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Abstract

Shot peening is a dynamic cold-working process involving the impingement of
peening media onto a substrate surface. Shot peening is commonly used as a surface
treatment technique within the aerospace industry during manufacturing to improve
fatigue performance of structural components. The compressive residual stress
induced during shot peening results in fatigue crack growth retardation, improving
the performance of shot-peened components. However, shot peening is a compro-
mise between the benefit of inducing a compressive residual stress and causing
detrimental surface damage. Because of the relatively soft nature of AA7050-
T7451, shot peening can result in cracking of the constituent precipitate particles,
creating an initial damage state. The aim of this paper is to understand the balance
and fundamentals of these competing phenomena through a comparative study
throughout the fatigue lifecycle of baseline versus shot-peened AA7050-T7451.
Microstructure and surface topology characterization and comparison of the base-
line and shot-peened AA7050-T7451 has been performed using scanning electron
microscopy, electron backscatter diffraction, energy dispersive spectroscopy, and
optical profilometry techniques. A residual stress analysis through interrupted
fatigue of the baseline and shot-peened AA7050-T7451 was completed using a
combination of X-ray diffraction and nanoindentation. The fatigue life performance
of the baseline versus shot-peened material has been evaluated, including crack
initiation and propagation. Subsurface particles crack upon shot peening but did
not incubate into the matrix during fatigue loading, presumably due to the compres-
sive residual stress field. In the baseline samples, the particles were initially intact,
but upon fatigue loading, crack nucleation was observed in the particles, and these
cracks incubated into the matrix. In damage tolerant analysis, an initial defect size

is needed for lifetime assessment, which is often difficult to determine, leading to

Nomenclature: (hkl), Miller indices; 20, Diffraction angle; A, A, A,, Corrected contact area, contact area for the residual stress measurement, and contact area
in stress free sample, respectively; C, Measure of curvature on loading ramp of load/depth curve (compliance); d, d,, d,,, Lattice spacing (reference value and
sample at orientation y); E, Elastic (Young's) modulus; E,, Reduced elastic modulus; H, Hardness; 4, Indent Depth; N, Number of fatigue cycles; n, Positive
integer; P, P, Indent force (maximum); R, Stress ratio; S, Stiffness at initial unloading; o, Angle between indenter and contact surface; p, Indent geometry
constant (Berkovich); A, wavelength; v, Poisson's ratio; o,,,x, Maximum stress during fatigue loading; 6,,;,, Minimum stress during fatigue loading; osg,
Residual stress from nanoindentation via Suresh and Giannakopoulos model; oxrp, Biaxial residual stress from X-ray diffraction; y, Orientation of
sample angle

Abbreviations: EBSD, Electron backscatter diffraction; L-T, Longitudinal-transverse; SEM, Scanning electron microscope; XRD, X-ray diffraction
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1 | INTRODUCTION

For many years, shot peening has been widely used for
fatigue enhancement of aluminum alloy components within
the aerospace industry. Shot peening consists of numerous
elasto-plastic impacts of media onto the surface of a work-
piece, which contributes to the formation of a residual stress
field. The goal is to produce a compressive residual stress
field that is uniform across the surface and also extends into
the subsurface of the workpiece. The shot peening process
is a compromise between a beneficial residual stress field
produced and surface and near-subsurface damage. With the
trend of lightweighting in the aerospace community, more
airframe components contain thin webs, which requires a
need to understand and quantify this engineering trade-off
in thinned-walled structures.

It is widely accepted that the fatigue enhancement due to
shot peening is attributed to the compressive residual stress
field."”” Crack growth rates were approximately 2 to 4 times
slower for shot-peened samples versus baseline samples for
short cracks, but the growth rates were approximately the
same for longer cracks.® Shot peening a material containing
small cracks has been shown to restore the material's endur-
ance limit to within approximately 10% of its original value.®
Further, the relaxation of residual stress profile is of critical
importance, since severe relaxation can cause a degradation
of the material's fatigue performance.>>*° Stress relaxation
can be attributed to mechanical or thermal loading resulting
in plastic deformation.

Shot peening has proven to be ineffective in increasing
fatigue life in cases of poor surface finish.” Hence, the surface
damage from shot peening plays a significant role in
determining the life. Following shot peening, a material's
surface can be smoothed to further increase the life by approx-
imately 10%,” such techniques include electopolishing,'®
fine particle shot peening,'''? double shot peening (with a
finer shot media),">'* and secondary surface treatments
(superfinishing,'® vibrostrengthening,'® etc). Since material
is removed during the majority of these processes, it is
paramount that sufficient subsurface residual stresses are
developed during the initial shot peening process to enhance
the fatigue life. Several models exist for the competing

overly conservative evaluations. This work provides a critical assessment of the
mechanism for shot peening enhancement for fatigue performance and quantifies
how incubation of a short crack is inhibited from an initially cracked particle into

the matrix within a residual stress field.

