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INTRODUCTION

The underlying motivation for this work was to test
the conventiond wisdom that 100% coverage by shot
peening is required to achieve full benefit in terms of
compressive resdud stress magnitude and depth as
wel as fatigue drength. Fatigue peformance of
many shot peened adloys is widely reported to
increese  with coverage up to 100%, by man
investigators and even in shot peening manuas®
The fatigue strength of some dloys is reported to be
reduced excessve oovera%;e(z) Aerospace®?,
atomotive®,  and  militay®  shot  peening
soecifications require a least 100% ocoverege.
Internd shot peening procedures of  aerospace
manufacturers may require 125% to 200% coverage.
Most of the published fatigue data supporting the
100% minimum coverage  recommendation  was
devdoped in fully reversed aid loadind®” or
bending®® with astressratio, R= Shin / Snax Of —1.

The resdud dress fidd aisng from an individud
shot impact is much gregter in extent than the
physica sze of the impact craer and the resulting
surrounding  ridge of raised materid."? Hence a
leest some degree of undimpled surface aeq, less
than 100% coverage, should be tolerable in terms of
resdud stress and faigue dorength achieved by
peening. Accordingly, residua stress-depth
digtributions were determined for specimens peened
to vaious coverage levels. Fatigue performance wes
tested a R>0, s0 tha the shot peened surface was
loaded only in tensgon. Additionaly, cold work-depth
digributions and the effects of therma relaxaion on
both resdud dresses and cold work  were
determined.

MATERIAL

Aircraft qudity 4340 ded plate (0.5 in. thick) per
AMS 6359F™) was employed in this work. The
meaterid compositionis provided in Table 1 below.

Tablel
Sted Composition

C Mn P S 9 Cr Ni Mo

040 068 001 001 023 079 170 023
5 5

For peening trids, specimens about 33 x 38 mm (1.3
x 15 in) were cut from the plate with the longer
dimendon oriented dong the rolling direction. After
hardening and tempering to 38 HRC hadness,
Fecimens were reduced to 95 mm  (0.375-in)
thickness by low dress grinding. Tendsle properties
resulting from heat treatment were 1164 MPa (169
ksi) ultimate tendle strength and 1089 MPa (158 ksi)
0.2% offset yield strength.

EXPERIMENTAL PROCEDURES
Shot Peening

Peening was peformed via direct ar pressure at 482
kPa (70 ps.) through a sngle 47 mm (3/16-in.)
dianger nozzle digned to give an 80-degree
incidence angle from horizontd. Specimens  were
mounted on a rotary table running & 6 RPM & a
veticd disgance of 305 mm (12 in) from the nozzle
outlet. Carbon sed CCW14 conditioned cut wire
shot was used &t a controlled flow rate of 1.36 kg/min
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(3 Ib/min). The intendty achieved was 022 mmA
(0.009 inA). Coverage was determined by optica
obsarvetion a 20X magnification. The time to
achieve 100% coverage was teken as the peening
exposure time a which essentidly no undimpled
aress remained in an gpproximatdy 25 cm (1.0 in)
quare aea in the center of specimens. Undimpled
aess wee esdly observed via suface  texture
contrast between the origind ground surface and shot
impacted aess. Fractiond and multiple coverages
were then taken appropriately as ratios of the time for
100% coverage.

Coverage is defined in the shot peening literature
both in terms of the fraction of area impacted, as used
here, and as multiples of the time required to achieve
saturation of the Almen strip. The saturation-based
definition does not incude the effects of the work
piece properties, such as hardness and yidd srength,
which influence dimple diameter and the totd aea
impacted. Assessng coverage as the fraction of the
aea impacted udng opticd examindion is
inherently subjective, but does include the effect of
the work piece mechenicd properties, and is the
method ado!oted by most shot  peening
standards®4%®) |n this study, 100% area coverage
was achieved in 50 minutes (intermittent peening on
the turn table) while only 2.0 minutes was required
for saturation of the Almen drip under the same
peening conditions, a factor of 25 difference
between the two coverage definitions To avoid
ambiguity, the number of shot impacting the sample
per mn? a 100% ocoverage was quantified by direct
measurement of total collected shot as 336 shot/mnt.
The coverage cdculaed from the dimple diameter
and total impacts™® was 99.8%.

