF was definitely
identified at the primary crack nucleation site in over 90-percent of
specimens peened at intensity conditions above OIR that were subjected
to failure analysis. Of the remaining i0-percent, over 90-percent of
these had a PSEF near enough to the crack site to be potentially
causal to failure, although noct definitely determined as causal to
primary crack nucleation.

In 1less than 1-bercent of these specimens, PSEF were not
identified with primary crack nucleation. These specimens were all in
the intensity condition 3just above OIR where PSEF formations were
smali.

This pattern of internal primary crack nucleation at 1low
intensities and surface primary crack nucleation at higher intensities
is directly opposite of what would be expected if the subsurface
residual tensile stresses in the specimen were the determining factor
in failure mudality. The 1lack of this pattern is »particularly
significant in 1light of the specimens 0.200" gauge section. Clearly
residual tensile stress concentration in the core of the specimen
gauge sections was not a factor in failure modality.

The high degree of association of shot peen frrocess induced
surface damage (in the form of PSEF) with fatigue life failure and
failure modality indicates that this phenomena is of far greater
importance than bhas been indicated in applicable literature in the
past.




The pattern of increase in OIR for varying workpiece surface
conditions in Task 3 1is highly significant in it's ramifications for
process variable 1level 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
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FIGURE 122 - CRACK INITIATION AT PSEF AND SUBSFQUENT
INTERIOR PROPAGATION

cdeformation 1level induced by shot peening increases tc the point that

the process induced surface damage is great enough to dispiace the
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pre-shot peen processing surface integrity anomalies as  the
deterrining factor to primary crack nucleation.

Quite simply, the worse a workpiece's surface integrity is before
shot peening, the higher the OIR will be, with its incipient higher
ievels of beneficial residual compression and detrimental Fprocess
induced surface damage. Until the induced surface damage bescomes the
weakest point in the surface from a fatigue perspective, the damage
induced by the process is benign.

Another significant finding was that the fatigue life of coarser
surfaced specizens peened at their respectively higher OIR was not
significantly different than finely polished specimens peenrned at their
respectively lower QIR.

It is clear that some materials, such as Ti 6A1 4V, can be
extremely sensitive to saturation; and cthers, such as 7075-T73, may
be very insensitive.

Generally, impact angle decrease was associated with decreased
specimen fatigue 1life. This seems logical, if peening specimens at
OIR, since increased =media velocity {(over that used in 90-degree
impact angle) caused PSEF formation such that specimen fatigue 1life
wouid be reduced. A S9-degree impact angle deforms the workpiece
surface by mnoving materiai radially away from the center of the
impact. To achieve the same intensity at 45-degree impact angle,
there 1is a significantly greater unidirectional displacement of
workpiece surface material.

The improved surface finjish realized by using larger shot has
been recognized by U.S. Military specifications for years. Task 8
makes it clear that this is not the case for surface integrity.

This points out the fact that profilometer examination of a




surface 1is insufficient information concerning measurement of changes

in shot peened surface integrity. The authors see no reason to use
larger shot than is necessary. 1In fact, Phase I data indicates that
the opposite may be true.

Note the importance that, in constant amplitude testing of axiail
specimens as in the Phase X1 effort, the hich cycle fatigue life being
measured is a function almost entirely of crack nucleation. Because
~f very rapid crack propzgation, with littie sign of crack growth
arrest, crack propagation was of little importance. While this is
consistent with many actuzl production components, such as automotive
transmission gears, crack growth rates are certainly of great
importance in some transportation vehiIzles, such as aircraft airframe
structural nembers. If the production application test mechcds are
inaced representative of actual production components' physical and
chemical characteristics and operational enviroanment, the regvirements
for ICF and crack propagation are accounted for. The <closer the
testing conditions reproduce the actual operaticnal loads and
environment, the more true this wili be.

Because axial fatigue specimens will show a smalier difference
between the fatique strength of peened and unpeened specinens, vwe
should expect that the fatigue strength improverents in actual
components that experience some type of bending ioad shouid be far
greater than those experienced in this test program. Additionaliy,
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 tc include the effects of broXen
particle conten®t (angular impingements), the effects >f intensity

vocrpeening (PSEF), the effects of saturation overpeening (surface
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strain cracking), and any other surface reliated phenomena.

The Phase IXI effort, while representing a significant milestone
in developsment of a predictive model, dces not provide engineers with
such a predictive systen.

The knowledge gleaned from this prcgram, however, does not leave
the process engineer without methodology for arriving at a peening
process whose variable leveis and tolerances have been selected
through a gquantitative examination of the individual and cumulative
effect o0f process variable action and interaction on the fatigue
behavior of the workpiece in guestion.

While requiring significant expertise and shot peen process
background to perform in the mcst cost effective manner, the iterative
system outlined below can, if impiemented, achieve the production
process benefit level consistency that has been almost totally lacking
for decades in shot peening. It invelves several straightforward
steps. They are as follows:

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

{2) Identify the operating environment that the workpiece in question
will experience in tke area to be peened. This could include:

{a) Ioad
1.

Type
2. Magnitude
3. Freguency
{b} Corrosives
{c} Damage tclerance
1. Pre instaliation tolerance.
2. M¥echanical damage due to ccntact with foreign objects.
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(3)

(4)

(5)

(6)

3. Operat10na1 contact damage with other components in the
equ1pment in which the workp1ece is installed.

4. Mechanical dazage during maintenance onerations.
The need for this information is related to the concept that any
assumed 1level of acceptable operational damage tolerance can be
assumed to change the optimum intensity level in the same wanner
that the coarser pre processing surface finish changed optimun
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 peenirg
machines intended for use during testing are sufficiently tight
to give tre best practicable and clearest, mcst succinct pattern
of fatigue life at different shot peening conditions. See Tabile
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
equiprent will produce. Without using very tight testing
tolerances, ezrcr incumbent in variable tolerances will increase,
and as such, effectively shrink acceptable production tolerance
ranges. This invariably raises the cost of processing
considerably {Pigure 123).
Establish workpiece saturation as a function of Almen saturation.
("A New Concept for defining Optimum Levels of a Critical Shot
Peening Process Variable,* Rcger Simpson, Gordon Chiasson;
Second International Conference on Impact Treatment Processes,
22-26 September, 1986, p. 10i.)
Determine the method cf fatigue testing. Testing is best dore

with actual components. However, in aerospace and many other




(7)
(8)

(9)

(10)

industries, this is prohibitively expensive. Specimens which
most <clearly duplicate the workpiece chemical and paysical
characteristics and operational environment of the workpiece
should be manufactured where actual production compenents cannot
be used. Where possible, load spectrums duplicating the actual
operating environment should be applied.

Establish unpeened control specimen fatigue data.

Manufacture an Almen test fixture which, as accurately as

possible within the 1iimitations inherent in the Almen strip,

represents the workpiece and area to be peened.

Shot peen a nurber of specimens at intensity levels varying from

0.C020A to some level above that specified in current Military

and industry specifications in, 0.0020A to 0.0040A increments.

Froa step 9 data, establish general trends in fatigue life as

intensity increases.

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

(b) When fatigue life has peaked at sume intensity value between
0.0020A and the highest intensity, shot peen several
specimens at intensities above and below the intensity
associated with the highest statistical fatigue 1life in
0.0005A intensity increments to guantitatively define the
exact position of OIR (Optimum Intensity Range) and its

tolerances.

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

similar manner the optimum workpiece saturation level, effect on
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fatigue life of changing impact angle, and other process varicble

tclerance quantitative effects.

(a)

Define the S/N curve for unpeened specimens and specimens at

optimumn intensity and seturation levels.

(12) Production implementation should follow this basic procedure:

Production Processing:

(a)

(b)

Now that an optimum intensity range has been generz :-ed
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 calibrction tolerances of the monitors and
nmeters used for monitoring and controlling  those
critical variables and tailor the optipum intensity
range again to refiect their effect (Figure i23).

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 optimun intensity range which can be reproduced
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on existing equipment so as to insure that processing is

always maintained within acceptable limits.

£< W >
|
——=>] X j<=—" —> X j<=--
i |
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I S |
|=>{ V]<=——- -==>|V |<~| i
I | I B
I i< 4 > | |
| l |
< AILMEN INTENSITY CONTINUUM >
V - ALMEN STRIP CUMULATIVE TOLERANCES
W - OPTIMUM INTENSITY RANGE AS DEFINED BY STEPS 10 AND 11
X - CRITICAL VARIABLE CUMULATIVE TOLERANCES EFFECT ON OPTIMUM
INTENSITY RANGE
Y - CRITICAL VARIABLE PROCESS CONTROLS CALIBRATION TOLERANCES
2 - PRODUCTION INTENSITY RANGE SPECIFICATION

(c)

(d)

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

Design and implement production equipment and process
controls that can gquantitatively reproduce these precess
variakie levels.

Determine what 1level of inherent Almen strip cumulative
tolerances will be specified for production processing.
("The Effect of Inherent Tolerances in the Almen Strip on
Shot Peening Process Reliability,"™ Roger Simpson, Dan Clark,
Gordon Chiasson; Third Intermational Conference on Shot

Peening, 1987) These tolerances should also be removed from
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the acceptable production tolerance range.