AA7050, crack incubation, fatigue, nanoindentation, particle cracking, residual stresses, shot peening

mechanisms to predict fatigue behavior influenced by surface
roughness and residual stresses.”'”'® Additional process
modeling efforts also predict the residual stress fields and sur-
face roughness resulting from the shot peening process.'®!

Sharp and Clark note that for aerospace aluminum the
crack initiation period is shorter after shot peening due to sur-
face damage, although the total fatigue life is enhanced.” Of
particular interest in this paper is AA7050, a common
airframe material. Through a detailed study of (unpeened)
AA7050 material, Barter et al concluded that secondary
constituent particles, specifically Al,Cu,Fe, Mg,Si, and
AlL,CuMg, were the primary sites for crack initiation.”* After
analyzing approximately a thousand cracks, they observed
crack initiation occurs predominantly in particles greater than
6 pm located immediately subsurface.’* Ingraffea and
coworkers observed the fracture of Al;Cu,Fe constituent
particles is the major crack incubation source in unpeened
AA7075. Through modeling they developed a response
surface to predict the tensile stress in the particle as a function
of the strain in the adjacent matrix, surrounding grain
orientations, and aspect ratio>® and further the formation of
microstructurally short crack formation in the matrix mate-
rial.>*% In shot-peened steel, McDowell and coworkers
modeled the compromise between inclusion cracking and
residual stress in the matrix, concluding that a partially
bonded inclusion resulted in the lowest fatigue life.”**" Since
particle cracking is known to be critical in fatigue life of Al
alloys, a detailed analysis is necessary of the mechanisms
behind shot peening, especially subsurface, where cracks
are more likely to initiate.

The paper addresses the question of what is the mecha-
nism of shot-peening enhancement for fatigue performance
in airframe, high strength Al alloys by quantifying how a
cracked particle starts to incubate the short crack into the
matrix within a residual stress field, at what stage of the
fatigue life this occurs, and if shot peening has an effect upon
the phenomenon, as summarized in Figure 1. It is well
accepted in the literature that shot peening provides a fatigue
enhancement for AA7050, the material of interest within this
study. A statistical analysis for the comparisons of fatigue
lives between the baseline and shot-peened cases in
AA7050 is beyond the scope of the current work; and for
such data, the reader is referred to many such works on this
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FIGURE 1 Comparison of theorized precipitate cracking state, baseline and shot peened samples, and before and after fatigue loading [Colour

figure can be viewed at wileyonlinelibrary.com]

subject, Luong and Hill,28 Carvalho and Voorwald,zg’30
Gao,”! and Bae®? to name a few. The paper is outlined as fol-
lows. The experimental methodology, including material,
specimen, shot peening, and fatigue loading parameters,
and characterization details are described in Section 2. The
effects of shot peening, specifically surface roughness, sub-
surface residual stresses, and microstructure are quantified
in Section 3. Section 4 reviews the particle cracking of the
Al;Cu,Fe particles and their evolution during fatigue loading
via electron microscopy imaging and nanoindentation mea-
surements. The role of the residual stress in the Al matrix is
described in Section 5, including X-ray diffraction (XRD)
quantification and nanoindentation.

2 | EXPERIMENTAL
METHODOLOGY

2.1 | Material and specimen design

The material used in this study is an aerospace grade alumi-
num alloy, AA7050. The material is tempered in the T7451
condition and produced in plate form, according to specifica-
tion®> AMS 4050. From the rolled plate material AA7050-
T7451, a set of flat dog bone samples were machined in the
longitudinal-transverse (L-T) direction, at least 6.4 mm from
the outside surface of the plate to avoid any edge effects of
the rolling process. The samples have a nominal thickness
of 1.6 mm and a gauge section, 3 mm in width and 10 mm
in length. A 10 X 10 X 1.6 mm section at each end gives
the distinctive dog bone appearance, with this grip section
used during fatigue loading for load transfer. The samples
have an overall length of 48 mm. The specimen geometry
was adapted from the ASTM E8 standard,*® such that the

dimensions were compatible for characterization within a
scanning electron microscope (SEM). Moreover, as previ-
ously mentioned, the thin specimens are representative of
the industrially relevant application for shot peening of thin-
walled aerospace components. For full-mechanical character-
ization of the samples in the L-T direction, please refer to
Mello et al.*

