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Abstract

Shot peening of complex geometries can generate rolled edges which mechanical proper-
ties, compared to a flat shot peened specimen, are not well known. Electron BackScattered
Diffraction (EBSD) analyses and nanoindentation tests were conducted to characterize the
microstructural changes and hardening induced in the rolled edge compared to a reference
flat part of an Inconel 718 direct aged specimen. Dictionary Indexing was used to improve the
indexation quality in zones presenting severe plastic deformations. Geometrically necessary
dislocation densities were estimated from the EBSD orientation maps and correlated with
the nanoindentation measurements using a Taylor hardening model. The rolled edge zone
presented 1 GPa higher hardening values and a steeper hardening gradient as compared with
the reference. This was mainly attributed to work hardening, due to higher dislocation den-
sities around the rolled edge. Such differences could result from a pure shear state induced

by bending of the surface close to the sample’s border during the rolled-edge formation.
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Introduction

Shot peening is a surface mechanical treatment widely used in the industry to enhance
the properties of treated parts in terms of fatigue resistance [24, 10, 16], hardness [25, 40, 47]
or stress-corrosion cracking resistance [3, 31]. However, quantitatively predict the process
benefits in terms of fatigue life remains a challenge. The process has been extensively studied
and it is now possible to model a large number of shot from the nozzle to the treated part’s
material [11, 13, 18, 39, 20].

Several works focused on the application of such models on complex geometries for indus-
trial applications [9, 6, 11, 12]. Most of these approaches assumed that shot peening involved
similar strain mechanisms in a flat sample than in a complex geometry. For instance, Gal-
litelli et al. [11] modeled the shot peening of a spur gear by computing the residual stress
field induced by single impacts of different velocities. These fields were then introduced in
the geometry using the eigenstrains method, following an impact velocity field predicted by
a discrete element model.

Shot peening of geometric singularities, such as sharp corners or holes, can induce a bulge
at the border of the treated part. This situation results from the peened material’s stretching
and rolling over the sharp corner onto the orthogonal face. As the material rolls onto itself,
these bulges are often referred to as rolled edges or "elephant-tails". The influence of such
rolled edge on fatigue life has been investigated by a few authors both in Low cycle Fatigue
(LCF) and High Cycle Fatigue (HCF) regimes [17, 45, 22, 38]. Klotz et al. [22] and Sun
et al. [38] investigated the influence of the initial edge geometry on the fatigue life of shot
peened parts respectively for the Inconel 718 alloy and the Ti-17 alloy. Differences in crack
initiations were related by both studies to rolled-edges acting as local stress concentrators
resulting in a shorter fatigue life. In particular, Sun et al. [38] revealed that significant rolled
edges could result in a shorter fatigue life than that of an unpeened specimen. He et al. [17]

and You et al. [45] also showed that removing the rolled-edge by grinding would improve the



sample’s LCF life. Understanding rolled-edges formation and material properties is therefore
crucial as it could cancel all the beneficial effects of the process.

Apart from such geometrical effect, the material’s mechanical properties induced in the
rolled edge were scarcely investigated. Sun et al. [38] performed finite element simulations of
Laser shot Peening (LSP) on a specimen edge. The authors found that rolled edges presented
larger plastic strains and higher compressive stress values as the laser shock waves interacted
with the sample edges. Such result was however not confirmed experimentally, nor reported
for conventional shot peening, for which shock wave intensities are negligible when compared
to those occurring during LSP. A modified microstructure and hardening state could play
a crucial role in the material’s local hardness, mechanical properties or corrosion resistance,
thus possibly impacting the material’s fatigue life.

Advances in the past thirty years in Electron BackScattered Diffraction (EBSD) char-
acterization methods could provide insights on such heterogeneous hardening. Based on
indexation of Kikuchi bands on the electron diffraction pattern, the technique can measure a
material orientation distribution, hence providing access to the local microstructure, Geomet-
rically Necessary Dislocation (GND) distribution lower bound and residual stress distribution.
Wright et al. [43] introduced alternative indexing methods such as Dictionary Indexing (DI)
to perform EBSD observations on surfaces producing noisy diffraction patterns. The method
was successfully applied on shot peened materials by Singh et al. [37] and on materials
presenting pattern similarities by Burch et al. [5] or pseudo-symmetries by Degraef et al.
[8]. Such method could therefore provide a rich characterization tool for highly deformed
structures, such as rolled edges.

