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We have assessed the elasto-plastic (sub)surface behaviour of 7050-T7451 aluminium alloy treated by shot
peening using S110 steel shots of 300 pm in diameter and two different intensities, namely Almen intensity (A) of
3.4 (low-intensity) and 10.9 (high-intensity). Shot peening (SP) is a cold work process applied in the aerospace
industry to enhance the fatigue tolerance of structural components after machining. The local mechanical
response within the SP-induced layer was depth profiled at room temperature by performing an X-ray micro-
diffraction experiment in transmission geometry at a synchrotron source, during tensile loading of the spec-
imen to rupture. The presence of a SP-induced layer in the specimen is evidenced by compressive longitudinal
lattice strains (~-540 pe for low-intensity and ~-4200 pe for high-intensity at 0.1 mm from the surface for the
311 reflection), parallel with respect to the applied load, i.e. perpendicular to the direction of impact of the steel
shots, and also by higher values of the Full-Width-at-Half-Maximum (FWHM) of the diffraction peaks than those
measured in the bulk material, due to the local plastic deformation induced by shot peening. High-intensity shot
peening produced a higher surface roughness (Sa ~13 pm), and also two times thicker deformed surface layer
(~0.4 mm), than low-intensity shot peening (Sa ~2 pm and ~0.2 mm thick deformed layer). For both shot
peening conditions, the local yield stress of the surface layer and bulk material were similar, however the
severely affected layers exhibit a non-linear elastic behaviour when applying loads lower than the yield stress of
the material. Beyond yielding, the presence of SP-induced layers is mainly evidenced by the relatively higher
value of the FWHM near-surface compared to the bulk (~20 % higher for low-intensity and ~40 % for high-
intensity), due to the initial plastic deformation accumulated during shot peening and additional plasticity
during loading of the specimen.

that consists of impacting the workpiece surface with a controlled
stream of small, hard spheres or shots at high speed [8]. The final
characteristics of the SP-induced layer can be altered by selecting the

1. Introduction

Large thin-walled monolithic components in the aerospace industry

are commonly manufactured using 7XXX aluminium alloys, due to their
high specific strength and good formability [1]. The fatigue behaviour of
those aerospace components after machining, depends on their surface
integrity in terms of roughness, residual stresses, micro-hardness and
local changes in microstructure [2,3]. Despite the machining conditions
being selected to ensure a good surface quality, a final shot peening (SP)
treatment is usually applied to enhance the surface integrity and fatigue
tolerance of the component [4-7]. Shot peening is a cold work process
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type, diameter and velocity of the shots, or the intensity of exposure [5,
9.

The compressive residual stresses generated by shot peening improve
the fatigue performance of aluminium alloys [10-13], despite also
inducing an increase in surface roughness [14-16]. Shot peening process
parameters should be optimised to induce the maximum compressive
residual stresses at/near the surface without introducing structural de-
fects and excessive surface roughness. Under optimised conditions, the
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fatigue crack usually nucleates within or below the compressive residual
stress field of the SP-induced surface layer [7], and those SP-induced
compressive residual stresses reduce the crack propagation rate [10,
17,18]. However, the beneficial effect of compressive residual stresses
can be reduced if they relax during in-service loading. Fatigue lives
higher than 5 x 10° cycles are reported to slightly reduce compressive
residual stresses in alloy 7075-T651 [11], whereas compressive residual
stresses induced by lower SP intensities are more stable [15]. Based on
these experimental results, models of increasing complexity have been
developed to account for the effect of SP-induced surface layers on the
fatigue behaviour of 7XXX-series alloys. Those models include the effect
of roughness, residual stresses and/or cold-work induced by shot
peening on crack propagation and fatigue life [10,15,19]. Despite these
efforts, existing models do not predict accurately the relaxation of re-
sidual stresses and fatigue crack propagation rate within the surface
layer, probably because only the average mechanical properties of the
surface were characterised and included in the models, and not the
variation of the local mechanical properties within the SP-affected layer
with sub-millimetre thickness.