2.2 | Shot peen processing

All samples were roughly polished using a fixed speed
Buehler Ecomet V Grinder-Polisher, and a 1200-grit sand
paper for 2 minutes under lubrication with water. The sam-
ples in the as machined and polished condition will be
referred to as the baseline case throughout the remainder of
the paper. At this point, 5 samples were shot peened commer-
cially.* Samples were shot peened on all faces, in a staged
peening process involving fixing the samples onto a flat
backing whilst the opposite side was peened. The peening
media used for shot was a Z150 ceramic zirconia, with con-
stituents including ~68% zirconia (ZrO,) and ~32% vitreous
phase (SiO; and Al,O3). The shot particle size ranges from
100 to 210 pm diameter. The shot was pressure blasted
through a 7.94-mm V-type nozzle at a pressure of 41.4 kPa,
with a 45° angle of impingement from the horizontal surface,
and a 152.4 mm standoff distance. To quantify the peening
parameters, saturation tests were performed on 2 Almen
intensity, type N, test strips prior to the process. Exposure
was measured as number of passes over the test strip, and

*Peening was performed by Progressive Surface (Grand Rapids, Michigan),
in consultation with Electronics, Inc (Mishawaka, Indiana) regarding specific
peening conditions suitable for thin gauge aluminum.


http://wileyonlinelibrary.com

CHADWICK ET AL.

+ | wiLEY

the resultant arc height was recorded. Based on this analysis,
a total of 23 passes were conducted on all sides of the speci-
men to ensure complete coverage of the shot peening, which
corresponds to an Almen intensity value of 6. Following this
process, samples were visually inspected for any warping or
out of plane deformation, symptoms of a significant imbal-
ance of residual stress. All samples remained free of warping
and splitting following the peening process. Throughout this
paper, these 5 samples shall be referred to as the shot-peened
subset.

2.3 | Specimen preparation

All samples were polished (1200-grit sand paper disc for
2 minutes under lubrication with water) to remove machining
marks. However, this surface treatment still exhibited
scratches and nonuniformity of the sample surface. Finer
polishing techniques were required to successfully obtain
the surface uniformity that is compatible with electron back-
scatter diffraction (EBSD) analysis techniques.

For the shot-peened samples, an incremental polishing
process was conducted. The intention of this process was to
evaluate the depth of surface roughness that would need to
be removed to conduct electron microscopy on a uniform sur-
face. Polishing was carried out using the Ecomet V Grinder-
Polisher, and a series of short 2-minute exposures to a Pace
Technologies NAPPAD 8" polishing pad lubricated with dis-
tilled water and a 0.05 pm colloidal silica suspension. At each
stage, an optical image was obtained using an Olympus
BX51M optical microscope to visually inspect the surface
condition. The sample thickness was measured before and
after the polishing process, with a Mitutoyo IP-65 Micrometer.
Approximately 90 pm of material was required to be removed
to exposure a uniform and planar surface. Once a uniform
surface was achieved, microscratches, which were still evi-
dent, needed to be removed prior to any electron microscopy
for both the baseline and shot-peened cases. A polishing
process, consisting of a simple 1200-grit sand paper for
2 minutes with distilled water lubrication, followed by a
40-min fine polish using the 0.05-pm colloidal silica and an
excess of distilled water, was performed to achieve a uniform,
flat, and mirror-like surface. On each sample, the surface of
interest for the subsequent microstructure characterization
and micromechanical testing was polished to a mirrored-like
sample, while the opposite face was left in the as shot-
peened condition.

To secure a consistent point of reference upon the
samples, were employed. Following
polishing, a Vickers Leco micro hardness tester LM247AT
was used to place indents marking areas of interest
(1000 pm x 1000 pm in size). The indents were formed using
a loading at 200 g of indentation force and effectively labeled.

fiducial markers

2.4 | Fatigue loading parameters

A servo-hydraulic drive MTS load frame was used for the
fatigue loading. The MTS load cell consists of a model
244.12 hydraulic ram (actuator), capable of loading up to
25 kN, in combination with an MTS 661.20E-01 load cell
(transducer), capable of sensing loads of up to 25 kN. The
gripping mechanisms used were MTS 647 hydraulic wedge
grips, capable of gripping pressure up to 21 MPa. The maxi-
mum stress was chosen as ~85% of the material's tensile yield
strength, 469 MPa as measured from.>® Thus, the load range
was 20 to 400 MPa, resulting in a stress ratio of 0.05 to avoid
any potential buckling of the specimen. This ensured that the
fatigue loading regime remained within the elastic region of
the material. For the MTS load frame, the cyclic frequency
was also analyzed through a force command versus force
measured comparison for a range of frequencies (0.67 to
9 Hz). A frequency of 3 Hz was chosen as a compromise
between efficient cyclic loading and to minimize control
errors. The fatigue testing parameters are given in Table 1.

A sequence of which would enable the iterative analysis
at varied levels of fatigue cycling (N = 0, 1, 10, 100, 1000,
10 000, and 15 000) was used. Strain measurements were
taken with a MTS model 632.26 B30 extensometer. The hys-
teresis (stress-strain) data ensured the loading remained in the
elastic regime throughout the life cycle for both the baseline
and shot-peened samples.