In particular, as demonstrated by Pantleon [32], misorientation maps generated by EBSD
can provide an estimate of the GND density distribution. Such estimation relies on a relation
between the Nye tensor and the local lattice curvature. However, this method only provides
a lower bound of the GND density as it relies on the hypothesis that the observed surface
is in a plane stress state, as pointed out by Wilkinson et al. [42]. Also, the method usually
neglects the elastic strain contribution to the lattice curvature, which could lead to substantial
errors, as demonstrated by Acharya et al. [2]. It could however provide insights in the work

hardening gradients resulting from surface process treatments.



Other hardening sources could contribute to the material’s mechanical properties, such as
the Hall-Petch effect, residual stresses or precipitate hardening. Wu et al. [44] used nanoin-
dentation and Atomic Force Macroscopy (AFM) measurements to investigate the interplay
of residual stresses and grain refinement induced by Surface Mechanical Attrition Treatment
(SMAT) on the hardness gradient of a 316L steel. Tumbajoy-Spinel et al. [41] combined
nanoindentation testing, micropillar compression and Kernel Average Misorientation (KKAM)
maps to decorrelate the effect of each hardening contributions on micro-percuted surfaces. As
pointed out by the authors, instrumented nanoindentation testing provides a local estimate of
the material’s hardening gradients considering all the contributions. Such test could therefore
be combined with EBSD GND estimations to decorrelate work hardening from other sources.

The objective of the present work is to characterize the differences in microstructure and
hardening induced in a rolled edge compared to a reference flat shot peened surface. First,
microstructural evolutions in the rolled edge were characterized using EBSD with Dictionary
Indexing (DI). GND densities were estimated using the method described by Pantleon [32].
The ability of DI, when compared with the usual Hough indexing, to extract misorientation
in the shot peened zone was investigated. DI was then used to compare the rolled edge
hardening state with a shot peened reference taken at the sample center. Finally, GND
density variations were related to instrumented nanoindentation measurements to assess the
differences in mechanical properties in the rolled edge zone due to work hardening.

The novelty of our work resides in combining EBSD GND analyses and nanoindentation
hardness measurements to investigate the signature of the shot peening process in the vicinity
of a sample’s corner to provide concrete recommendations regarding the removal of a rolled-

edge induced by shot-peening in an industrial context.

1 Materials and methods

1.1 Sample preparation

Inconel 718 Direct Aged parallelepipedic samples with sharp edges and a section mea-
suring 0.5 mmx15 mm were shot peened with a 0.22 mmA intensity and a 400% coverage

using the set-up schematized in Figure 1. The shot peening treatment induced rolled edges
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Figure 1: (a) Schematic of the shot peening set-up used in this study. (b) shot peened sample. (c) Mi-

crograph showing the shot peening induced rolled edge. The nozzle velocity Viozzie was 2000 mm s~*.

Shot peening at the sample’s borders induced rolled edge as visible on the micrograph at the bottom
right.

at the sample’s border, as shown in the micrograph represented in Figure 1. A 10 mm long
sample was then cut using a Niobium carbide circular saw and coated in a conductive resin
(PolyFast, Struers) for automatic polishing. The sample was then mechanically polished with
P200 to P1000 SiC grit paper then successively with a 3 ym and 1 ym diamond suspension
(Metadi, Buehler) and vibro-polished during one night using a Mastermet solution (Buehler).
A 1.25 nm Platinium layer was finally deposited on the sample to make the observation sur-
face fully conductive, using a Leica ACE600 high vacuum sputter coater. The coating limited

electron beam drifting when observing the sample’s extreme surface during EBSD acquisition.