The characterisation of the local mechanical behaviour of surface
layers can be achieved by combining in-situ mechanical tests and X-ray
diffraction experiments [20-24]. These experiments confirmed that the
shot peening process for the selected parameters can significantly in-
crease the local yield stress of the affected surface layer compared to the
bulk in several materials: ~250 % higher in X42Cr13 and 55Si7 steels
[20], ~300 % higher in S30432 austenitic steel [22], 27 % higher in
Ti-6A1-4V alloy [23], and 59 % and 104 % in ferrite and austenite
phases respectively in SAF2507 duplex stainless steel [24]. Unfortu-
nately, the use of standard, low-energy X-ray sources allow only to
determine the average layer behaviour, and not the variation in me-
chanical properties within the SP-affected layer. Promisingly, the use of
intense, hard (energy >50 keV) X-ray synchrotron sources and
micro-focusing optics offers the opportunity to depth profile the local
behaviour within the material under straining [25,26]. The aim of this
work is therefore to determine the local elasto-plastic behaviour within
the (sub)surface layer in 7050-T7451 aluminium alloy treated using two
different shot peening intensities. This approach has not yet been
explored to fully characterise the variation in local mechanical proper-
ties within SP-treated surfaces in aerospace Al-base alloys.

2. Materials and methods
2.1. Shot peening

Table 1 shows the chemical composition of the 7050-T7451 rolled
plate used in this study. The as-received microstructure consisted of both
fine grains (average size of ~6 pm, grains ranging from 3 to 25 pm) and
coarser grains elongated along the rolling direction of the initial plate
material (average size of ~110 pm, grains ranging from 25 to 185 pm) in
the matrix, see Figs. S1 and S2. The microstructure also contained ~1
vol% of secondary phases, namely Al;CusFe and Mg,Si [27,28], with a
size varying from 1 to 2 to 30 pm and located predominantly within
coarse matrix grains. Dog-bone specimens were machined with their
long axis along the rolling direction of the initial plate material, see
Fig. 1. Shot peening was applied to one side of the gauge length of the
specimens, using a NORBLAST S8014SHOT pneumatic machine and
$110 steel shots of 300 pm diameter. Two separate batches of specimens
were prepared using either Low-intensity (LSP) or High-intensity (HSP)
Shot Peening conditions, see Table 2. Samples for microstructural
analysis were cut out from a representative specimen in each batch,
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mechanically polished and finally etched using Keller’s reagent. A Leica
DMi8 microscope was used for optical examination of the microstruc-
ture in the SP-induced layer, whereas the surface roughness was char-
acterised using an Alicona IFG4 optical profilometer. Complementarily,
the mechanical properties induced by LSP and HSP were initially
assessed by nanoindentation employing a Bruker/Hysitron TI 980 Select
equipment. For this purpose, the samples used in the optical microscopy
analysis, were re-ground and re-polished. The equipment stability and
indentation repeatability were tested by doing 10 indents into a piece of
fused silica with a theoretical hardness value of 9.25 GPa. The results of
the calibration were within tolerance with an average error of 7 % (see
Fig. S3). A Berkovich tip was used under displacement control, doing
indentations up to a 200 nm depth with a spacing of 5 pm to avoid side
effects. Up to 30 pm depth, the scan line was tilted with respect to the
surface, to obtain nanoindentations with a spacing of 1 pm in the
perpendicular direction to the shot peened surface. From 30 pm to 500
pm depth, the nanoindentations were done with a spacing of 5 pm. Data
was processed applying the Oliver Pharr method [29].

2.2. In-situ diffraction under straining

In-situ synchrotron X-ray diffraction (SXRD) experiments of the shot
peened specimens were sequentially done at room temperature using a
2 kN Deben micro-tensile rig installed at the high-energy 112 beamline of
the UK Diamond Light Source, see Fig. 2a. A monochromatic X-ray beam
with an energy of 80 keV (A = 0.1550 A) and a 100 x 100 pm? spot size
illuminated the specimen. A tensile test was carried out in elongation
steps of ~0.1 mm to specimen rupture. At each deformation step, the
sample was kept at constant displacement, and three 1.0 mm horizontal
line scans were done by translating the specimen with respect to the
incident X-ray beam in steps of 0.1 mm, starting from the shot peened
surface of the specimen gauge length, see Fig. 2b. At each specimen
position, a 2-D diffraction pattern was collected in transmission geom-
etry using a Thales Pixium RF4343 2-D area detector placed behind the
specimen at a distance of ~630 mm. The experimental geometry was
calibrated using a CeO, standard (NIST Standard Reference Material
674b) [31].