2.5 |

The EBSD was performed in a FEI Philips XL-40 SEM. The
area of interest was identified upon the sample surface, and
an EBSD scan was conducted with a 4 pm step size. The
cleanup process involved removal of data points with confi-
dence interval less than 0.05, and filtering and removal of
disparate, isolated, and very small orientations utilizing the
OIM Analysis Software Version 6.1 postprocessing func-
tions. The presence of the secondary phase (precipitates) is
not accounted for during the EBSD process, as the material
is considered to be pure homogenous aluminum for analysis.
To identify precipitates energy dispersive X-ray spectroscopy
was used to conduct elemental analysis. Surface roughness
characterization (topography) was performed using a Zegage

Material characterization

TABLE 1 Fatigue testing parameters

Parameter Value
Maximum Stress, Gpax 400 MPa
Minimum Stress, Gpmin 20 MPa
Frequency 3 Hz

Stress ratio, R 0.05

Loading shape Sinusoidal

Gripping mechanics 10 MPa in hydraulic wedge
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3D Optical Profiler. This is a noncontact, light interferometry
device, which was used for quantitative measurements of
sample surface profiles.

X-ray diffraction was performed in PanAnalytical X'Pert
2 XRD system. The system comprised of a Cu point focus
X-ray source, primary optics of X-ray lens, secondary optics
of anti-scatter slits, a radiation wavelength of 0.15418 nm (Cu
K alpha 1 and K alpha 2), and a PIXcel point detector. For
each sample, a peak scan was conducted, to generate a
diffraction peak profile. The sin®y technique was used for
residual stress calculation. This technique involves the linear
regression trend line fitting to multiple psi (y) angle
measurements, from which a stressed lattice spacing average
is derived, d, and then subsequently the biaxial residual stress
value oxrp Was found by

E 1 ddy,
=(— — . 1
XKD <1 + V) (hkl) do (6Sin2‘U) o

With E and v, being Elastic modulus and Poisson ratio,
(hkl) being Miller indices, and d,, and d,, representing lattice
spacing at a reference and about the y orientation. For all
scans, the [4, 0, 0] Miller index peak was utilized for residual
stress determination.

The nanoindentation procedure was undertaken using a
Hysitron TI950 TribIndenter, in conjunction with a
Berkovich pyramid indentation tip. During indentation the
applied force, P, and the indentation depth, &, are recorded.
The Oliver-Pharr method was used to determine the hard-
ness, H, and reduced modulus, Er,36’37:

Pmax
H =2 2
o @

E:S\/T_t
T 2[3\/14_(}7

where A. is the corrected contact area, determined from prior
calibration of the indenter tip in fused quartz, S is the stiff-
ness at the initial unloading, P, is the maximum load,
and P is a constant which is related to the geometry of the
indenter; the Berkovich tip has f = 1.034.

Nanoindentation was also used to examine the spatial
distribution of residual stress in the specimen. Residual stress
can lead to changes in pile-up around an indentation, leading
to a perceived error in modulus due to pile-up area around the
indentation not accounted for in the area calibration. By
calculating a corrected contact area, the hardness and elastic
modulus are independent of the residual stress.*®** Residual
stress additionally alters the load-depth curves. After cold
working, materials exhibit a pile-up area around the indent
point, which is the result of incompressibility after cold
working.****4! Based on the Suresh and Giannakopoulos

3
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model,41 residual stress, osg, in the sample can be found by
comparing a stressed sample and a stress-free sample as the
following equation:

0SG — H (AAO —1> 5 (4)
H Ao
— 1 —_—

sG sin o ( A ) ’ ©®)

where Equation 4 represents a tensile residual stress and
Equation 5 represents a compressive residual stress. For the
same depth of indentation, the contact area, A, for the stressed
sample with a tensile residual stress is smaller than the
stress-free sample, Ay, while bigger for compressive stress.
There is a coefficient (sin a) in compressive residual stress
equation, which is related to the effect of compressive
residual stress on indentation tip, here for the Berkovich tip
(o = 24.7°).4

3 | EFFECTS OF SHOT PEENING:
SURFACE, SUBSURFACE DEPTH
PROFILE, AND MICROSTRUCTURE

Figure 2A shows a plane view of the shot-peened surface via
optical microscopy and indicates the dimpled pattern
resulting from the media impacting the surface. Cracking is
observed within the base of the impressions in Figure 2B.
Figure 3A shows the surface topography measurement, while
Figure 3B compares typical line traces of the baseline as
machined sample face and a shot-peened sample face. The
shot-peened surface has a peak to valley surface roughness
of ~10 pm, whereas the baseline sample has a range of
~2 pm. In both Figures 2 and 3, the images and data corre-
spond to the as shot-peened surface, prior to any mechanical
polishing. Afterwards, as mentioned in Section 2.3, the shot-
peened samples were polished to a depth of ~90 pm to
achieve a uniform, flat surface that is free of surface defects
from the shot peening process.