(e) Thoroughly educate process engineering personnel, production
supervisors, operators, 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 in single or multiple variable 1levels
will stetistically affect the level of benefit the process
induces in workpieces.

(f) Utilize the information in (a) and (b) to quantitatively
decide disposition of components rejected for out of

tolerance processing.

When approached from the standpoint of scientifically defining
what the shot peen variables are that afifect workpiece performance for
the workpiece in question, and what the correct levels and tolerances
of each variable are such that their net effect on fatique life at the
high and 1low cumulative tolerance levels is to provide the needed
fatigue strength benefits, the shot peening process has an extremely
high benefit/cost ratio. What is left then is to clearly define
process variable tolerance controls and implement the fatigue strength
benefits into the real world of production components.

The need for updated military and industry specifications is
clear in light of the data.

The area of process control is currently seeing some significant
attention in terms of proposed Military and AMS standards.

Of paiticular 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 outline in standards
how to quantitatively ascertain what the right process variable levels
are than to arbitrarily choose to include tables of specified
intensity for no better reason than because they have always been
there. Controlling at very fine tolerances to the wrong nominal level
is, at best problematic. Tighter control is only "good™ if it can be
documented 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 wiless there is hard data to support it. Once that
question is addressed in a quantitative fashion, with quantitative
effects documented for variance in all the critical variables,
implementing process equipment, process controls, and  written
specifications becomes a matter of what benefit levels are desired angd
the cost associated with achieving them.

The real world ramifications for the uase of the methodology
outlined above is the capability %o significantly and reliably
increase the allowabie 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 often elusive. The authors have utilized this methodology
extensively in production appiications and have seen significant 1load
capacity increases on actual production components.

Using this methcdology for applyving shot peening as part of the
original design strength cf a workpiece will probably not be widely
cost effective until a predictive model for optimum process variable

levels and tolerances can be easily 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 compcnent. An engineer
can select the weak points on a component or the weakest components in
a system and upgrade the performance of the whole. This is in
contrast to the large redesign and/or retooling costs that would be
associated with making a basic change in part design, without
acounting for the other associated risks and validation testing costs
incumbent on redesign. While the use of better materials is at times
the most  expeditious cption in increasing allowable 1loads, in
aerospace the very best is often already being used: and in
automotive the cost of using better materials often proves cost
prohibitive.

In cases of applying a fix for an emergency situation that
involves 1little time to retool or reengineer, the methodology
described above is an outstandingly efficient tool to effectively
increase the load carrying capacity of a component. And it can be
done in a matter of a few weeks.

The risks involved in using the shot peen process to deliver some
minimum 1level of benefit, without going through the type of variable
optimum and acceptable tolerance identification methodoliogy outlined
are both large and insidious. Shot peening has 2 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 mrinipum
level of process benefit is required.
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8.0 RZCOMMENDATIONS FOR FURTHER STUDY

The test conditions utilized in Phase I and Phase ITI of this
program were chosen for their capacity to isolate the effects of
process induced surface integrity phenomenz from cother critical
variable actions and interactions on workpiece fatigue strength.
Variables such as notch effect, applied load stress concentration
factors, and process induced residual stress profile are examples.
These other factors, many of which are well documented in technical
literature, are indeed critical variables that nmust be considered when
defining optimum process variable nominal and range values for actual
production component shot peen processing. They can be, however, and
as indicated by the data, inextricably linked with the level of shot
peen process induced surface integrity degradation from any given
level of shot peen processing in their cumulative effects on workpiece
fatigue strength. It is important to note that the authors in no way
suggest using the optimum shot peen process variable values defined
for the test conditions of either Phase I or Phase IT of this program
as universal prescription for intensity optimums on the material types
investigated. The workpiece chemical angd 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 stress
concentration factors, shot peen precess induced residual stress
profile, workpiece material characteristics (such as fracture
toughness and many others), and both pre and post prccess surface
integrity are complex and have yet to be statistically quantified.
While Phase I and Phase II of this research prcgram have added

significantly to the understanding of how process induced surface
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integrity degradation affects workpiece fatigue life, substantially
more data is needed in defining all of the critical variable
relationships ©before these relationships can be predictively
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
> 2cific component shot peen process variable optimization.

The next phase of this research program, well underway at the
tire of the writing of this report, addresses the determination of
optimum shot peen process variable quantitative values when factcring
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 pecn
process variable quantitative values change. It also addresses how
maximum acceptable operational damage tolerance and several other
criteria statistically relate to the whole of workpiece, process, and
loading variables.

Until such time as the data base required to compile the
predictive mathematical model envisioned by this multiphase program is
available, determination of optimum process variable nominal and rarnge
values and the resultant fatigue strength benefits derived for any

given workpiece of given chemical, physical, and operational load
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characteristics can be made only through a battery of iterative
tests which both duplicates the operational load characteristics and
workpiece characteristics for the specific workpiece in question, and
does so for varying quantitative levels of shot peen processing.

An important realization that should be derived from the Phase 1I
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
industrvy specifications 1listing prescribed peening intensity ranges
are clearly inadequate for prescribing shot peen process levels which
can be relied on to consistently produce the desired benefit level on
workpieces of all configurations and loading characteristics. If one
intends to use the shot peen process as a means of reliably
reproducing certain desired 1leveis of workpiece fatigue strength
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 attainakle at both exiremes of cumulative acceptable
process variable tolerance lirmits is technically a much more complex
challenge than the typical military and/or industry specification's
table of prescribed peening intensities would indicate.

An additional area that needs further developzent 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 military and industry specifications.
It is obvious from a simple analysis of cumulative acceptable
tolerances that the Almen test strip's currently acceptable toierances
will exceed the specified intensity ranges in these same
specifications.
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VARIABLE

Almen Strip Hardness Variation
(6HRC)

Aluen Strip Thickness

Almen Strip Flatness

Almen Gauge Mounting Plane

Alpen Gauge Indicator Graduation

CUMULATIVE TOLERANCES

SUMMARY OF MINIMUM CUMULATIVE ARC HEIGHT VARIABILITY

TOLERANCE
+/-0.0005

+/-0.0010
+/-G.0010
+/-0.0620
+/-0.0005

+/-0.0050

OF CURRENTLY ALLOWABLE TOLERANCES IN TYPICAL
U.S5. MILITARY AND INDUSTRY SPECIFICATIONS

A significant improvement in the current Almen test strip system
can be accomplished by merely reducing accejtable 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.




DETERMINATION FOR TITANIUM {C.P.)

APPEXRDIX A

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

MEAN FRACTURE

SPECIMEN SGRFACE
WORKPIECE SATURATIGN
ANGLE OF IMPACT
MAXTMUM STRESS (KSI)

LATHE TURNED & PCLISHED (C)

100%
90 DEGREES
85.3

_ INITIATION
PEENED/ MEDIA CYCLES TC FAILURE X {3 OF SPEC.
|_UNPEENED SI1ZE/TYPE ] (Nf x: 1000, | | _INT. | EBXT
| | {
BASELINE i ! i
| (UNPEENED) N/A | 72, 80, 80, 122, 180, 237 | 129 N/a | N/A
} i
MIi-13/ i i
0.0010A GLASS BEAD 60, 78 | 69 N/A | N/a
1
1
MI1L-13/ !
0.0020A GLASS BEAD 81, 92, 96 90 N/A N/A
| |
| MIL-11/
0.0030A | GLASS BEAD 63, 65, 65 65 N/A N/A
i | |
i MIL-8/ | i
0.0050A | GLASS BEAD | 40, 43, &0 48 | N/a N/A
| |
| MIL-5/ } ! !
0.0120A | GIASS BEAD | 26, 35, 41 34 | N/A | NsA
| i i |
1 ] | | 1 i
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL TITANICM (C.P.) 24/36 HRC, {iOT C-0018)



AP .\
TEQIB e-z
FAT RESULTS VS. SI G PARAMETERS AND FRACTURE ST
DETERMINATION FOR 6AL - 4V TITANIUM
MEAN FRACTURE
_ _ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (¥ OF SPEC.
| CCNDITION SIZE/TYPE | (Nf x 1000) P { INT. ! EXT
l | i
BXSELIRE i ! I
(UNPEENED) N/A 61, 64, 83, 134, 185, 214,] 922 | N/A | N/a
5711 [ 1
{ | I |
| MIL-13/ ]
0.0010A | GLASS BEAD 109, 941 525 | N/A X/2
I |
s-70/ i i
€.0015A CAST STEEL 2031, 2131 2081 | N/A N/A
I ] ] !
| XIL-13/ ] i i
G.0020A GLASS BZAD | 1179, 1471, 2523, 1753, 2010 ! N/A N/A
| 1732, 1856, 3754 i
5-70/ | ! i
0.0025A CAST STEEL 960 N/a | N/A | R/A
| ;
| MIL-11/ i i
0.0030A | GLASS BEAD 113, 1499 I -—— | N/A N/A
i i i R W !
g S-70/ CYPR |
| 0.G030A CAST STELL 19 i | ¥/Aa | N/a
i i i i o 1 !
] | MIL-3/ ] i i !
i 0.0940a GLASS BEAD 118, 6i2, 1193 | 643 | N/A | N/A
I ! i i
| MIL-8/ i ] | i
| 0.0050A GLASS BEAD | 82, 92, 198 | 124 | N/A | N/A
i | i !
I MIL-5/ [ ! i
| 0.0120a GLASS BEAD 19, 34, 26 i 30 | N/A | N/A
| | i I
i I ! i
1 1 i 1 ]
TEST GROUP :  FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL : 6AL - 4V TITANIUM 41/42 HRC (LOT C€-0015)
SPECIMEN SURFACE : i1ATHE TURNED & POLISHED (C}
WORKPIECE SATURATION :  100%
ANGLE OF IMPACT : 90 DEGREES
MAXIMUM STRESS (KSI) : 149