The recorded 2-D dataset was integrated using the DAWN software
package [32] to obtain the longitudinal (epx,1) and transverse (epk,T)
lattice strains, parallel and perpendicular to the loading direction
respectively, see Fig. 2b. The resultant 1-D patterns were analysed using
a single-peak fitting process to a pseudo-Voigt profile. The lattice strains
at each specimen position and applied stress were then calculated ac-
cording to:

dq — d?
e = s Tk & e (€8]

where dyq and dY; are the lattice plane spacing at a given loading
increment and at zero deformation, respectively. The df; value was
determined by averaging the experimental dy values at positions from
0.8 to 1 mm at zero applied stress, since shot peening did not induce
significant residual stresses at depths greater than 0.5 mm.

3. Results
3.1. Shot peened surfaces

Fig. 3a & b shows the longitudinal-sectional view of the near surface
microstructure and topography of the surface after the LSP and HSP

Table 1

Chemical composition (in wt.%) of the 7050-T7451 alloy used in this study.
Zn Mg Cu Zr Fe Si Ti Cr Mn \4 Other Al
6.22 2.00 1.87 0.11 0.06 0.02 0.01 0.01 0.01 0.01 <0.01 Bal.
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Fig. 1. Shot peening NORBLAST S8014SHOT pneumatic machine, geometry of the dog-bone specimen and identification of the area treated by shot peening.

Table 2

Parameters used during the shot peening treatment of 7050-T7451 alloy prior to
the in-situ synchrotron experiment, using either Low-Intensity (LSP) or High-
Intensity (HSP) Shot Peening. Shot peened surfaces were inspected with a
magnifying glass and coverage was determined following the SAE J2277 stan-
dard [30], exposing the specimens to shots >1.25 times the exposure time
required to obtain 98 % coverage.

Parameter LSp HSP

Balls/Shots S$110 (58-60 HRC) S$110 (58-60 HRC)
Flow (kg/min) 9.93 6.97

Pressure (bar) 1.5 4

Almen Intensity (A) 3.4 10.9

Coverage (%) >125 >125

treatments, and Fig. 3c displays the nanohardness profile of both surface
conditions. LSP did not produce observable alterations in grain structure
near the surface, only an irregular surface with localised bent grains up
to a ~5 pm depth due to the deformation caused by the shots. In
contrast, HSP led to a visible surface layer of ~20-30 pm in thickness
with severe plastic deformation (SPD). The surface irregularities
induced by the impacts are also visible on the surface treated by HSP,
where some material from protruding peaks also became folded due to
the repetitive impacts. Consequently, the LSP and HSP treatments
generated clear differences in surface roughness, i.e. HSP produced an
arithmetical mean height of Sa ~13 pm and a maximum peak height of
Sp ~51 pm, whereas LSP led to Sa ~2 pm and Sp ~16 pm. Although both
shot peening intensities produce different surface characteristics, the
hardness value was not modified with respect to the bulk material (~2.5
GPa).

3.2. Bulk mechanical behaviour

Fig. 4a displays the macroscopic behaviour of an unpeened (UP)
specimens as reference, and the specimens treated by LSP and HSP. In all
conditions, the material showed similar elastic and flow stress behav-
iour. The experimental values of the yield stress (cy) were 430 MPa (UP),
450 MPa (LSP) and 435 MPa (HSP), whereas the rupture stress (o) was
490 MPa (UP), 515 MPa (LSP) and 480 MPa (HSP), respectively. We also
measured the mechanical behaviour of the as-received material, prior to
shot peening treatment, using standard macroscopic specimens with 6
mm diameter and 36 mm gauge length, and obtained the values of
elastic modulus E = 70.9 GPa, oy = 480 MPa and 6, = 575 MPa. The
geometry of the standard specimens and an example of the measured
stress-strain curve can be found in Fig. S4. These differences between as-

received and SP-treated materials can be due to differences in speci-
men’s geometry [33], rather than an effect of the thin SP-induced layers
on the macroscopic behaviour of the material since the area affected by
SP is less than the 15 % of the cross-section. Despite these slight dif-
ferences in the mechanical properties, the specimens used in the in-situ
tests represented the bulk behaviour of the polycrystal up to the rupture
stress, because they satisfied the design criteria of miniaturised flat
specimens [33]: i) thickness () to grain size (d) ratio t/d = 13.6 > 10 and
ii) width (w) to thickness ratio w/t = 1.7 < 5.