1.2 EBSD analysis

Pattern acquisition

The EBSD acquisition was performed using a Zeiss Merlin equipped with a Field Emission
Gun (FEG) Gemini 2 column. EBSD patterns were captured using a Brucker e-FlashFS
camera with a 70° tilt angle at 20 kV acceleration voltage, 20 nA probe current and a 150 nm

step. The pattern resolution was 160x120 (4x4 binning) and six patterns were averaged for



Crystal system | Lattice Parameter | Space Group | Atomic Number | Debye-Waller factor

1 (cubic) 0.35236 nm 225 28 0.0035 nm?

Table 1: Parameters used to generate the Dictionary Indexing master file [19]

each measured point to reduce noise. Only the austenitic face-centered cubic matrix v was
indexed.

Two EBSD maps were successively captured at the rolled edge and from the rolled edge
to the sample’s flat part to observe the full property gradient induced close to the sample’s
border. A third map was also performed in the sample’s bulk to compare the surface prop-

erties with the reference non-peened material.

Dictionary indexing

Indexation of the Kikuchi pattern is classically performed by detecting the pattern’s
bands using the Hough transform. However, this technique usually fails to characterize severe
plastic deformations as it usually results in noisy patterns, making band detection difficult.
Dictionary indexing (DI) is based on the comparison of a diffracted pattern with dynamically
simulated patterns generated from an orientation subspace. Since it does not rely on band
detection, it is therefore more robust toward noise induced by plastic deformations.

Diffraction patterns were indexed using the Dictionary Indexing (DI) method imple-
mented in the EMsoft software following the methodology developed by Jackson et al. [19].
A master pattern was generated using the EMsoft forward model with the input parameters
given in Table 1. This master pattern was then used to discretize the orientation space us-
ing 100 cubochoric samples for a first raw indexation. The indexing success threshold angle
was set to 1.5°. The indexed points’ orientations were then refined by orientation space sub-

sampling close to the first solution using the EMFit program, with a 0.03 refinement step size.

GND estimations
GND density distributions were estimated using the Matlab mtex toolbox introduced by
Bachmann et al. [4] following the methodology described by Pantlon [32]. The methodology

is based on the determination of the Nye tensor a with the EBSD misorientation data w at



each point with:

B :/Sa-ndS: —/Scurl((FE)*l).nds, (1)

Bsz/sa-ndS:(/Sts-ndS)‘bs, (2)

where B? is the resulting Burgers vector in the gliding system s when integrating on a surface
element .S of normal n, ¢ is the elastic part of the deformation gradient tensor and t° and b®
are respectively the dislocation line and Burgers vector in the gliding system s. By neglecting
the elastic distortions contribution to the curl of the elastic deformation tensor, the above
relations yield:

a= Z:psbS ® t° =~ curl(w), (3)

where p® is the GND density in the gliding system s.

For face-centered cubic structures, 18 slip systems are usually chosen (12 pure edge and
6 pure screw dislocations). Four out of the nine components of a are unknown, as EBSD
only provides in-plane measurements. Identifying p® for every system s from Equation 3
is therefore an ill-posed problem and requires to minimize another physical quantity to be

solved. Let us introduce the total dislocation line energy defined as:
U= Z p°u’, (4)
S

where u® is the system s dislocation line energy defined as:

b2 . .
5 i, for edge dislocations

b2 for screw dislocations

where v is the material’s Poisson’s ratio taken as 0.3 and b is the norm of the Burgers vector
taken as 0.26 nm. The quantity p® for each system s is found by minimizing W under the
constraint defined by equation 3.

It should be noted that the methodology therefore only provides a lower bound of the GND
density [42]. It can however be used for comparison purposes. Also, the chosen minimized

quantity should only have little effect on the total dislocation density [7], which was the only
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Figure 2: Typical hardness variation with indentation depth obtained using the CSM mode. An oscil-
lating displacement is imposed to the indenter during the test, hence providing a continuous measure
of the material’s hardness and reduced modulus with indentation depth. Size effects down to 100 nm
results in higher hardness values. The final hardness value is taken as the average in the stable zone,
between 100 nm and 150 nm.

quantity considered in this work.