Residual Stress and Cold Work
Determinations

Resdud dress messurements were mede via x-ray
diffraction in the conventiond manner from the shift
in (211) diffraction pesk podtion usng Cr Ka
radiation. 13141 Subsurface data were obtained using
automated resdud dress  profiling  apparatus  to
dtanatdly messure the resdud dress and  then
dectropolish to remove layers’® Residua stress
measurements made as a function of depth from the
peened surface were corrected for rdief  resulting
from layer removd and for peneration of the x-ray
beam into the subsurface dress gradient. An irradiate
area of nomindly 5 x 5 mm (02 x 0.2 in.) was usd
for reddud dress messurement, providing the
aithmetic average resdua stress over the area of an
edtimated 8400 shot impacts at 100% coverage.
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Determinations of cold work resulting from peening
were made by rdating (211) diffraction pesk breadths
to the eguivdent true plastic srans®”  The
distribution of cold work as a function of depth was
thus obtained from diffraction pesk  breadth
messurements mede Smultaneoudy  with  resdud
stress measurements.

Thermal Relaxation

Following resdud sress and cod  work
determinations, specimens were themaly exposed at
519K (475F) for 24 hours. Residud stress and cold
work determinations were then repeated to  determine
if thermaly induced relaxation had occurred.

High Cycle Fatigue Testing

Fetigue tegting in four-point bending mode was
conducted a room temperature under congant load
amplitude snusoidd loading a 30 Hz and dress
ratio, R, of 0.1. The R-ratio was chosen to avoid
compressve overload and the immediate reduction of
the compression introduced by shot peening Bending
faigue specimens were machined with a trapezoidd
coss section to ensure faigue falure from the
peened surfaces. The specimen geometry and test
fixturing provided a nomindly 0.5-in. wide by 1-in.
long surface area under uniform applied dress. The
centrd gage <setions of faigue specimen test
surfaces were finished by low dress grinding and
peening usng the same techniques as for specimens
in peening coveragetrids.

RESULTS AND DISCUSSION
Coverage

Figure 1 provides representative photographs of
surfaces peened to vaious coverages. Not included in
the scope of this study was determination, by area
measurement, of the actud percentage of dimpled
surface area for various peening times. In the context
of this work, it sufficed to define coverage based
upon the time raio to achieve 100% dimpling of the
surface aea. As one may infer from the photographs,
the percent of area covered a 0.8T gpproached that at
T. The arrow in the photograph for 0.8T indicates a
vay gndl undimpled aea esdly visble when
viewed opticaly a 20X magnification. Undimpled
aess in specimens peened for times less than 0.8T
are obvious in appearance as they appear in Fgure 1.
The overdl appearance of surfaces peened for times,
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2T and 4T, did not change relative to that peened for
time, T.

Figure 1. Surfaces peened to various coverage levels
(rétio of time for 100% coverage) The small white
bar in each photograph represents 0.25 mm (0.01 in.)

Residual Stress Distributions

Figure 2 shows residua stress-depth distributions for
vaious coverage levds, including the digtribution for
the as-ground surface before peening. Except & the
lowest coverage leve, 3% (0.03T), dasscd shot
peening  digributions  resulted, whereby  residua
compressive dress maghitudes reeched a subsurface
maximum and decressed gradudly until smdl tensle
sresses occurred at  gregter depths. For 3% coverage,
the maximum compresson occurred ether a  the
surface or a a very dight depth not resolved in the
sries of messurements teken. The form of the
subsurface  resdual  dress  digribution  for 3%
covaage conforms to finite dement modds of the
stress developed in regions between dimpleswhen
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impact aees ae widdy sepaaed by twice the
dimple radius®  Given tha the xray diffraction
results provide an average dress over mosly un-
impacted maerid a the 3% coverage, the dda
gopear to confirm the FE prediction that even the
regions between impacts ae in compresson. The
digributions for coverage levels less than 20% (0.2T)
exhibited systematic chavies with coverage, whereby
increesng coverage  in this range resulted in
increesing compressive  dress maghitude a  given
subsurface depths and an increase in the tota depth
of compresson. Beyond 20% covaage, there were
no further dgnificant changes in dress magnitude at
a given depth, other than at the surface, or in tota
depth of compresson. Compresson a the surface
tended to decreese with increesng coverage above
20%.