Fig. 4b, 4c, 4d & 4e show the evolution of the longitudinal lattice
strain (epxp,1) With respect to the applied strain and the Full-Width-at-
Half-Maximum (FWHM) for hkl = 220, 311 and 420, of both LSP-
treated and HSP-treated specimens, measured at a distance of x = 1
mm from the SP-affected surface. The 111, 200, and 331 reflections
showed similar behaviour to those included in Fig. 4b-e. There is a
linear behaviour up to ~0.25 applied strain. Upon reaching the yield
stress, the measured longitudinal lattice strain relaxes somewhat, and
then continues to increase slightly with further increase in applied
strain. The values of the Epy elastic modulus can be calculated using:

c
Epg =—— )
ERkLL

where o is the applied stress, see Table 3. Moreover, the values of FWHM
remained constant up to ~0.25 applied strain, and thereafter increased
with the applied strain, as evidence of the occurrence of plastic defor-
mation in the bulk microstructure.

3.3. Behaviour of SP-induced surface layers

Figs. 5 and 6 show the evolution of the longitudinal lattice strain
profiles (exx;,1) in the LSP- and HSP-treated specimens with applied stress,
respectively. The simultaneous changes in transverse lattice strains
(enk,T) With applied stress are provided in Figs. S5 and S6. Both shot
peening conditions induced compressive residual lattice strains in the
longitudinal direction, i.e. perpendicular to the shot peening direction.
LSP generated a ~0.2 mm thick compressive layer and a maximum
compressive lattice strain of ~3000 pe was reached at the surface, ~60 %
of the tensile lattice strain reached when yielding occurs in the bulk
material (~5000 pe, see Fig. 4b and c). The thickness of the compressive
layer increased up to ~0.4 mm when applying HSP conditions, as
consequence of the higher plastic deformation induced by the shots
impacting at higher energy. HSP produced lower lattice strains at the
surface than LSP, but higher maximum compressive lattice strains within
the SP-induced layer. In fact, HSP induced the maximum compressive
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Fig. 2. (a) Synchrotron beamline set-up and (b) schematic of the experimental geometry used for the in-situ synchrotron X-ray diffraction experiments of the dog-
boned specimens after having undergone a shot peening treatment on their gauge length.

peak at ~0.1 mm depth, ranging values from ~3000 to 4500 pe, i.e.
~60-90 % of the lattice strain at the yield stress of the bulk material,
depending on the analysed hkl-reflection. Complementarily, shot peening
induced tensile residual lattice strains in the transverse direction prior to
the SXRD experiment.

Longitudinal lattice strain profiles shifted from compressive to ten-
sile for both types of specimens, when applying tensile loads below the
yield stress of the bulk material. Above the yield stress, the bulk material
started yielding first, as evidenced by a homogenous lattice strain
magnitude at higher depths. Lower lattice strains were observed near the
surface, since they were initially compressive. However, at higher
applied stresses the entire cross section of the specimen yielded, and a
uniform lattice strain level was reached throughout the specimen.
Complementarily, compressive lattice strains were measured in the
transverse direction upon materials loading, attaining a uniform
compressive lattice strain across the specimen. This magnitude of lattice
strain was lower than in the longitudinal direction, in accordance with
the Poisson’s ratio of the as-received material (v ~ 0.3).

4. Discussion
LSP and HSP treatments induced a 0.2 mm- and 0.4 mm-thick

compressive layer in the longitudinal direction of the specimen,
respectively. Due to successive high-energy impacts during the SP

treatment, the grains near the surface are strained parallel to the surface,
whereas the bulk material remains undeformed. To reach balance,
compressive residual stresses are generated near the surface in the
longitudinal direction of the specimen. In contrast, near-surface grains
are compressed perpendicular to the surface, whereas the bulk material
are undeformed. Consequently, tensile residual stresses are generated
perpendicular to the surface for balance.