1.3 Nanoindentation

Nanoindentation tests were performed to map the process induced hardness gradient close
and far from the rolled edge. A MTS DCM nanoindenter with a diamond Berkovitch tip was
used. The test consists in indenting a material’s surface using a diamond tip down to a few
hundred micrometers while measuring the indentation load and displacement. The material
hardness is then obtained by estimating the contact surface between the tip and the indented
material.

The nanoindenter Continuous Stiffness Measurement (CSM) mode developed by Oliver
et al. [30] was used. An oscillating displacement was imposed to the tip at a 75 KHz
frequency allowing the continuous measurement of the contact stiffness. In the present work,
it was considered that the elastic modulus remained the same wherever the indentation
was performed. This provided hardness estimations without any assumption on the contact
geometry, nor on the material’s residual stress state.

At small indentation depth, size effects resulting from the small dimensions of the loaded



volume could occur. Such size effects usually result in higher hardness values at small depths,
as the loaded volume to dislocation density ratio is not representative of the bulk. As illus-
trated in Figure 2, the method provides insights in the depth where size effects occur, as the
measured hardness is higher at lower depths. The final hardness measurement is then given
as the hardness average in the zone where the hardness becomes constant. In this study, the
hardness value was obtained by averaging hardness values for depths varying from 100 nm to
150 nm depth. This also ensures that the estimated hardness were estimated in the autosim-
ilarity regime as the estimated defect height of the tip used in this study is around 7 nm [15].
Indentations were performed with a load control set-up. The indentation depth was limited

to 200 nm.

2 Results

2.1 Microstructure analysis

Figure 3 shows an assembly of the two Inverse Pole Figures (IPF) relative to the sample’s
normal obtained using the dictionary indexing method from the rolled edge to the sample’s
flat part. A drift in the orientation data between the two maps can be observed and results
from EBSD beam drift due to the long time required for the acquisition.

Large plastic deformation close to the rolled edge led to lower indexing rates, even using
the dictionary indexing method. The bulk and the flat part of the sample were composed
of equiaxed grains. Elongated grains were found in the rolled edge close to the surface. No

grain refinement was observed.

2.2 Hardening distribution
2.2.1 Reference shot peened zone

Figures 4 (a) and (b) show the GND distributions estimated in the reference zone at a
minimum distance of 150 pym from the rolled edge with conventional Hough and dictionary
indexing respectively. Figure 5 shows the relative position of the different maps shown in
Figure 4 for better clarity. Both methods exhibited a GND density gradient from the surface

to the bulk due to shot peening induced work hardening. The density gradient is however more
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Figure 3: Inverse Pole Figure (IPF) map relative to the sample’s normal obtained next to the rolled
edge zone. Dashed lines represents the samples border to emphasize the zones that were not indexed.
Elongated grains are observed mext to the surface at the edges. The dotted line represents the limit
between the two EBSD acquisitions. A drift in the orientation data due to the long acquisition time
can be observed close to this limit at the bottom of the map.

pronounced when using the dictionary indexing method. Figures 4 (c) and (d) show the GND
density distribution estimated in the bulk using Hough and dictionary indexing, respectively.
The average density observed in the bulk qualitatively matches those represented at the
lower depths in Figure 4 (a) and (b). This reveals that the maps acquired for the shot peened
reference captured the whole surface gradient induced by shot peening. This is confirmed
by Figure 6 which shows the average GND density depth profiles computed on 15 um high
bands at different depths. The average bulk GND density was 4.2 10'* m~2 using DI and 7.7
10" m~2 using Hough indexing. The affected depth is therefore 125 um deep.