A=2




APPENDIX A

TABLE A-3

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

SPECIMEN SURFaCE
WORKPIECE SATURATION
ANGLE OF IMPACT
MAXTMUM STRESS (KSI)

88 4% 45 5 40 P

LATHE TURNED & POLISHED ()
100%

90 DEGREES

47

MEAN FRACTUPT
_ INITIATION
INTENSITY MEDIA CYCLES TO FATLURE X (£ OF SPEC.
CONDITION | SIZB/TYPE | (Rf x 1600) 1 | INT. | EXT
| i | | i
BASELINE i | |
{UNPEENED) N/A 184, 162, 141, 138, 1i8s6, | 157 | © i 6
129 i | ]
i i | ]
MILI~33/ | | | |
0.0010A | GLASS BEAD 1110, 293, 1235, 947 ] 879 | 2 | N/2
i i | i
MIL-13/ ] i i i
0.0020A GLASS B2AD | 162, 110, 482 i 251 1 2 | 1
| | | i
| MIL-11/ H i | |
} 0.0030A | GIASS BEAD | 1i2, 111, 82 i 102 ] 2 | 1
i ! | i i
i i MIL-8/ i | | i
| 0.0050A GLASS BEAD | 84, 128, 110 | 107 i o | 3
i i | i
| MIL-5/ i | ! |
0.0100A GLASS BEAD | 135, 116, 113 i 121 | © i 3
| | i |
i | MIL-5/ i : | |
0.012CA | GILASS BEAD | 89, 73, 91 i 84 i 0 i 3
i ] i 1 |
MI1-4/ | i i |
0.0140A GLASS BEAD | 69, 94, S2 i 85 | o ! 3
i i i ! |
i ! | | ]
| | i | ! ]
1 B I 1 1 i
TEST GROUP FATIGUE LIFE VERSGS INTENSITY (TASK 2)
MATERIAL 2024-T4 ALUMINUGM 110/119 HBN (LOT C-0001)



SPECIMEN SURFACE
WORKPIECE SATURATION
ARGLE OFf IMPACT
MAXIMUM STRESS (KSI)

LATHE TURNED & POLISHED ()

100%

90 DEGREES

40

A-4

FATIGUE RESULTS VS, INTENSITY, PEENING PARAMETERS AND FRACTURE SITE
DETERMINATION FOR 6061-76 ALUMINUM
MEAN FRACTURE
_ INITIATION
IRTENSITY MEDIA CYCLES TO FAILURE X (§ OF SPEC.
1CONDITIOR | SiZE/TYPE | (N€ x 1000} 1 i INT. | EXT
i i | i
BASELINE i i i 1
(UNPEENED) N/A | 64, 447, 224, 158, 130, | 239 | h/2 | ¥/a
| % L
MIL~13/ i i i
0.0010A GLASS BEAD | 940, 1054, 931, 490, 648] 813 { NJA | N/A
i ] | |
1 MIL-11/ 1 I
| 0.0030A GLASS BEZAD 448, 431, 31cC 396 ! N/A | N/A
i i | |
| MIL-3/ i i | |
| 0.0050A GLASS BEAD 173, 164, 161 | 165 | /A | E/a
| i i
] MIL~-5/ ! | |
| 0.00380A GLASS BEAD 181, 124 153 | /A | N/2
| | |
i | MIL-5/ | ! i
| 0.0100A GLASS BEAD 124, 126, 14 121 | N/A | N/A
i i |
| MIL-5/ | | I
| 0.0120A GLASS BE&D 88, 101, 106, 85, 90, 74| 932 | NJ/A | N/A
| | | i
i Kil~-4/ | ! | |
| 0.0140A GIASS BEAD | 124, 118, 77 | 106 | H/Aa | K/A
i I ! | i
| l | | |
i i | i i
i | ! | 1
TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASE 2)
MATERIAL : 6061-T6 ALUMINUM 93/iG0 s (LOT C-0G03)




APPENDIX A

TABLE A-5
FATIGUE RESULTS VERSUS INTENSITY AND PEENING PARAXETERS FOR 7075-T€ ALUMING
PHASE I
MEAN FRACTUKE
: INITIATIO
INTENSITY MEDIA CYCLES TO FAILURE X (3 OF SPE
| CONDITION | TYPE 1 (Hf x 1009) 1 | INT. | EXT
! | i | i |
| BASELINE i i | i
| (ONPEENED); N/A i 111, 359, 154, 252 | 229y o | 3
| R
0.0010A GIASS BEAD | 628, 702, 654, 612, ] 650 1 | ©
i | 649, 729, 577 i |
i I | i
| 0.0030A | GLASS BEAD | 777, 847, 795, 632, i 694! 0 ; 0
| 670, 716, 633, 569, i ] i
i | : °o7 ’ ! }
]
| 0.0050A | GLASS BEAD | 691, 699, 553, 601, 507} 0 | ¢
i i | 639, 653, 616, 338, i i i
oo | ol
i
| 0.0070A ! GLASS BEAD | 470, 591, 527, 532, { 560] 0 | 2
; i i 573, 616 ] i i
| ] | i l
| 0.008D0A ! GLASS BEAD | 551, 597, 622, 606, | 558y ¢ | 1
| i | 533, 574, 567, 460, ! i i
| | | > Lo
| 0.0110A | GLASS BEAD | 477, 609, 592, 555, 1550y 0 | 3
i i | 575, 535, 504 { ] i
| i i | i i
i 0.0130A | GLASS BEAD | 538, 566, 466 | 523] 2 | 12
| | i | | i
i i i i i !
| 0.01502 | GLASS BEAD | 516, 454, 498 ] 48] 1 | 2
] i i i | |
i 1 i | | i
| 0.02002a | GLASS BEAD | 406, 261, 193 | 287{ 0 | 2
i ! ] i i i
MATERIAL : 7075-T6
SPECIMEN SURFACE : LATHE TURNED AND POLISHED
WORKPIECE SATURATION : 100%
ANGLE OF IMPACT : 90 DEGREES
MAXIMUM STRESS (KSI) : 58 KsI
GAGE SECTION DIA. : 0.375"




AB =6

S VS. S G P AND FRACTURE SI
DETERMINATION FOR 7075-T6 ALUMINUM
MEAN FRACTURE
— INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X {# OF SPEC.
] TION SIZE/TYPE | _(Nf x 1000} i | INT. | EXT
| | | i
BASELINE ] i i i
(UNPEENED) N/A | 84, 99, 82, 217, 197, 93 | 329 | N/A | N/A
| ] ! !
MIL-13/ i i I
0.0010A GLASS BEAD | 298, 275, 360, 323, 357, | 333 | N/A N/2A
| 383 i |
MIi~-11/ | i ! i
0.0030A GLASS BEAD | 253, 257, 206 | 239 | N/A N/
| i !
I i H
: ! i I
l i i !
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL 7075-T6 ALUMINUM 143 HBN (ILOT C-0002)

SPECIMEN SURFACE
WORKKPIECE SATURATION
ANGLE OF IMPACT
MAXTMUM STRESS (KS3I)

o8 00 00 00 00 0

LATHE TURNED & POLISHED (C)
100%

9C DEGREES

58




APPENDIX A

TABLE A-7

FIrIGUE _RESULTS VS. INTENSITY, PEENING PARAMETERS AND FRACTURE SITE
DETERMINATION FOR 7075~-T73 AIIDMINUM
WEIBULL MEAR FRACTUR
_ INITIATI
INTENSITY MEDIA CYCLES TO FAILURE W X {§ OF SPE
CONDITICN | SIZE/TYPE | (Nf x 310C0} | i 1 INT. | EX
i i i i i
BASELINE i | § i |
(UNPEENED) | N/A | 66, 24, 34, 1i2, 47 | 4.373 | 57 | N/JA | 5
1 | H i i i
i S-70/ : ; i | 1
i 0.0010A | CAST STEEL | 1275, 1544, 29, 1i424,}{ N/A | 1102 | 1 i 4
| | 1zae T
{ s-70/ { 2805, 1811,2093,2176,] 291 | 1800 | i
i 0.0020A | CAST STEEL | 1822, 1096 i ] | 7 { ©
i | | | | | i
i i s-70/ i 346, 323, 1348, 1463,] 43 i 727 | }
] 0.0040A | CAST STEEL | 588, 120, 141, 1489 | I i 5 | 3
i i i ! ! i |
| i s-70/ i i | i |
{ G.0060A | CTAST STEEL | 137, 128, 118, 116, } 77 | 130§ © ] 7
i i j 107, 105, 196 H i ] ]
| i i | ] i |
| ! S-70/ | i ] i |
| 0.008B0A | CAST STEEL | 95, 131, 105, 88,126, | 67 ] 02 ] O ] 8
: | | 89, 81, 104 i i ! i
| i i | | i |
] i S=70/ ! | i i |
! 6.010CA | CAST STEEL § 62, 91, 98, 101, 91, | 27 | x| O ! 8
i | i 104, 68, 109 | i i i
| i i | i ! |
i | S-70/ i i | | |
| 0.0140A | CAST STEEL | 93, 112, 37, 112,120, 8 1 88 I O ] 8
i i | 94, 46, 86 | { ] |
| | | ] ] ] i
i ] | | | i |
i i i i ] i |
TEST GROUP: FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL 7075-T73 ALUMINUGM 136 HBR (10T C-0030)