The observed effect of SP on the measured values of the quasi-static
macroscopic mechanical properties for the tested conditions is not
meaningful, as also reported by [34] in alloy 7075-T7351. LSP shows a
slightly higher yield stress (15 MPa, 3.5 %) and ultimate tensile strength
(35 MPa, 7 %) than the tested HSP. As described above, LSP only
affected a thickness of 0.2 mm (8 % of the cross-section) and HSP
impacted on 0.4 mm (16 % of the cross-section), and therefore the
quasi-static (overall) behaviour of the specimen is dominated by the
bulk performance of the material. Furthermore, the stress-strain curve of
both SP-treated specimens follows the mechanical behaviour of the
‘unpeened’ or virgin condition (Fig. 4a). The slight differences observed
between the LSP and HSP conditions are associated with the uncertainty
of the measurement or small variations in the as-received material
within the same batch. As it can be seen in Figs. 5 and 6, the bulk ma-
terial of the specimen treated by LSP reached slightly higher lattice
strains than the HSP specimen.

For discussion, Fig. 7a-b shows the evolution with applied strain of
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Fig. 3. The longitudinal-sectional view of the near surface microstructure (left) and surface view of the topography after the SP-treatment (right) of (a) the Low-
intensity (LSP) and (b) High-intensity (HSP) shot peened specimen. Low-intensity shot peening only induced an irregular surface with localised bent grains up to
~5 pm in depth, whereas high-intensity shot peening led to a ~20-30 pm thick surface layer with severe plastic deformation (SPD). (c) Nanohardness profiles of both

shot peened conditions.

the longitudinal 220-lattice strain at x = 0.1 and 0.3 mm from the SP-
treated surface, together with the bulk material behaviour, based on
the experimental data already presented in Figs. 5 and 6. The surface
behaviour pre-yielding is affected by the shot peening treatment. The
lattice strains at x = 0.1 mm did not increase linearly when elastically
loading the specimen treated by LSP, whereas the layer at x = 0.3 mm
and bulk material presented a similar, linear behaviour. In contrast, the
lattice strains at both x = 0.1 and 0.3 mm in the HSP-treated specimen
did not show a linear behaviour. Despite these differences, the local
yield stress of the surface treated by LSP and HSP was not increased with
respect to the yielding detected in the bulk material. This observation
agrees with the nanohardness measurements (see Fig. 3c), which also
did not show variations in hardness from the surface to the bulk. In this

respect, 7050-T7451 alloy was reported to present only a slight strain
rate sensitivity at room temperature [35,36], which was ascribed to the
hindrance of local precipitates to dislocation motion [35]. Therefore, the
local yield stress of the (near-)surface material was not modified, despite
having been deformed at relatively high strain-rates during the SP
treatment.

Furthermore, the evolution with applied stress of the 220-FWHM at
x = 0.1 and 0.3 mm from the SP-treated surface, together with the bulk
material behaviour, are displayed in Fig. 7c—d for the LSP- and HSP-
treated specimens, respectively. Prior to the in-situ SXRD experiment,
the FWHM at x = 0.1 mm was ~20 % (LSP) and ~40 % (HSP) higher
than in the bulk material, evidencing the local plastic deformation
induced near-surface in the material by the SP process. Moreover, the
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Fig. 4. (a) Macroscopic stress-strain curve of the ‘unpeened’ (virgin) specimen (UP) and specimens treated by High-intensity (HSP) and Low-intensity (LSP) Shot
Peening (b) longitudinal lattice strain vs. applied strain and in the bulk structure (i.e. x = 1 mm from the peened surface), of the LSP-treated specimen and (c) of HSP-
treated specimen, (d) FWHM vs. applied strain in the bulk structure of the LSP-treated specimen and (e) of the HSP-treated specimen.

Table 3
hkl-dependent elastic modulus corresponding to the specimens treated by Low-
intensity (LSP) or High-intensity Shot Peening (HSP).