Cold Work Distributions

Figure 3 dows oold work-depth distributions
produced a various coverage leves. Condggent with
residua stress-depth distributions, systematic
changes in cold work-depth digtributions occurred
with increesing coverage levd up to 20% (0.0ZT).
Beyond that leved, no systematic changes occurred
with increesing coverage. Cold work vdues for the
lower coverage levds were lower than a higher
coverages only to a depth of aout 005 mm (0.002
in.).

Depth (x 10°mm)

30 T 200

Residual Stress (ksi)
(edN) ssans [enpisay

0 2 4 6 8 10 12 14 16
Depth (x 10°in.)

—>— 3y —O— 10% —O—20% —0—50%
—A 100% = 200% ——300% —q— As-Ground

Figure 2. Resdud stress-depth distributions for
vaious coverage levels. Coverage is defined asthe
ratio of time to produce 100% surface impacts.
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Figure 3. Cold work-depth distributions for various
coveragelevds

Coverageisdefined asratio of timeto produce 100%
surface impacts.

Thermal Relaxation

Figures 4 and 5 show the resdua sress and cold
work depth didributions obtained after  thermd
exposure a 519K (475F) for 24 hours. This exposure
temperature was chosen based upon specification,
AMS  13165%, regading maximum  recommended
exposure temperature to  avoid resdud @ stress
rdaxaion in shot peened seds. Comparison with
pre-exposure results (Figures 2 and 3) reveded
changes in both resdud dress magnitudes and cold
work. Relaxation of both resdud stress and cold
work occurred a depths less than 0.05 mm (0.002
in) with the grestest percent changes occurring in
surface velues. Reduction of surface resdua dStress
magnitudes  ranged from 20-30%, and percent
reduction of surface cold work ranged from 40-70%.
There was no systematic trend with coverage in these
reductions dthough the reductions decreased with
depth from the surface, and initia cold work leve, to
about 0.05 mm (0.002 in) for dl coverage leves
Beyond 0.05 mm depth, where the initid cold work
levd was less than nomindly 5%, there were no
significant changesin residud gress or cold work.

These obsarvations highlight the importance of cold
work in resdual dress relaxetion as has been
observed in previous studies of IN718™% and Ti-6Al-
4v.% Where cold work values were less than 5%, no
redlaxation of resdud dresses occurred.  The
implication from these results is that cold work from
shot peening, even a less than 100% coverage, is
aufficent to induce dgnificant resdud @ sress
rdaxation in suface and ner surface layers a
modest temperatures. Where such reduction  cannot
be tolerated, surface enhancement techniques such as
low plasticity burnishing and laser shock @9 which
induce low cold work should be consdered, or shot
peening coverage controlled to provide adequate
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compresson with minimum or controlled leves of
cold working
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Figure 4. Residua stress-depth distributions after
thermal exposure (475F/24 hr.)

—— 3% —9— 10% —8—20% —4— 80%
—A— 100%——200% ——400%

PERCENT COLD WORK DISTRIBUTION

Cold Work (%)

0 2 4 6 8 10 12 14 16
Depth (x10° in.)

Figure5. Cold work-depth distributions after thermal
exposure (47524 hr.)

Fatigue Performance

Results of limited initid fatigue testing are presented
in Figure 6, bdow. Sgnificant suface and near
surface compressve residua stresses were associated
with the low stress ground condition. Hence, fatigue
life for this condition was intermediate between lives
for peened <specimens and the eectro-polished
goecimen, which had no resdud dresses.  Optical
fractography reveded that subsurface faigue origins
occurred in al peened specimens and in the low
dress ground specimen. No crack initigion dStes in
peened specimens were associated with  undimpled
surface aess irregpective of coverage. Therefore, the
undimpled surface areas appear to be in compression.
These reaults indicate the beneficia effect of peening
relative to unpeened conditions. The results suggest
further that, for R > 0 loading, the full benefit from
peening can be redized a less than 100% coverage,
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dthough the limited number of initid tests did not
permit assessment of an optimum coverage levd, if
awy. This finding is in contrast to those of other
invedtigators who have reported that fatigue life
decresses  dramatically  with  coverage less  than
100%.®)