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

80 06 00 40 00

LATHE TURNED & POLISHED (C)

100%

90 DEGREES

50




APPENDIX A

TABIE A-8

FATIGUE RESULTS VS. INTENSITY, PEENTING PARAMETERS AND FRACTURE SITE

DETERMINATION FOR 4340 ATRMELT STEEL 20/25 HRC

MEAN FRACTURE
_ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (§# OF SPEC.
JCONDITION | SIZE/TYPE ] {Nf x 1000) ] | INT. j EXT
i | | |
BASELINE | i | |
{UNPEENED) | N/A { 325, 277, 175, 189, 272, | 237 1 o | @
i | 182 | ]
i s-70/ | | |
0.0020A | CAST STEEL | 118, 48 i 83 | © | 2
| | i | i
| s-70/ | H |
0.003CA | CAST STEEL | 345, 218, 659, 372, {R/0)| 399 { © 4
| | i | |
i s-70/ i ] | |
0.0035A | CAST STEEL | 444, 425, 145 i 338 1 0 i 2
| i | !
| s-70/ i 484, 438, (R/0), 887,408; 1
0.0040A | CAST STEEL | 915 ! 626 i 1 | 4
| | i ! i
i | s-70/ | i | i
| 0O.0045A | CAST STEEL | 498, 493, 333, i 441 i O ! 3
i | | | ! |
| _ | s-70/ ! ] | |
| 0O.0050A | CAST STEEL | 640 i N/A | o i 1
| | | i i ]
! ! s-70/ i ! i |
| 0.0060A | CAST STEEL | 130, 102, 356 (R/C), i 196 | o ! 3
| | | | |
| s=70/ | i ] H
0.0075A | CAST STEEL | 452, 556 | 504 1 o | 2
| i ] | |
| | s-70/ o ] i ]
| 0.0090A | CAST STEEL | (R/0), 240 i N/A | © | 2
| | | i |
| S-70/ | | | i
| 0.0100A | CAST STEEL | 639, 543, 827 i 670 | © i 3
] ] i | i
| S-1lo0/ | | i !
0.0i10A | CAST STEEL | 106, 131 i 1319 | o | 2
| | i | |
| S-1i0/ | | ] i
{ 0.0120A | CAST STEEL | 141, 176, 236 l 184 1 © ] 3
{ | i i i i
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERTIAL 4340 AIRMELT STEEL 20/25 HRC (LOT C-0006)

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

08 00 08 40 b0 b0

GROUND AND POLISHED {(C)

100%
90 DEGREES
102

A-8




4

MEAN FRACTUGRE

_ INITIATION

ANTENSITY MEDIA CYCLES TO FAILURE X {2 OF SPEC.

JCONDITION | SIZE/TYPE { (Nf x 1000) | | INT. | EXT
| i | | |
BASELINE | i i i i

{ONPEENED) | N/A H 169, 2135, 103, 103 } 128 { (8] j 4
| i l | |
| s-70/ ] | | |

0.0030A | <CAST STEEi: | 108, 113, 77 ! 89 ] © i 3
| i 1 | |
| s-70/ i | | |

0.0035A | CAST STEEL | 351, 697, (R/0O) | 524 ! 1 i 1
I | i [ |
| s-70/ | | | i

0.0040A | CAST STEEL | 28C, 249, 358 ] 256 1o ] 3
| | | l |
| s-70/ | | l |

0.0045A | CAST STEEL | {R/0), 3336 | N/A | 1 ] O
| i I | |
i S-79/ | i | l

0.0050A | CAST STEEL | 880, (R/C) | XN/A i 1 |] ©
z ] | | |
| s-70/ | | l |

0.G0O55A | CAST STEEL | 136, 196 ] 166 i O | 2
! l | | |
| S-70/ | 75, 2112, 219, (R/0) | i529 | i

G.0060A | CAST STEEL | {R/0), 3710 | i 2 i 2
i ! 1 | |
| s-70/ l | | :

0.0085A | CAST STEEL | 107, 176, 277 i 187 ] O i 3
i i | | ;
i S-70/ | | i |

0.0070A | CAST STEEL | 120, 136 i 128 ] O | 2
| ] : i |
I s-70/ i 1 | 1

0.0075A | CAST STEEL | 378, 205 ] 292 ] O | -
1 | | ; i
| s-70/ | i 1 |

0.0G30A | CAST STEEL | 52, 68, 94 | 71 | o | 3
| i | i 1
i S-110/ | ; | i

0.0120A | CAST STEEL | 118, 88, 77 i c4 ] O ] 3
i 1 i H l
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APPENDIX A

TABLE A-9

FATIGUE RESULTS VERSUS INTENSITY, PEENTING PARAMETERS AND FRACTURE

SITE DETEPMINATION FOR 4340 ATRMELT STEEL 34/36 HRC

TEST GROUP
MATERIAL
SPECIMEN SURFACE
WORKPIECE SATURATIOR
ANGLE OF IMPACLT
MAXTMUM STRESS (KSIi}

ioos

8 44 88 4 84 o0

140
A-9

90 DEGREES

FATIGUE LIFE VERSUS INTENSITY (TASK 2)
4340 AIRMELT STEEL 34/36 HRC {1OT <-0007)
GROUND & POLISHED (L)




APPENDIX A

TABIE A-10
F, GUE RESULTS VERSUS INTENSITY G_P. AND FRACTURE ST
DETERMINATION FOR 4340 ATRMELT STEEL £0/42 HRC
MEAN FRACTCRE
_ INITIATICH
INTENSITY MEDIA CICLES TO FAIIURE X {$# OF SPEC.
ND ON SIZE/TVPE i {Nf x 15C0) i { INT. | EXT
| i i } ! !
{ BASELINE | { | H !
| (ONPEENED) | w/A i 241, 143, 93 iy 188 1 ¢ i 3
| | ! i | |
| i s-7¢/ i 661, 787, 478, (R/0), H { H
i 0.0030A i CAST STEEL |} {R/2), 1237 i 783 i 3 i 1
! i i ] i i
| | Ss-70/ i (R/C), {R/0), {R/0O) i HW/A | |
i 0.0035A i CAST STEEL. | {R/0). {(R/0), 1133 ] } N/A | ’/A
! ) ! i i i
| Ss-7¢7 i {(R/0), (R/C}, (R/O) | K/A | |
0.0040A |{ CAST STEEL | {R/C), (R/O), (R/0)} | i N/JA | K/A
i i i i |
i S=-78/ { (R/0}, 968, (R/0), 1393 11812 } i
0.0045A | CAST STEEL | (R/O}, (R/O) i I 1 | N/A
H i i | i
l ! 8-70/ i 463: (R/O)t (R/O), ; 300 ! i
] O.0050A | CAST STEERL |} {R/0}, 137 H | /A | 1
i | i i H ]
] i S-70/ i { 906 | i
] 0.0055A | €287 STEZL. | 1143, 419, 971, 535, 1464 | ] 4 ] 32
i i i | ! i
| | S-70/ { 2084, 1594, 1980, {(R/0j, | 1467 H i
] 0.0060A i CAST STEEL | (R/0), (R/Q), 209 i i 2 i 1
] : i i i i
| i S-=7¢/ | | | i
] 0.0065A H CAST STEEL | 155, 89S, 520, 144, 2065 | 757 i 3 | 2
i i i | i i
! | s-70/ ] ! | i
i 0.0070A 1 C2aST STEEL | {R/0), 67, ¢9, 2936, 77 i 795 | R/A | 2
i i ! i i |
| i S-79/ i | l i
| 0.0075A | CAST STEEL | 1601, (R/O) i N/a § N/A | 1
| | i i | |
] | 3-70/ ] | | i
i 0.0080A | CAST STEEL | 281, 329 | 305 | 1 | Nya
| ] i | | i
i | S-70/ i ] | i
] 0.0090A ! CAST STEEL | 566, 265, 47 } 293 | O ] 3
1 | z | : i
| i S-110/ ] i | ]
] 0.0120A | CAST STEEL | 102, 526, 337 ] 322 I O i 3
H i 1 i | 1
TEST GROUP FPATIGUE LIPE VERSUS INTENSITY {(TASK 2)
MATERIAL 4340 ATRMELT STEZSL, 40/42 ©#RC (10T C-0D20)

SPECI¥MEN SURFACE

WORKPIECE SATURATION

ANCGLE COF I¥PACT

MAXIMUM STRESS (KSI)

60 08 28 40 00 ¥

GRCGUND & POLISHED (L)

1003
90 DEGREES
155

A-10
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TABIE A-3i]