Plane HSP Epyy [MPa] LSP Epy [MPa] Average Epy [MPa]
110 74.2 80.2 77.2
200 76.7 71.2 74.0
220 66.9 70.6 68.8
311 65.9 67.1 66.5
331 70.4 70.6 70.5
420 67.1 75 71.0

FWHM was ~20 % higher than the bulk material at x = 0.3 mm in the
surface treated by HSP, whereas an increase in FWHM was not observed
at the same position in the HSP-treated specimen. These results confirm
that HSP induced a higher plastic deformation and a thicker affected
layer than LSP. The value of the FWHM measured at x = 0.1 mm
significantly increased for both LSP and HSP conditions, when
increasing the applied stress prior to the material’s yielding. This
observation agrees with the non-linearity of the lattice strains previously
discussed. At the yield stress of the material, the FWHM values of both
SP-treated surfaces slightly decreased, see points outlined with a dashed
line in Fig. 7c-d. This could be due to a local re-organization of the
lattice defects withing the SP-induced layer. Further increase of the
applied strain post-yield stress of the bulk material induces plastic
deformation throughout the entire cross section of both specimens.
Consequently, the FWHM increased almost linearly post-yielding in both
SP-induced layers, while maintaining higher values as compared to the
bulk material, due to the SP-induced plasticity prior to the in-situ SXRD
experiment.

As described in the introduction existing models do not predict
accurately the relaxation of residual stresses and fatigue crack propa-
gation during mechanical fatigue loading in Al-based alloys. Recent

fatigue models incorporate the relaxation of residual stresses and the
evolution of the cold work (plastic deformation) to predict crack initi-
ation and propagation in shot peened specimens [19,37]. Although we
tested the quasi-static mechanical properties of the shot peening affected
layer in 7050-T7451 aluminium alloy, the results could be useful as
input to develop and potentially validate those models. In fact, the main
relaxation of peening induced compressive residual stresses occurs
during the first cycle [23,24,38] and they further relax during cyclic
loading. Theoretically, the relaxation of compressive residual stresses
occurs if the core material reaches the yield stress before the surface
layer [39]. This work has found that the yield stress of the SP-affected
surface (for the selected SP parameters) is similar to the bulk material,
and therefore compressive residual stresses should in principle not relax
significantly under high cycle fatigue conditions (applied stresses
significantly lower than the yield stress). However, our study has
confirmed that the severely deformed layer does not behave linearly
during tensile loading in the elastic region of the material, and that
accumulates further plastic deformation beyond yielding. This behav-
iour could be used to model the evolution of cold work based on FWHM
[19,37]. The plastic strain distribution through the thickness of as-SP
materials can be modelled using eigenstrain distributions and vali-
dated normally using destructive X-ray diffractometry [40], and this
approach could potentially be extended for fatigue lifetime prediction
[41].

The methodology proposed in this work has been satisfactorily
applied to characterise non-destructively the initial strain distribution in
the as-SP condition, but also the depth-resolved local mechanical
behaviour of shot peened aluminium specimens under quasi-static
loading, both prior and post-yielding of the material. The proposed
method could also be in the future be extended to characterise the cyclic
mechanical response of shot peened surfaces and bulk material, which
could undoubtedly help to develop more sophisticated fatigue life pre-
diction models.
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5. Conclusions

This work probed the mechanical properties of two types of shot
peening affected layers in 7050-T7451 aluminium alloy at room tem-
perature, by combining in-situ tensile testing and synchrotron X-ray
diffraction measurements in transmission geometry. The main conclu-
sions are.

Low-intensity shot peening did not induce visible alterations in grain
structure near the surface of the material, but high-intensity shot
peening generated a clear plastic deformation layer with a thickness
of ~20-30 pm.

High-intensity shot peening led to rougher surfaces (Sa ~13 pm)
than low-intensity shot peening (Sa ~2 pm).

Both peening conditions induced compressive lattice strains in the
longitudinal direction (i.e. perpendicular to the shot peening direc-
tion), and tensile in the transverse direction with respect to the
applied load. High-intensity shot peening generated a two times
thicker compressed layer and higher compressive lattice strains than
low-intensity shot peening.

The yield stress of the (sub)surface layer affected by shot peening did
not vary with respect to the bulk material despite having applied two
different shot peening intensities. Nevertheless, the elastic behaviour
of the shot peening affected layer differs from the bulk material,
since it does not show a linear behaviour (lattice strain vs applied
strain) upon loading the specimen.

Post-yielding of the material, the presence of SP-affected layers is
only evidenced by the higher value of the FWHM than in the bulk
material, primarily due to the prior SP-induced plasticity, since the
lattice strains become uniform throughout the cross section of the

material. Those highly deformed layers also accumulate some addi-
tional plastic deformation when applying elastic loads.
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