The residual stress profile, extracted from nanoindenta-
tion profiles of the cross section of the material, is shown in
Figure 4 and scaled to comply with the equilibrium condition
(through thickness stress balance of tension and compres-
sion). Qualitatively the resultant residual stress profile is in
agreement with the trend expected from literature. Overall,
78 nanoindents were obtained and each data point in
Figure 4 represents the moving average of 6—8 nanoindent
values over the thickness of the sample. X-ray diffraction
was performed on both sides of the specimens, resulting in
a compressive residual stress of —194.6 + 13.7 MPa and
—246.7 + 21.6 MPa on each side, respectively. Based on
the nanoindentation study, a compressive region of residual
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FIGURE 2 AA7050-T7541 sample of the as shot peened surface, prior to any polishing: A, optical microscopy view at 10x displaying well-

defined indents due to shot peening and B, scanning electron microscope via at 800X, located at the base of an indent, displaying matrix cracking

——Shot Peened — As Machined (B)

200 300 400 500 600 700 800
Lateral Direction (um)

FIGURE 3 A, Top view topographic map of AA7050-T7451 following the shot peening process, prior to any polishing. B, Comparative surface

topography line scan of the varied surface states in the shot peened and baseline conditions [Colour figure can be viewed at wileyonlinelibrary.com]

stress extends to a depth of approximately 200 and 400 pm
from each surface, respectively. This asymmetric trend was
noted within the XRD surface measurement results, however,
in terms of near surface compressive stress magnitude, rather
than depth of compressive residual stress penetration. This

NN
(RN

o
o

400 800 12 1600

Residual Stress (GPa)

.8
Distance through Sample Thickness (um)

FIGURE 4 Through thickness (1.6 mm), qualitative residual stress
profile of shot-peened AA7050-T7451 derived from nanoindentation
force depth results using the Suresh and Giannakopoulos residual stress
model* [Colour figure can be viewed at wileyonlinelibrary.com]

may be attributed to stress relaxation (through thickness wave
propagation) during the staged peening process (peen flip
peen). It is emphasized that the residual stress depicted in
Figure 4 is intended to be a quick determination of the trends
in the through thickness residual stress field of the sample
using data obtained via nanoindentation and not a quantita-
tive measurement of the residual stress values. Moreover,
the Suresh and Giannakopoulos model for residual stress
has been validated in the literature based on applied loading
of thin films,>’ synchrotron-based XRD around scratches in
AL* conventional lab-source XRD in steel*® and metal
matrix composites,** and Raman spectroscopy in thin
carbon films.*’

To investigate the microstructure, a total of 4 EBSD scans
were conducted on a 1 mm? area. Two scans were performed
upon a baseline sample, and 2 scans were performed upon a
shot-peened sample for the purposes of microstructural
analysis and grain characterization. The inverse pole figure
plots of the respective sample types can be seen in Figure SA
(baseline sample) and Figure 5B (shot-peened sample).
Texture exists in the baseline sample (oriented in the L-T
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direction) for the rolled material. It is evident that the micro-
structure exhibits significant grain elongation and texturing
parallel to the L-T direction. The shot-peened sample exhibits
amore random grain orientation, as the shot peening produces
more grains with <001> orientations.

Grain size (diameter) between the pooled and cleaned
shot-peened and baseline scans illustrate a relatively similar
makeup (Figure 5D). A null hypothesis test was conducted
to discern any significance in average grain size between
the 2 sets and shows no statistical difference in average grain
size for the analyzed areas of the baseline versus shot-peened
samples. For each of the baseline and shot-peened sample
scans, we observe an average grain diameter of 78.2 and
76.9 pm, respectively, when combining scan results of the
same sample type. In literature, shot peening has been shown
to have a profound effect upon grain structure, including
grain refinement and severe plastic deformation.***” Tt is
noted in Harada et al*® and AlMangour et al*’ that the grain
structure was analyzed at the shot-peened surface, while the
grain refinement effect due to shot peening is not evident in
the present results. This is attributed to the EBSD scans being
taken after polishing to expose a peening subsurface of
~90 pm; as aforementioned®” and discussed in Section 4,
the subsurface particle cracking is of primary interest in the
present study.