FATIGUE RESULTS VERSUS INTENSITY, PEENING DPARAMETERS AND FRACTURE
SITE DETERMINATION FOR 4340 ATRMELT STEEL 48/50 HRC

MEAN FRACTURE
_ INITIATION
INTENSITY ¥EDIA CYCLES TO FAILURE X {# OF SPEC
|CONDITION | SIZE/TYPE | (Nf x 1000) { | INT. ! EXT
! ! ! i i
| BASELINE | ! i i I
i (CNPEENED) | N/2a | 61, 97, 46, 48, 70, 93, |j 76 } o0 i 7
! | i 106 ! i i
| S=70/ i | | |
0.0030A | CAST STEEL | 337, 754, 408 i 500 | 1 { z
i | i i !
i S-70/ i | ! I
0.0060A | CAST STEEL | 267, 574, 413 I 418 | 2 | 1
| | | i |
| S-70/ ! | i I
0.0065A | CAST STEEL | 441, 261 I 353 | 1 | 1
] | I 1 i !
I S-70/ | | i !
0.007CA | <CAST STEEL | 1164, 436, 304 | 633 | 2 | 1
! I | i i I
| i s-70/ | 1138, 982, 804, 2047, | ! i
| 0.0075A | CAST STEEL | 203, 364, 476 ! 859 | 4 | 3
| ! i l I i
I | s-70/ 1 934, 495, 225, 478,1037, | ! i
| 0.0080A | CAST STEEL | 311, 791, 719, 795, 1 726 | 7 | 6
I I | 758, 685, 10i3, 1113 i ] I
i | S-70/ i ! ! i
| 0.0085A | CAST STEEL | 590, 629, 370, 122, 743 1 491 | 3 | 2
i I ! ] I |
| I S-70/ i : i i
| 6.00904 | CAST STEEL | 649, 191, 702, 536 I 520 | 2 | 2
| ! | I i i
i I S=70/ | i i i
| 0.0095A | CAST STEEL | 324, 269, 314, 238 ! 286 ! 2 i 2
i ! ! i ; i
I I S5-110/ ! i i i
| 0.0105A | CAST STEEL | 593, 388 ] 492 1 o | 2
| ! i ! ! |
! }  S-110/ ! i | !
! 0.0120A | CAST STEEL | 175, 326, 522, 473 i 374§ 3} 1
] i 1 i ! i
TEST GROUP FATIGUE LIFE VERSUS INTENSITY (TASK 2)
MATERIAL 4340 ATRMELT STEEL 48/50 HRC (LOT C-0021)

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

GROUKD AND POLISHED (L)
100%

90 DEGREES

170

08 40 00 00 00 0o

A-11
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TABLE A-12

FATIGUE RESULTS VERSUS INTENSITY, PEENING PARAMETERS AND FRACTURE SITE

DETERMINATION FCR 4340 VACUUM ARC REMELT STEEL 48/50 HRC

WEIBULL MEAN FRACTURE

_ INITIATION
INTERSITY MEDIA CYCLES TO FAILURE W X (§ OF SPEC.
1 CONDITION s SIZE/TYPE i (Nf x 1000) | I | INT. | EXT
! i | ] ! i
{ BASELINE ! { | ! i i
(ONPEENED) | N/A { 27, 35, 40, 41, | 7 1 41} O | 6
! | o0 i % ; i
]
I s-70/ | 1375, 1509, 10655, | 267 | 1359 | !
0.0020A | CAST STEEL | 2033, 644, 1910, i i | 7 | o
! i 985 i i | i
! | | i | |
i | s-70/ 100, §75, 751, 6,] 30 | 473 | |
{ 0.0040A | CAST STEEL 1187 176 157, 1 3 i | 4 | 4
i | | | |
| s-70/ | i | |
0.0060A | CAST STEEL | 72, 326, 68, 68,44, | 26 | 101§ O I 8
; i 71. 62. 97 I | ! i
| Ss-70/ | | | i
0.0080A | CAST STEEL 74, 65, 62, 68, 90, | 26 | 71{ 0O | 8
] ] | 102 54. 18 ! | | |
| s-70/ i ] | i |
0.0100A | CAST STEEL | 58, 62, 56, 28, 58, | 17 | 52 ] O | 8
| i I 58. 55. 43 | | | |
| { S-1i0/ | ] ] i !
{ 0.01204 | CAST STEEL | 57, 1¢, 57, 34, 80,] N/A | 50 ] 0 | 8
| | | 52, 52, 50 i | | ]
i | s-1i1qy | | | | |
| 0.0140A | CAST STEEL | 40, 62, 44 | N/a | 49 | © | 3
! i | | | | |
1 i | | ] I i
TEST GROUP : FATIGUE LIFE VERSUS INTENSITY (TASK 2)
KATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC

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

e 00 00 00

(LOT C-0028)
GROUND

100%

90 DEGREES
195

A-12

A}
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TABLE A-13

FATIGUE RESULTS VS. STRESS, PEENTNG PARAMETERS AND FRACTURE SITE

EETERMINATYION FOR 7075-T73 ALUMINOM

MAXIMUM 3% OF

MEAN FRACTURE

SPECIMEN STRESS ¢ BASELINE CYCLES TO FAILURE _ INITIATION
s STATUS | (KSI) | STRESS | (Nf x 1000) | X (% OF SPEC.
; PEENED i 60 120 } 46, 39 } 43 § N/Aa ; N/A §
CONTROL | 60 § 120 % 29, 21 } 25 ; N/2a ; N/A {
PEENED ; 57.5 115 } 64, 94 } 79 i N/Aa § N/A ;
CONTROL 5 57.5 115 ; 34, 35 i 35 | N/A l N/A §
PEENED ; 55 110 { 309, 212, 268 } 263 ! N/A ; N/A §
CONTROL } 55 | 110 ! 36, 39, 72, 37 ; 48 N/A } N/A §
PEENED ; 52.5 { 105 } 718, 514 { 616 i N/A } N/A :
CONTROL i 52.5 g 105 { 241, 158 { 200 { N/a i N/A i
PEENED % 50 i 100 } 2805, 1811, 2093, 1176 %1741 i N/A ; N/n {
i | | | 1385, 1822, 1096 i | i I
CONTROL ; 50 ; 100 i 66, 24, 34, 1i2, 47 } 57 % N/A i N/A }
| PEENED % 47.5 § 95 | 1486 1222 §1354 } N/A i /A {
| CONTROL § 47.5 ; 95 § 4EQ i N/A % N/A { N/A }
CONTROL % 47 i 95 ; 61, 209, 398 § 223 % N/A % N/A %
| PEENED ; 45 % 90 ; 3068, 107, {1713 f N/A % N/A §
CONTROL { 45 } 90 % 156G, 894, 1195 % 746 ; N/A ; N/A §
} PEENED } 42.5 } 85 { 3333 % N/A ; N/A } N/A }
CONTROL ; 42.5 i 85 ; 229, 368 } 299 | N/a { N/A }
’ ; CONTROL ; 40 } 80 ; 4608 i N/a } N/A } N/A ;
] 1 | | | 1 1 i

. TEST GROUP FATIGUE LIFE VERSUS STRESS (TASK 2 - S/K)

MATERIAL 7075-T73 ALUMINUM 136 HBN (LOT C-0030)

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

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

S-70 CAST STEEL
90 DEGREES

A-13
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TABLE A-14
FATIGUE RESULTS VS. STRESS, PEENING PARAMETERS AND FRACTURE SITE
DETERMINATION FOR 4340 AIRMELT STEEL 48/50 HRC
MEAN FRACTURE
MAXTMUM $ OF _  INITIATION
SPECIMEN STRESS BASELINE CYCLES TO FAILURE X (# OF SPEC.
STATUS | (KSI) | STRESS | (Nf x 1000) I | INT. | EXT
| | I | |
PEEWNED 2i2.5 ; 125 ; 29 } N/A{ N/A } N/A
' CONTROL 212.5 } 125 } 16, 17 % 17} N/A l N/A
PEENED 204 § 120 } 40, S50 { 45} N/A | N/A
CONTROL } 204 { 120 % 40, 47 } 44; N/A | N/A
PEENED i 195.5 ; 115 § 45, 103 } 74} N/A | N/A
CONTROL 195.5 % 115 l 21, 1006 ; 514} N/A l N/A
PEENED | 187 { 110 | 143, 145 } 144} N/A | H/A
CONTROL ! 187 % 110 l 52, 54 } 53{ N/A { N/A
PEENED | 178.5 { 105 267, 279, 130, 227 i 226% N/A = N/A
CONTROL { 178.5 } 105 i 137, 211 } 174% N/A ; N/A
PEENED 170 } 100 } (R/0), (R/0) , 26, }2089} N/A ; K/A
| i | (R/0),291,7784,185 { i i
CONTROL i 170 % 150 { 108, 145 } 127{ N/A i N/A
PEENED 161.5 ; 95 { 6402 (R/O) { N/A{ N/A } N/2
i CONTROL ; 161.5 } 95 ; 294, (R/O) ; N/A} N/A ; N/A
PEENED { 153 i 90 } (R/0) (R/0) % N/A} N/A } N/A
| CONTROL i 153 i 90 } 1010, (R/O) { N/A} N/A i N/A
PEENED } 144.5 ; 85 ; (R/0) (R/O) } N/A} N/A } R/A
CONTROL { 144.5 } 85 ; (R/0) } N/A; N/2 3 N/A
1 i | i | | i
TEST GROUP FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N)