Figure 6 quantitatively reveals the GND gradient induced by shot peening work hardening
from the surface to the bulk. As already visible in Figure 4, the main difference between the

two indexing methods was found in the bulk. The average density estimated using Hough
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Figure 4: GND density map estimated far from the sample edges close to the surface and in the bulk
using (a)(c) conventional Hough transform and (b)(d) Dictionary indexing. Both figures reveals a
hardening gradient induced by shot peening from the surface to the bulk. The dictionary indexing
approach provides a better contrast inside each grain and reveals a higher dislocation density gradient.
The average dislocation density observed at the bottom of (b) seems to match the average hardening
level of the sample bulk.
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Figure 5: Position of the two different EBSD maps represented in Figure 4. The dotted lines represents
the shot peened reference zone close to the surface. The dashed lines represents the bulk zone.
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Figure 6: GND density average variations with depths using conventional Hough transform and Dic-
tionary indexing. A higher GND density gradient is quantitatively found using DI. Higher density
values in the bulk using conventional Hough transform result from higher noise on the orientation
values.

indexing was 1.8 times higher, when compared to that obtained with DI. Such difference
could be explained by spurious dislocation density due to noisy orientation data in the bulk
when using conventional Hough transform. DI should therefore provide a better estimation
of the GND density.

A Taylor hardening model was used to compare the estimated GND density gradient with

experimentally measured hardening gradients. GND density pgnyp was related to the critical
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Figure 7: Shot peened IN718 specimen sources of hardening. EBSD estimations only provides insights
in the work hardening GND contribution to the global hardness, represented as the dark blue area. This
contribution is small compared to other contributions such as precipitate hardening or the presence of
SSD, represented by the gray area. Indentation measurements are representative of both areas. The
contribution of GND induced work hardening on the hardening gradient can be extracted using EBSD
based GND estimations.

resolved shear stress 7. in a given system with:

Te = OéGb\/pGND, (5)

where « is an empirical constant representative of the plasticity mechanism, taken as 0.3,
as suggested by Mughrabi [28], and G is the material shear modulus taken as 76 GPa. The
critical resolved shear stress was then related to the material’s hardness H using Tabor’s

relation as:

H = 30y, (6)
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Figure 8: Comparison between experimentally measured indentation hardness and hardness estima-
tions from the EBSD GND densities. The difference between the indentation measured hardness and
the GND estimations at 90 pm depth was added to the estimated hardness to compare only the hard-
ness gradient resulting from the dislocation density gradient, without accounting for other sources of
hardening. Ezxperimental hardness have a large dispersion. The estimated hardness gradient follows
well the experimental one for both indexing methods.

where o, is the material’s yield stress estimated as:
oy = e, (7)

where m is the Schmid factor, which was here assumed as constant and taken as %. Such
relations do not provide a quantitative assessment of the hardness absolute value using the
GND density as they are purely empirical and rely on strong hypotheses. They however
provide an order of magnitude of the hardness gradient resulting from shot peening induced
work hardening.

Also, this estimation only accounts for GND induced Taylor work hardening and not
for other contributions such as precipitate hardening which is predominant for the studied
material. As schematized in Figure 7, these other contributions have to be added to the

estimated hardness value to be compared to experimental hardness. To compare only the
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hardening gradient, the indentation measured hardness value at 90 um depth was added to
the GND estimated hardness.

Figure 8 shows the comparison of experimentally measured hardness values with the
GND estimations using both indexing methods. Fifteen different indentations at constant
depth were averaged for each hardness value. Despite the large variability of the indentation
hardness measurements, a good correspondence can be found with the GND estimations for
both methods. The difference in GND densities observed between Hough indexation and
Dictionary indexing only resulted in a 300 MPa hardness difference, which is negligible when

compared to the material’s hardness.

2.2.2 Rolled edge zone

Figure 9 shows the GND density distribution close to the rolled edge. Higher densities

were observed close to the rolled edge as compared to the flat part of the sample. Also, severe

1015

1014

Figure 9: GND distribution in the rolled edge estimated using dictionary indexing. Higher density
values can be observed next to the rolled edge than in the shot peened reference.
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plastic deformation close to the rolled edge surface prevented the EBSD indexing.
To compare the material hardening state between the reference and the rolled edge at
the same depth, a depth map between a given point and the sample surface was computed

as shown in Figure 10 (a). The sample’s surface was drawn manually using Bezier Curves

depth (pm) p (m=2?)