4 | CRACKING OF Al,Cu,Fe
CONSTITUENT PARTICLES

Results of the energy dispersive X-ray spectroscopy elemen-
tal analysis showed that the precipitates are predominantly
Al;Cu,Fe in an Al matrix. Small inconsistent returns of mag-
nesium (Mg) were also noted. To interrogate the evolution of

-'1'# - —

FIGURE 5 Shot-peened electron
backscatter diffraction map of the A, baseline
and B, shot peened samples; C, inverse pole
figure color map; and D, cumulative
distribution of grain diameters in both states
[Colour figure can be viewed at
wileyonlinelibrary.com]

T
R ©

the constituent particles during fatigue loading in the baseline
and shot-peened cases, SEM images of the particles were
taken. As shown in Figure 6A and 6B, representative
particles were imaged in the baseline samples prior to fatigue
loading. The samples were polished to a uniform depth below
the machining surface and vast majority of the particles were
intact and display no visible damage. The baseline case was
fatigue loaded and, after 5500 cycles, representative particles
are shown in Figure 6C and 6D. Following the fatigue
regime, the precipitates exhibit significant cracking, and
incubation and propagation of said cracks into the material
matrix is observed. The absence of any compressive residual
stress field within the matrix results in propagation of the
cracks extending into and throughout the Al matrix.

The shot-peened samples were polished to a depth of
~90 um beneath the shot peening surface, which is important
relevant to subsurface precipitate cracking. Barter et al*?
demonstrated that precipitates are the common sites for
fatigue crack initiation, by surveying approximately a thou-
sand fatigue cracks within baseline AA7050-T7451. The sur-
vey suggests that for a fatigue regime, that most of fatigue
cracks initiating from precipitates that are located subsurface.
With this in mind, we rationalize investigation of particle
cracking in shot-peened specimens at a depth of ~90 um from
the shot-peened surface. It should be noted that during the
SEM image surveying, which all observed particles in the
shot-peened condition, before fatigue loading, displayed
evidence of cracking within the precipitate, as shown in
Figure 7A and 7B. Following fatigue, the cracked precipitates
are observed to be obliterated (Figure 7C and 7D), with sig-
nificant cracking throughout. It is interesting to note that only
minor debonding occurred with reference to the precipitate
interaction with the matrix, without evidence of cracks
extending into the material matrix itself, which is in stark
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Before Fatigue

Baseline Case

Shot Peened Case

contrast to the baseline case. It is theorized that the absence
of these cracks extending into the matrix is due to the
compressive residual stress field induced by shot peening,
retarding the crack propagation into the material matrix;
combined with the effect of cracked precipitates having a
higher compliance due to the initially cracked state of all the
shot-peened sample precipitates. This survey has provided
qualitative evidence to suggest that while shot peening may
initially crack precipitate particles in aerospace aluminum
alloys, this detrimental effect is offset by the induced
compressive residual stress induced by the process.

After Fatigue

FIGURE 6 Scanning electron microscope
image of AA7050-T7451 in the baseline
condition. A and B, Intact precipitates before
fatigue. C, A cracked precipitate
demonstrating incubation and propagation
into the material matrix following fatigue. D,
An obliterated precipitate demonstrating
debanding and crack propagation into the
material matrix

FIGURE 7 Scanning electron microscope
image of AA7050-T7451 following the shot
peening process, shown at ~90-um
subsurface. A and B, Cracked precipitates
before fatigue. C, A cracked precipitate
following fatigue. D, a cracked precipitate
following fatigue with evidence of debanding

With this in mind, therein lies the potential to quantita-
tively analyze the competing effects of shot peening, induc-
ing a compressive residual stress and cracking particles,
throughout the fatigue life via nanoindentation. In each state,
nanoindentation was conducted upon precipitates within the
area of interest. Indentation pattern was in a straight line
and each with a spacing of 10 pm, spanning enough interro-
gation points to traverse from one side of the precipitate
within the material matrix, to the opposite side (usually
involving 7-10 indents). It was attempted to place the central
indents of the line, directly upon the precipitate center.
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The precipitates were evaluated via quantification of the
reduced modulus, according to Equation 3, from the indenta-
tion loading and unloading data. The nature of nanoindenta-
tion allows for the measurement of the reduced modulus at
a very precise location, ideal for interrogating individual
precipitates on the micrometer scale, indentations were made
to depths no more than 300 nm, such that a residual impres-
sion of approximately 1 pm was made by any given indenta-
tion, therefore the modulus of the particles can be measured.
For evaluation of the reduced modulus, E,, only data points
clearly within the boundary of the precipitate were selected
as representative. Figure 8 illustrates the resultant reduced
modulus distribution for the tested precipitate states, depicted
as a cumulative distribution of the ensemble of test points for
each case. Statistical variation is observed in the reduced
modulus, which is typical of the nanoindentation measure-
ment. The shot-peened reduced modulus is at the lower end
of the spectrum, then followed by the baseline post fatigue
state, and finally the baseline prefatigue state. Since the
Oliver and Pharr method assumes a uniform semi-infinite
solid,®® the presence of cracks can add compliance to the
system, leading to a perceived modulus lower than that of
the actual material. This order of modulus is qualitatively in
agreement with the hypothesized cracking state, whereby, it
is presumed that a higher extent of cracking within the
precipitate particle, will result in a lower stiffness.