MATERIAL

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

90 60 00 0 00 00 0

4340 ATIRMELT STEEL 48/50 HRC (LOT C-0025)
GROUND & POLISHED

0.0080A (OPTIMUM PER TASK 2}

1003 (OPTIMUM PER TASK 4)

S-70 CAST STEEL

90 DEGREES

A-14
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TABLE A-i5

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

MEAN FRACTUKE

MAXTMUM $ OF X  INITIATION
SPECIMEE STRESS BASELINE CYCLES TO FAILURE X (# OF SPEC.
i STATGS | (RSI) | STRESS | (Nf x 1000) 1 { INT. | EXT
i | | i ] | |
| i | i | i
| PEENED | 215 110 | 41, 39, 35 | 38| N/A | N/A
: | i i | i
PEENED | 205 105 | 410, 462, 216, 111 | 300] N/A | N/A
| | i l |
CONTROL | 204 104.5 | 25 | N/JA] N/A | N/A
i | | i |
PEENED | 195 100 | 1375, 1509, 1055, [1362] N/A | N/A
! g | 285, 2033, 1910, 664 | | I
! | | | |
| CONTROL | 195 | 100 | 27, 35, 40, 41, 50, | 411 N/A | N/A
I | | | 51 | i |
| | | | I | |
| CONTROL | 191 | 98 | 1814 | N/JA] N/A | N/A
i | | | | | |
| CONTROL | 187 | 96 1 65, 4€, 35, (R/O) | 49] N/A | N/A
| | | | O R
| PEENED | 186 | 95.5 | 1895, 1071 |1483| K/A | N/A
| l | ] ¢ | |
| CONTROL | 183.6 | 94 | (R/O) { N/A| N/A | B/a
| | | | i | |
| CONTROL | 182.75 | 93.5 | 49, 2309 11169] N/A | N/A
| | | | | | i
| PEENED | 175 | 89.5 | 1269, 5199, 6266, [3819] N/A | N/A
| | | | R
| CONTROL. | 175 | 89.5 | (R/0O) 169, (R/O) | N/A] N/a | N/A
| i ! | | | |
| CONTROL | 170 | 87 | 686, 565, 338, | 530] N/A | N/A
| | | | e R
| CONTROL | 166 | 85 | 95, 208, (R/O) 11643] N/A | N/A
| ] ! | 6083, 18 | | |
| i i | I | i
TEST GROUP FATIGUE LIFE VERSUS STRESS (TASK 2 - S/N)
MATERTAL 4340 VACUGM ARC REMELT STEEL 48/50 HRC

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

40 40

00 00 90 4

GROUND

0.002CA (OFTIMUM PER TASK 2)

100% (OPTIMUM PER TASK 4)
S-70 CAST STEEL
90 DEGREES

A-15
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TABLE A-16
PATIGUE RESULTS VS. INTENSITY VS, PREZEENING SURFACE CONDITION, PEERING !
PARAMETERS AND FRACTURZ SITE DETERMINATION FOR 7075-T6& ALUMINGM
WEIBULL MEAN FRACTURE ¢
_ INITIATION
INTSNSITY MEDIA CYCLES TO FAILURE W X (F# OF SPEC.
NDITION SIZE/TYPE (Nf x_1000) ! | ; INT. | EXT
{ |
BASELINE | | i |
{ (UNPEENZD) /A 57, 47, 2°, 24 I N/A | 39; o | 6
i ] |
l i S=-70/ ! ] i
0.0020A | CAST STEEL 281, 183, 105, 232, ! 22 | 256] 6 0
439, 295 i | i |
S-70/ | ] | ]
0.004CA CAST STEEL 387, 197, 338, 242, 68 | 310 6 | O
362, 313 i | I
| s-70/ | | ] |
{ 0.0060A CAST STEEL 285, 242, 265, 146, : 77 | 252 2 | 4
i 92, 1 | | | |
S-76/ | | ! |
0.0080A CAST STEEL ! 95, 85, 130, 82, 99, 50> | 101] 0 | 6
118 | H l |
| | i
i | |
i L ] i ! 1
TEST GRCUP : FATIGUE LIFE VEKSUS INTENSITY (TASK 3)
MATERIAL : 7075-T6 ALUMINUM 143 HEBN (LOT C-0002)
SPECIXEN SURFACE : LATHE TURNED
KORKPIPCE SATGRATION :  100%
ANGIE OF IHPACT : 90 DEGREES
MAXIMUM STR®C: (KSI) : 58

A-16
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TABLE A-17

FATIGUE RESULTS VS. WORKPIECE SATURATION, PEENING PARAMETERS AND FRACTURE
SITE DETEPMIRATION OF TITANTUM 6AI~4V

MEAN FRACTURE

: _ INITIATION
SPECIMEN WORKPIECE CYCLES TC FAILURE X (& OF SPEC.
| STATUS | SATURATICHN | (Nf x 1000) ! i INT. | EXT
| | L1
CONTROL | N/A i &1, 64, 83, 134, 185. 214, | 922 | N/A | N/A
; o .
PEENED | 90% | 4753, 4574, 24 13117 | N/A | N/A
I i i i i
| PEENED | 100% | 1179, 1471, 2523, 1753, {2010 | N/A | N/A
i : | 3754, 1732, 1656 i i 1
| | | | i i
j PEENED | 125% | 1648, 586, 415 | 883 | N/JA | N/A
| | | | ] i
{ PEENED | 150% | 19067, 188, 217 I 491 | N/A | N/A
| i | | i i
{ PEENED | 175% | 1380, 1858, 65 11101 | N/A | N/A
i | ] H | i
{ PEENED | 200% | 138, 580, 1685 | 801 | N/A | N/A
i | | i | :
i i ! | | i
| | ! i ! |
l ! ! 1 ! ]
TEST GROUP FATISUE ~*PE VERSUS WORKPIECE SATURATICN (TASK 4}
MATERIAL 6AL~4Y NIUM 41/42 HRC (IOT C-0015)

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXTMUM STRESS (KSI)

IATHE T <D AND POLISHED (C)
0.0020A (.~-TIMUM PER TASK 2)
MIL-13 GLASS BEAD

90 DEGREES

140

40 00 20 0% 00 00 00




APP IX A
TABLE A-18
FATIGUE RESULTS VERSUS WORKPIECE SATURATION, PEENING PARAMETERS AND

FRACTURE SITE DETERMIRATION OF 2024-T4 ALUMINUM

MEAN FRACTURE
_ INITIATICN
SPECIMEN WORKPIECE CYCLES TO FAIILURE X (§ OF SPEC.
1 _STATUS i SATURATION | (Kf x 1000) i | INT. | EXT
! ! | i l
{ CONTROL N/A | 184, 162, 141, 138, 186, | 157 i o | s
| | I
PEENED 20% i 125, 133, 37 i 98 i 3 1 o
i | i
PEENED i00% 1235, 247, 1110, 293 i 896 ! 5 | N/a
! i |
PEENED 200% 496, 1009, 1212 | 906 { 3 | o
| | | i
PEENED 250% | 929, 922, 1256, 120, 355,| 454 i 3 | N/2
! 188, 73, 95, 82 i i |
1 i ] i ! i
| PEENED | 3062 i 316, 1205, 16S, 52, 46, i 309 i 6 | o
| 66 ! ; |
] i ! i
PEENED 350% | 358, 130, 94 i o4 ! R/A | K/aA
i ! ! i i
PERNED | 400% i 79. 103, 138 i 107 { 3 i o
| i i ! | i
i} i | i { i
TEST GROUP PATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK %)
MATERTAL 2024-T4 ALUMINUM 1007112 HBN (LOT C-0001)

SPECIFEN SURFACE
ALMEN INTENSITY
MEDIA SIZR/IYPE
AXGLE OF IMPACT

MAXIMUM STRESS (XSI)

LATHE TURNED & POLISHED (C)
0.C016A (OPTIMUM PER TASK 2)
MIi~13 GLASS BEAD

90 PEGREES

47

SO 00 00 00 06 04 e

A-18
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TA3LE A-19
FATIGUE RESULTS VS. WORKPIECE S5° "URATION, PEENING PARAMETERS AND FRACTURE

SITE DETERMINATICN CF 6061-T6 ALUMINUM

MEAN FRACTURE
_ INTITATION
SPECIMEN  WORKPIECE CYCLES TO FAILURE X (§# OF SPEC.
] STATUS | SATURATION | (Hf x 1000) 1 | INT. | EXT
I i I l
CONTROL | N/A | 64, 447, 224, 158, 130 412] 2339 | N/A | N/A
! ! I
PEENED | 80% | 90, 468, 440 333 | N/Aa | N/A
I I i
| PEENED | 90% i 983, 939, 1021, 399, 374, | 739 | N/A | W/A
I I | 719 ] :
i I I I
| PEENED ! 100% | 490, 648, 94c, 1054, 931 813 | N/A | ¥/2
i I ! i
1
PEENED | 200% i 560, 109, 239 | 303 | H/A | N/A
i I I i !
| PEENED | 250% | 131, 213, 150, 72, 57, 644] 211 | N/A | N/A
i : I | ] !
| PEENED { 300% { 180, 937, 68 | 395 | N/A | N/A
I ! ! | l
i PEENED | 350% | 136, 146, 361 | 214 | N/A | N/a
l ! | I l i
] ! ! | I !
] 1 i 1 i i
TEST GROUP : FATIGUE LIFE VERSUS WORKPIECE SATUPATION (TASK 4)
MATERIAL : 6061-T6 RLUMINCM 93/10C HBN {1OT C-C003)