1160 20,m

140 g
o T
100 80pm -
60 |
40
20

(a) : ¥ |

(b)

Figure 10: (a)Depth map computed for the rolled edge zone to compare average dislocation values
between the rolled edge and the reference at the same depths, despite the geometry of the rolled edge.
(b)GND density maps on two bands taken at 20 um and 80 um. Average dislocation density variation
from the edge to the sample center was computed on the two bands by computing the dislocation average
on 100 slices of those bands.

15
x10
35 T T T T T T T T T T
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- o A Rolled-edge - 20um
) ~| e Rolled-edge - 80um |

x5k . . A%
v 15 4
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Figure 11: Average GND density variation from the rolled edge (s=0um ) to the reference zone
(s=220 um) with the curvi-linear abscissa s following the bands presented in figure 10. Decrease in
the dislocation density from the edge to the center can be observed at 20 um depths. The dislocation
density at 80 pm is almost constant from the rolled edge to the sample’s center.
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Figure 12: (a) Average GND density variation with the depth represented in Figure 10(a) next to the

rolled edge (0 < s <90 um) and in the reference zone (190 pm < s <220 um). (b) Taylor hardening

estimations in the rolled edge and reference zones. Higher GND densities are found close to the rolled

edge beneath the surface. This results in hardening differences of roughly 400 MPa at the surface
between the rolled edge and the reference zone.

with the Inkscape [1] software . The minimal distance between a given point and the curve
was then computed using a Matlab script. This provided GND density data bands at a given
depth such as those shown in Figure 10 (b).

Figure 11 shows the average GND density variation from the rolled edge to the sample
center at 20 pum and 80 pm depths. The figure confirms that higher dislocation density
values are found close to the rolled edge. Figure 12 (a) shows a comparison between the
GND density variation with depth, close to the rolled edge and in the reference zone. The
resulting Taylor hardening estimation is shown in Figure 12 (b). This further confirms the
results shown in Figure 11. It also reveals that the density gradient is higher in this zone, as
the same bulk density was found at similar depths as in the reference zone. Figure 12 reveals
that such GND gradients could result in hardness differences of 500 MPa close to the surface.

Figure 13 (a) shows a comparison between experimentally measured hardness in the rolled
edge at three different locations and in the reference at two different locations, as detailed in
Figure 13 (b). Five hardness measurements at a given depth were averaged for each hardness
value. The figure reveals an average subsurface hardness increase of 1 GPa between the
rolled edge and the reference. This confirms the results obtained using GND estimations
from EBSD analyses. Let us note that the order of magnitude is correct even though there is

a 500 MPa difference between both methods. Such a difference could be explained by the low
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Figure 13: (a) Hardness gradient in the rolled edge and in the reference zone for respectively two
and three different indentation tests at different locations sketched in Figure (b). Subsurface hardness
increase of 1 GPa in the rolled edge compared with the reference was experimentally observed.

indexation rate obtained next to the rolled edge surface. The choice of a constant Schmid
factor, the use of the Taylor hardening law as well as the high indentation measurements
standard deviation (326 MPa in average) could also explain such a bias.

Also, it should be noted that EBSD observations do not provide access to the statistically

stored dislocation densities, which could also contribute to the observed hardness.

3 Discussion

DI resulted in lower estimated GND densities than those predicted by Hough indexing in
the bulk. Such a difference could be attributed to a better performance of the DI method
toward noisy patterns. Figure 6 however reveals that similar densities were found by the
two methods in the shot peened surface, where the largest plastic deformations should oc-
cur. Thus, DI did not improve indexation toward plastic deformation in this case. Also, the
difference between the two methods resulted in hardness differences close to the nanoinden-
tation measurement uncertainties. Such differences are therefore negligible when considering
hardness estimations. This partly results from the Inconel 718 high hardness resulting from
precipitate hardening. Such difference should however be more significant on softer materials

and would better assess the relevance of the method.
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Also, no filter was used on the orientation data to improve the GND density estimation
in this study. Local filters such as the local linear adaptation of smoothing splines developed
by Seret et al. [35] could help reducing the influence of noise on GND estimations while
preserving the GND structures.