A key element of this research is to understand how a
cracked particle starts to incubate the short crack into the
matrix within a residual stress field. The critical difference
in this research hypothesis is the existence of shot-peened
cracked precipitates at the subsurface, prior to any fatigue
cycling. The shot peening of the substrate causes elastic-
plastic deformation and induces a compressive residual stress
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FIGURE 8 Cumulative distribution of the reduced modulus of the
Al;,Cu,Fe precipitates measured by nanoindentation for the baseline
samples (before and after fatigue) and the shot peened samples (before
fatigue). Shot peening and fatigue loading act to crack the particles,
resulting in debit in the particle's modulus [Colour figure can be viewed
at wileyonlinelibrary.com]
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field, however, detrimentally cracked hard constituent precip-
itate particles, as well as inducing surface damage. Limited
literature exists to quantify the extent of this cracking;
however, Bozek et al*> have conducted statistical analysis
upon the cracking state of cracking of constituent particles
(precipitates) of baseline AA7075-T651 following fatigue. A
similar detailed study has not been carried out comparing
the baseline state to that of shot peening, which is a contribu-
tion of the present paper.

S | ROLE OF RESIDUAL STRESS IN
THE AA7050 MATRIX

Residual stress measurements were conducted upon the front
and rear faces of shot-peened samples, at the aforementioned
seven stages of fatigue (at N = 0, 1, 10, 100, 1000, 10 000,
and 15 000 cycles). As shown in Figure 9, this yielded a total
of 14 results for the shot-peened samples; and for the baseline
samples, 3 measurements were performed at varied stages of
fatigue (at N = 0, 100, 10 000 cycles). Following the
fatiguing of samples and intermittent XRD residual stress
measurements, we see some interesting results. Notably,
there is a consistent differential in the compressive residual
stress between the front and back face of the samples. This
result may be attributable to the staged shot peening process,
by which one face of the dog bone specimen is peened, then
the specimen is turned for peening on the opposite side,
resulting in an asymmetry due to the order of work hardening
being done by the peening process, with the second peening
step having a stress relaxation effect through the thickness of
the thin specimen. Secondarily, we note an asymmetric relax-
ation between the 2 surface faces of the compressive residual
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FIGURE 9 Evolution of the residual stress measurements during
fatigue loading. Measurements are taken at the surface of the
specimens via x-ray diffraction. Because of the staged shot peening
process, a discrepancy is seen in residual stress from the front and back
sides; in both cases, stress relaxation is observed prior to failure. The
baseline case displays negligible residual stress [Colour figure can be
viewed at wileyonlinelibrary.com]
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stress magnitude through fatigue cycling for the shot-peened
samples. Qualitatively, we see the higher absolute magnitude
residual stress face relax earlier in fatigue than the lower
absolute magnitude residual stress face. At the 10 000 cycle
point, we also observe equilibrium of compressive residual
stress between faces, and then a rapid symmetric relaxation
through to the 15 000 cycle point. During cyclic loading,
the residual stress field relaxes due to load shedding around
microplasticity regions. Jhansale and Topper suggested a
power law relationship for the residual stress relaxation rate
with applied loading cycles, which their exponential material
constant depends on the rate of cyclic hardening/softening
and the applied load levels.*® The residual stress relaxation
has been analyzed and modeled for a range of shot-peened
materials.>**°>? Regarding the baseline result, we note a
slight deviation through fatigue towards a compressive state.
However, this is considered insignificant, and deemed to be
within the realm of error. The baseline sample type remains
in a relatively stress-free state throughout fatigue.

For a qualitative comparison, nanoindentation results
depict the residual stress in the matrix of the material based
on the Suresh and Giannakopoulos model.*! This model
demonstrates that when a residual stress is present, the
indentation load versus penetration depth curve translates
compared to a stress-free virgin material. For this experiment,
the baseline samples prior to fatigue were considered to be
stress free (as appropriately determined based on the XRD
results in Figure 9). The stress-free condition (baseline
sample before fatigue loading) was considered as the average
of many measurements taken in the matrix adjacent to the
precipitates (as this is the key area of interest leading to
incubation of a propagating crack). In representing the quali-
tative residual stress of the material matrix for the states of
the samples, the indentation load versus indent penetration
depth must be graphically demonstrated (Figure 10). The

8000

7000 [—|

6000

—Shot peened (before fatigue)

— -Baseline (before fatigue)

----- Shot peened (after fatigue)

5000
4000
3000
2000
1000

P (uN)

0 50 100 150 200 250 300 350
h in matrix (nm)