Ful SN cuves for a range of coverage were
prepared to test the unexpected finding of uniform
faigue drength, independent of coverage. Because
the resdua stress depth and magnitude was found to
be comparable for any coverage greater than 20%,
samples were prepared with 20%, 100% and 300%
coverage. The fdigue results, presented in Figure 7,
indicaie no loss of fatigue life or drength for
coverage as low as 20%. The fdigue performances
for 2000 and 100% coverage ae essntidly equd,
given the expeimental uncertainty for the limited
number of samples tested. Coverage of 300%
produced consstently shorter lives and a dightly
lower endurance limit than ether 100% or 20%
coverage

When fdigue tesing of shot peened surfaces is
conducted in fully reversed loading, (R = -1.0), the
compressive hdf-cycle superimposes a compressive
gpplied gtress on the dready highly compressive shot
peened surface. The compressve surface then yieds
in the firg few cydes of testing resulting in rapid
rlaxation of the compressve surface layer. Surface
resduad dress messurement  during  fatigue testing
reveds that even a dternating stress levels below the
resdud dressfree maeriad endurance limit, the
surface compressve dress can be reduced to 70% of
the origind level in the firg haf-cyde” Resdud
stress measurements on failed samples in the current
work showed no dgnificant change in  surface
compression after 130 and 220 x 10° cycles at R=
01 and Spx Of 1240 MPa (180 kd) for either the
100% or 20% coverage samples, respectively.
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Figure 6. Bending faigue lives & 1240 MPa (180
kd), R= 0.1, for dectropolished (ELP), low dgress
ground (LSG) and shot peened 4340 sed peened to
the coverage indicated.
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The apparent conflict between the lack of dependence
of faigue peformance on shot peening coverage
reported herein and work previoudy published is
atributed to the dress ratio used in fatigue
performance evauation. Mogt of the prior studies of
the effect of coverage on faigue have employed fully
reversed bending (R = -1) fatigue tests. It is wel
known that fully reversed bending of the highly
compressive  shot peened surface can  drive the
surface beyond yidd in compresson, causing rapid
loss of compression in the initia cycles of the test*¥
The compressve overload reaxation process has
been  accurady  modded®  and  verified
experimentally"?? The benefits of shot peening are
then reduced or logt entirdy ealy in the ted,
depending upon the sress amplitude. The observed
fatigue improvement with increased coverage may be
due to increesing yield srength with work hardening
of the surface with higher coverage. Confirmation of
this hypothesis was beyond the scope of the present
study, and will be addressed in the future. In tenson-
tenson fatigue testing (R > 0), compressive overload
is avoided, and the compressve resduad dtress
survives without significant loss for the duration of
the test at dternating stress levels appropriate for
high-cydefatiguefalure

HIGH CYCLE FATIGUE DATA
4-point Bending, R=0.1, 30 Hz, RT
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Figure 7. High-cycle fatigue results for shot peened
4340 gded, 38 HRC, a 20%, 100% and 300%
ooverage.

SUMMARY

Resllts from this invedigation have cdealy
demongrated that complete coverage is not required
to produce full benefits of shot peening in 4340 sted,
38 HRC, peened to 0.22 mmA (0.009 inA) intensity
when fatigue tested in tensiontenson loading (R =
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0.1). Indeed, a coverage level of as little as 20%
(0.2T) provided fatigue peformance equivaent to
full coverage under conditions employed in this
sudy. The principal objective of this work, however,
has not been to establish an optimum coverage level
dthough, by extenson, such could be edablished for
a given loading spectrum. Rather, it has been to show
that full coverage is not required to achieve peening
bendfits. In a practical sense, this affords potentid for
significat improvements in current shot peening
practicé®®  in  gpplications where  compressive
overload will not occur. Many practical applications
of shot peening, from automotive leaf springs to
compressor  and turbine blades and disks, involve
savice loading a postive Reratios. Reductions in
peening processing times appear to be posshble with
obvious dtendant economic benefit. Shot  peening
may be peformed to reduced coverage with larger
shot than is precticd when at least 100% coverage is
required, providing desper compresson and reduced
cod work without loss of fatigue peformance
Reduced cold work shot peening should provide
improved thermd stability of the compressive layer.
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