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

¥AXTMUM STRESS (KSI)

a0 60 40 00 00 00 0

IATHE TURKED & POLISHED (C)
0.0C010A (OPTIMUK PER TASK 2)
MII~13 GLASS BEAD

80 DEGREES

40

A-19
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TABLE A-20
FATIGUE RESULTS VS. WORKPTECE SATURATION, PEENING PARAMETELRS AND FRACTURE )

SITE DETERMINATION OF 7076-T6 ALUMINUM

WEIBULI MEAN FRACTURE

_ INTITATION
SPECIMEN WORKPIECE CYCLES TC FAILURE W X {§ OF SPEC.)
| STATUS jSATURATIOE| _ (Nf x 10G0) H | | INT. | EXT.|
- N
COKTROL| N/A 84, 99, 82, 217, 197, 93] /A | 129} N/A N/A |
| i i
PEENED ! 80% ] 229, 297, 392 B/n | 306] N/& | N/A |
O | H I 1 !
| PEENED | 90% | 241, 238, 291 N/A | 290| H/A N/A |
H i |
PEBEK=zv» | 100% 298, 275, 360, 323, 357,| 120 , 333] N/2 N/a |
§ { 383 ; } i I
PEENED | 150% 338, 331, 319, 308, 284,] 126 | 318] N/A N/2
i ! 373, 276 i ! ]
I |
PEENED | 200% | 295. 354, 337, 348, 285,] 129 | 307] NJA | N/A |
| § 234 ; ;
i
PEENED | 250% | 223, 220, 392 i H/A | 278] NfA 1 M/A
| | S I A
| i | | i 1
! 1 } 1 | i
TEST GROUP FATIGGE LIFE VERSUS WOREPIiECE SATURATION (TASK 4)
MATERIAL 7075-T6 RLUMINUM 143 HEN (ILOT C-2002)

SPECIMEN SURFACE
ALMEN INTENSITY
MEDIA SIiZE/TYPE
ANGLE OF IMPACT

MAXTMUM STRESS (¥SI)

LATRE TURNED & POLISHED (C)
0.0CG10A (OPTIMUM PER TASK 2)
MIL-13 GLASS BEAD

¢0 DEGREES

58

0 44 04 80 00 00 00

A-26
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TABLE A-21

FATIGUE RESULTS VERSUS WORKPIECE SATURATION, PEENING PARAMETERS AND

FRACTURE_SITE GETERMINATION OF 7075-T73 ALUMINUM

MEAN FRACTURE

_ INITIATION

SPECIMEN WORKPIECE CYCLES TO FAILURE X (£ OF SPEC.

1 STATUS { SATURATION | (Nf x 1000) | i INT. | EXT

: | | i i i

]

| CONTROL | N/A | 6s, 24, 34, 112, 4, (R/0} | 571 N/A | 5

| i | | | |

i PEENED | 100% ] 2805, 1811, 2093, 1176, 1385,11741} 7 { 0O

i | ] 1822, 1096 i ] i

| | | i | i

} PEENED | 200% | 1712, 1784 ]1748] N/A | N/A

i | | l i i

} PEENED ] 400% | 1597, 1387, 2022, 2841 11962 N/A | N/A
| i | | i

; PEENED | 600% i 2649, 2067, 2590, 84 j1848] N/A | N/A
| | | | |

| PEENED | 800% | 1005, 2131, 1398 {1511] N/A { N/A

! | ] | | i

| i | | ! ]

1 1 i 1 | i
TEST GROUP FATIGUE LIFE VYERSUS WORKPIECE SATURATION {TASK 4)

MATERIAL 7075-T73 ALUMINUM 136 HBN (1LOT 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




APPENDIX A

TABLE A-22
FATIGUE RESULTS VERSUS WORKPIECE SATURATION, PEENING PARAMETERS AND
FRACTURE SITE DETERMINATION OF 4340 ATRMELT STEEL 40/42 HRC
MEAN FRACTURE
_ INITIATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (§ OF SPEC.
! STATUS | SATURATION | (Nf x 1000) | | _INT. 1| EXT
- | | I |
CONTROL N/A | 241, 143, 93 | 159 | o | 3
1 | | | i
PEENED i 100% i {R/0) (R/0) (R/0O) i N/A | N/A | N/A
! {R/0) (R/0) (R/O) § } g
PEENED 150% i  (R/O) (R/0) (R/O) i N/A | N/A | N/A
i | | |
PEENED 200% {  (R/O) i N/A | N/A | NyA
i i i | !
PEENED 250% ! (R/0) (R/O) | N/A | N/A | R/A
| i 1
PEENED 300% I (R/0) (R/O) | N/A | N/a | N/A
! | !
PEENED 350% | (R/0) (R/0) | N/a | N/JA | N/A
i | | i
PEENED 400% i 989, 635 | 812 | N/A | N/A
! ] |
| 1 | | i
1 ] 1 i I I
TEST GROUP FATIGUE LIFE VS. WORKPIECE SATURATION (TASK 4)
MATERTAL 4340 ATRMELT STEEL 40/42 HRC (LOT C-5029)

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAX.MUM STRESS (KSI)

GROUND & POLISHED (L)
0.0040A (OPTIMUK PER TASK 2)
S-70 CAST STEEL

90 DEGREES

3i53

A-22




FATIGUE RESULTS VS.

APPENDIX A

TABLE A-23

SITE CETERMINATION OF 4340 ATRMELT STEEL 48/50 HRC

WORKPIECE SATURATION, PEENING PARAMETERS AND FRACTURE

MEAN FRACTURE

_ INITIATION
SPECIMEN WORKPIECE CYCLES TO FAILURE X (3 OF SPEC.
| STATUS | SATURATION] (Nf x 1000) ] | INT. | EXT
| i ! | | ]
| CONTROL | N/A | 61, 97, 46, 48, 70, 93, 106 | 74| O | 7
i i i | |
| PEENED | 100% | 495, 558, (R/0) 1011, 242, | 662] 7 | 6
i | 245, 934, 495, 225, 478, 1037, | 1 §
1 | 685, 311, 791, 719, 795, 1113, ]| i ;
I | 1015, 758 ! i i
| | i i i
| PEENED | 120% | 2289, 549, 182, 633, 497 | 830] N/2 | K/a
| | i i
PEENED | 130% | 1480, 565, 724, 212, 397, 135 | 536 N/A | N/A
| | i i i !
| PEENED | 140% | 334, 1189, 323, 482,335 ! 533} N/A | N/2a
| i | i i
PEENED | 150% | 159, 348, 303, 727, 549 | 417] /A | N/A
i | i i | i
| PEENED | 1808 | 687, 1024, 1023 i 911} N/A ; ¥/A
| | | | i ‘
| PEENED | 2008 | 700, 118, 139, 173, 341 | 295! /A i u/A
| | | i i
| PEENED | 2508 | 302, 155 | 229] N/A | N/2
| i | i i
| DEENED | 400% | 235, 187 | 211f ¥/a ! N/a
| | i | } i
j | i i i ;
i ] | i X! i
TEST GROUP FATIGUE LIFE VERSUS WORKPIECE SATURATION (TASK 4)
MATERTIAL 4340 ATIRMELT STEEL 48/50 HRC (LOT C-0021)

SPECIMEN SURFACE
AIMEN INTENSITY
MEDIA SIZE/TYPE
ANGLE OF IMPACT

MAXIMUM STRESS (KSI)

00 00 00 00 40 0e

(X)

GROUND AND POLISHED (L)
0.0080A

S-70 CAST STEEL

90 DEGREES

170

A-23




APPENDIX A
TABLE A-24

FATIGUE RESGLIS VS. WORKPIECE SATURATION, PEENTNG PARAMETERS AND FRACTURE
SITE DETERMINATION OF 4340 VACUUM ARC REMELT 48/5C HRC

MEAN FRACTURE
_ INITIATICN
SPECTMEN WORKPIECE CYCLES TO FAILURE X (# OF SPEC.
iSTATUS | SATURATION | (Nf x 1000) i | INT. | EXT.
! ! | | | I
! ! ! i ! |
i CONTROL | K/A I 27, 35, 40, 41, 50, 51 | 41f NVJA | 4
| | i | I l
| PEENED | 100% | 1375, 1509, 1055, ©64, j1362] 7 | ©
I i | 2033, 1910, 985 | I i
i i | I i I
| PEENED | 200% | 1139, 641, 1399, 542 | 930 4 I 0O
i i | ! ! |
{ PEENED | 490% | 2042, 1056, 683, 1609 |1348] | o0
I ! I | | |
| PEEVED | 600% | 914, 897, 219, 156 i 547] 4 | o©
! I | | i |
! ! ! I I |
i 1 i | 1 i
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)