FIGURE 10 The indentation load versus penetration depth curve for
shot peened samples, compared with a presumed stress free baseline
material (average of many baseline measurements), illustrating the
compressive residual stress before fatigue and relaxation after fatigue
loading [Colour figure can be viewed at wileyonlinelibrary.com]

shot-peened sample prior to fatigue loading illustrates the
translation upward and to the left in the indentation load ver-
sus penetration depth curve for a compressive residual stress,
compared to the stress free virgin material. We note that for a
tensile residual stress, a shift downward and to the right on the
plot is observed, as is the case for the shot-peened sample after
fatigue loading. In the representation of residual stress for the
material matrix, only indents clearly within the matrix were
used as data points. Figure 10 illustrates the material matrix
qualitative residual stress measurement resulting from nano-
indentation; hence, a compressive residual stress bias for the
shot-peened sample, prior to fatigue, is exhibited, as expected
based on theory and correlation with the XRD results.
Additionally, we see a relaxation through fatigue, with the
shot-peened sample curves in an orientation closer to the
stress-free state than the compressive residual stress observed
in the prefatigue case.

Within the matrix of the baseline samples in the vicinity
of the precipitates, the reduced modulus, E,, is measured
via nanoindentation, according to Equation 3. Figure 11
represents cumulative distribution of the reduced modulus
values in the matrix before and after fatigue. During the
cyclic loading, a significant drop in the reduced modulus of
the matrix is observed. As shown in Figure 6C and 6D after
fatigue, cracks were seen to incubate from the precipitate into
the matrix. The reduced modulus was measured adjacent to
the propagating crack (Figure 11) and as expected resulted
in a further reduction in the values of E,, which represents
the higher compliance exhibited by the material due to the
introduction of the free surface of the crack. For quantitative
comparison, the shot-peened sample after fatigue has
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FIGURE 11 Cumulative distribution of the reduced modulus of the
matrix measured by nanoindentation for the baseline (before and after
fatigue) and shot peened (after fatigue) samples in the vicinity of
particles, as well as near an incubating crack after fatigue [Colour figure
can be viewed at wileyonlinelibrary.com]
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considerably higher reduced modulus than its baseline coun-
terpart. The compressive residual stress field induced by shot
peening represents the rationale for the higher values of E.,
and the resistance from a crack particle to incubate and grow
this crack into the matrix of the shot-peened sample.

6 | CONCLUSIONS

This work has provided the foundation for crack initiation
and crack incubation by precipitates within shot-peened
aluminum alloys, specifically AA7050-T7451. Surface
topography following shot peening quantified the resulting
surface roughness. Grain characterization noted no discern-
able difference in microstructure between shot-peened and
baseline samples, in terms of grain size at a subpeening depth
of ~90 pm. Elemental analysis has demonstrated the chemical
constituents of precipitate particles within AA7050-T7451
are predominantly comprised of Al;Cu,Fe.

Damage tolerant analysis is used to determine the fatigue
life in aerospace components, which relies on the description
of an initial defect size. A significant outcome of this work is
the quantification of the initiation and incubation of cracks
within the particles in the baseline sample versus the inability
to incubate cracks from cracked particles in the shot-peened
sample. The effect of shot peening upon the state of damage
in the precipitates demonstrated that subsurface particle
cracking (at ~90 pm from the shot-peened surface) is evident
via surface preparation and SEM imaging of precipitates in
shot-peened samples. Near surface residual stresses have
been evaluated through XRD measurement in shot-peened
samples, as a function of the fatigue evolution, demonstrating
rapid relaxation of near surface residual stresses leading to
the reduction in beneficial (crack retarding) compressive
residual stress. Further, sequential shot peening for each side
of the thin specimen (1.6 mm) resulted in surface residual
stresses of —194.6 + 13.7 MPa and —246.7 + 21.6 MPa on
the front and back, respectively, from XRD measurements
and subsurface compression depths of approximately 200
and 400 pm from each surface, as characterized by
nanoindentation.

The SEM survey of precipitates confirmed the cracked
state of precipitates in the shot-peened samples, prior to
fatigue loading, demonstrating the adverse effect of shot
peening damage. This cracked state has been quantified uti-
lizing nanoindentation techniques, specifically the perceived
reduced modulus in the precipitates and matrix for the
baseline and shot-peened cases, before and after fatigue. As
expected the reduced modulus quantified the consequence
of cracking the precipitates in the shot-peened sample prior
to fatigue loading; the overall stiffness of the intermetallic
particles decreases by 25% after shot peening due to particle
fracture. But incubation and growth of cracks into the matrix

WILEY——"

after fatigue is easier in the baseline sample than the shot-
peened sample, as the baseline matrix is 7% more compliant
than the shot-peened matrix.
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