20 00 00 00 00 00 00

GROUND

0.0020A (OPTIMUM PER TASK 2)

S5-70 CAST STEEL
90 DEGREES

1385

A-24




APPENDIX A

TABLE A-25

FATIGUE RESULTS VERSUS IMPACT ANGILIE, PEENINC PARAMETERS AND FRACTURE
SITE DETERMINATION FOR 7075-T73 ALUMINUM

WEIBUiI, MEAN FRACTURE

SPECIMEN SURFACE
ATMEN INTENSITY
WORKPIECE SATURATION
MEDIA SIZE/TYPE
MAXTMUM STRESS (KSI)

00 00 60 00 20 00 00

_ INITIATION
SPECIMEN ANGLE OF CYCLES TO FAILURE W X (% OF SPEC.)
| _STATUS | IMPACT ! (Nf x 1000) i i | INT. | EXT
i | | i | |
CONTROL | N/A | 66, 24, 34, 112, | 4 | 571 0 | 5
| o R
i
| PEENED | 90 DEGREE | 2805, 1811, 2093, | 291 (1741 | 7 | ©
i { 1822, 1096, 1176, | i i i
i | % T
PEENED | 60 DEGREE | 2325, 961, 1820, | 438 1600 | 6 | O
| | i 1437, 1618, 1437 | I 1 i
| i | | | |
PEENED | 45 DEGREE | 1029, 2582, 2438, | .4(EST)j1392 | 6 | O
i | 1988, 265, 93 I i i I
1 l 1 i | | :
TEST GROUP FATIGUE LIFE VERSUS ANGLE OF IMPACT (TASK 5)
MATERIAL 7075~T73 ALUMINUM 136 BHN (LOT C-0030)

LATHE TURNED AND POLISHED (C)
0.0020A (OPTIMUM PER TASK 2)
100% (OPTIMUM PER TASK 4)
S-79 CAST STEEL

50

A-25




APPENDIX A

TAB A-26

FATIGUE RESULTS VS. IMPACT ANGLE, PRENING P.

AND FRACTURE SITE

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

_  INITIATION
SPECIMEN ANGLE OF CYCLES TO FAILURE W X (# OF SPEC.
| STATUS | IMPACT | (Nf x 1000) | | | INT. | EXT
! I I I | I I
| CONTROL | N/A | 27, 35, 40, 41, ] 7 | 41 o | 6
| | o | o]
| PEENED | 90 DEGREE | 1375, 1509, 1055, | 267 {1362 7 ! 0
i i | 2033, 1910, 985, 664] i l I
| | | l ! | i
| PEENED | 60 DEGREE | 2028, 1328, 502, | 6 ]1025] 8 | N/A
i | | 423, 341, 317, 1444, | i I |
} i g 918, 1920 ; % ; §
| PEENED | 45 DEGREE | 954, 750, 1534, 875,] 3128 [1133] 9 | ©
I | | 1766, 1077, 12C7 : | ! i
| | | 1602, 434 I | ! l
I | | I | ] I
i i | I l l i
| 1 1 | i 1 !
TEST GROUP :  FATISUE LIFE VERSUS ANGLE OF IMPACT (TASK 5)
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC

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

00 06 60 00

(LOT C-0028, C-0031)
GROUND

0.0C20A (OPTiMUM PER TA"K 2)
100% (OPTIMUM PER TASK 4)

S-70 CAST STEEL
195




APPENDIX A
TABLE A-27

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

WEIBULL MEAN FRACTURE

_ INITIATION
SPECIMEN $ OF GRIT BY CYCLES TO FAILURE W X (4 OF SPEC.
|_STATUS | WEIGHT X (Nf x 1000) | 1 | INT. | EXT
| | | | |
CONTROL | 2 OR LESS | 66, 24, 34, i &4 | 571 0 | s
i ; ; 47, 112 { I {
PEENED | 2 OR LESS | 2805, 1811, 2093, | 291 1741] 7 | o
i i | 1096, 1822, 1385, | | | I
| ; | 1176 | | i :
PEENED | 25 1991, 1018, 2137, 266 1458 7 | o©
i | 938, 1053, 1661, i
I % o7 | L
| PEENED | 50 | 276, 109, 770, 1190, 4 | 7251 7 | o
i i | 1341, 804, 587 I 1 I
I i | | i |
| PEENED | 75 314, 590, 771, 386, | 25 | 601] 7 | ©
I | | 307, 1047, 795 ] I 1 1
i | ] | i i I
| i | | i ! |
1 1 | l 1 ! i
TEST G®0OUP : FATIGUE LIFE VERSUS BROKEN PARTICLE CONTTNT
(TASK 6)
MATERIAL 7075~-T73 ALUMINUM 136 HBN (LOT C-0030)

SPECIMEN SURFACE
AIMEN INTENSITY
WORKPIECE SATURATION
MEDIA (SHGT) SIZE/TYPE
MEDIA (GRIT) SIZE/TYPE
ANGLE OF IMPACT
MAXIMUM STRESS (XSI)

00 00 08 60 00 00 00 00

LATHE TURNED AND POLISHED (C)
0.0020A (OPTIMUM PER TASK 2)
{OPTIMUM PER TASK 4)

i00%
S-70 CAST STEEL
1G-80 CAST STEEL
90 DEGREES

50

A-27



APPENDIX A

TABLE A-28

FATIGUE RESULTS VS. BROKEN PARTICLE CONTENT, PEENING PARAMETERS AND )
FRACTURE SITE DETERMINATION OF 4349 VACUUM ARC REMELT STEEL 48/50 HRC

WEIBULL MEAN FRACTURE

SPECIMEN SURFACE
AILMEN INTENSITY
WORKPIECE SATURATION

MEDIA (SHOT) SIZE/TYPE
MEDIA (GRIT) SIZE/TYPE

ANGLE OF IMPACT
MAXIMUM STRESS (KSI)

00 00 60 00 00 00 o0

_ INITIATION
SPECIMEN % OF GRIiT BY CYCLES TO FAILURE w X (§ OF SPEC.
| STATUS | WEIGHT i (Nf x 1009) i i { INT. ! EXT
! | ! | i i
| CONTROL | 2 OR LBSS | 27, 35, 40, 41, 50, 7 4+ 41 0o | 4
| : i A O
| PEENED | 2 OR LESS | 1375, 1509, 1G55, 267 | 1362 | 7 | ©
i i 2033, 1910, 985,664 | ] !
| | | | I
| PEENED | 25 8956, 791, 319, 494,| 85 | 874 | 8 0
i | 796, 1605, 1228,859 i i
! ! ! | i
| PEENED | 50 1121, 211, 1034, 18 | 830] 8 | o
| | 1138,490, 343, 877, ] | |
1 | | 1264 ; ; g
| PEENED | 75 1105, 907, 51, 290, .6 | 499 | 4 4
i | 213, 199, 422, 805 | ]
| ! | | |
I | | ! | |
! | f | i !
| i | | | | |
TEST GROUP :  FATIGUE LIiFE VERSUS BKOKEN PARTICLE CONTENT
(TASK 6)
MATERIAL : 4340 VACUUM ARC REMELT STEEL 48/50 HRC

(LOT C-0031)

GROUND

0.0020A (OPTIMUM PER TASK 2)
100% (OPTIMUM PER TASK 1)
S-70 CAST STEEL

1G-80 CAST STEEL

90 DEGREES

195

A-28




APPENDIX A

TABLE A-29

FATIGUE LIFE VS. INTERSITY VS. MEDIA TYPE, PEENING PARAMETERS AND
FRACTURE SITE DETERMINATION FOR 707E-T73 ALUMINUM

MEAN FRACTURE

_ INITIATION
INTENSITY MEDIA CYCLES TO FAILURE X (¥ OF SPEC.
CONDITION | SYZ2E/TYPE i _(Nf x 1000) 1 i INT. | EXT

| i | | |
BASELINE | | 40, 157, 53, 48, 47, 50, I 458 | 1
(UNPEENED) | N/A i (Rr/0), 1830, 1576, 101, 682] | N/A | N/A
i | | i
| MIL-13/ i | :
0.0010A | GILIASS BEAD | 2169, 1664, 1471 i 1765 | N/A | N/A
i | | {
| s-70/ | i H
0.0010A | CAST STEEL | 2256, 1223, 1471 | 1650 | N/A | N/A
i : |
! Ss-7¢/ i |

| C.0020A | CAST STEEL | 2046, 1041, 2805, 1811, | 1697 | N/A | N/A

i ! ! 2093, 11785, 1385, 1822, | |

| | 096 | :

i MIL-11i/ ! | I
0.0030A | GIASS BEAD | 1102, 1386, 1875 | 1454 | N/A | N/A

i i i

| I sS-70/ | | |
0.0030A ! CAST STEEL | 1045, 1397, 1244 | 1229 | N/& | N/A

i | i | |

| | MIL-8/ | | ] |
! 9.0050A | GLASS BEAD | 993, 21i | 602 | N/A | N/A
i | | i | |
i | s-70/ | i i i
| O.0060A | CAST STEEL | 260, 270, 163, 1262 i 489 | N/A | N/2a
i | | i | |
| | | i ] i
| | i ] | i

i B L i | 1

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

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

LATHE TURNED AND POLISHED {(C)
100%

90 DEGREES

50

A-29