A difference of 500 MPa was found between the hardness variations estimated from GND
densities and that measured by nanoindentation in the rolled edge. These differences could
be explained by the fact that the Taylor model used in this study relies on the assumption
that a constant Schmid factor characterizes the whole probed surface. Despite the good
correspondence of the hardness gradients observed far from the rolled edge in Figure 8, these
differences could also be explained by the potential contribution of the SSD densities to work
hardening, which cannot be estimated using EBSD measurements. However, both hardness
gradients estimated from GND and obtained by nanoindentation were more pronounced in
the vicinity of the bulge zone. This confirms that part of the observed differences in hardness
between the bulge and the flat zone can be explained by the GND contribution to work
hardening.

The observed hardness difference between GND estimations and nano-indentation mea-
surement could also result from an evolution of the Inconel 718 Direct aged ~" precipitates
morphology and interface properties during the process induced by severe plastic deforma-
tions [27, 33, 46]. In this work, it was assumed that the strains imposed by the shot peening
treatment performed were sufficiently small to prevent such effect, as the plastic strain am-
plitude should not exceed 45% with the peening conditions used, as shown by Goulmy et al.
[14]. The potential influence of this effect on the observed hardness gradient in the rolled
edge zone will be further investigated in future works.

Microstructural evolution induced by severe plastic deformation is related to the shearing
mechanisms imposed to the material. According to Segal et al. [34], simple shear leads
to grain rigid body rotations and favors grain refinement. Inversely, pure shear results in
higher grain size ratio and higher intragranular dislocation densities. Figure 14 (a) and
(b) respectively show the variation of the grain area and the Grain Average Misorientation
(GAM) as a function of depth in the viscinity of the rolled edge, for depths deeper than

25 pm. Observation of Figure 14 confirms that grains close to the rolled edge exhibited
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higher dislocation densities and an absence of grain refinement. Such microstructure therefore
resulted from a pure shear state induced by shot peening close to the specimen’s border.
Figure 15 summarizes the proposed deformation mechanism leading to the rolled edge
microstructural state. As opposed to the reference zone, represented in dark blue in Figure
16, the impacts occurred on a partially free surface. Therefore, early shot induce material
stretching, which produces a bulge where the material is free to deform. When the initiated
bulge is further impacted, a global bending develops in the bulge zone, which leads to a rolled

edge and to a highly sheared zone as depicted in Figure 16. Since the highly sheared zone
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Figure 14: (a) Grain area variation and (b) Grain Average Misorientation (GAM) variationsas a
function of depth, in the viscinity of the rolled edge. The grain area is relatively constant while the
GAM continuously decreases as the depth increases.
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Figure 15: Summary of the proposed deformation mechanism in the rolled edge. Early shots induces
surface stretching bulging the surface where the material is free to deform. When further impacted,
stretching results in a global bending of the forming rolled edge. This induces pure shear stress state
in the grains.
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Figure 16: Summary of the different hardening areas induced by shot peening of an edge. Higher GND
densities and hardening gradient than that found in the reference zone was induced by the pure shear
state close to the edge. The induced rolled edge being more free the deform suffer was subjected to less
shear when further impacted as compared to the highly sheared zone.

is free to rotate, individual grains experience no rigid body rotation. Such bending induces
high tensile stresses in the rolled edge grains, resulting in a pure shear stress state, as the
deforming grains are blocked by the bulk. This results in highly elongated grains and a high
dislocation density in the highly sheared zone. Such mechanism is similar to that observed
by Mattei et al. [26] after microstructural analysis of a highly bent AA6016 sheet. Once
formed, the rolled edge is more free to deform as opposed to the highly sheared zone and is
therefore less subjected to shear when further impacted.

These differences in hardening could have an influence on the treated parts’ fatigue life.
Klotz et al. [21] investigated the influence of shot peening induced hardening and residual
stresses on the Inconel 718 alloy fatigue life. The authors found that shot peening induced
cold work reduces the negative effect resulting from surface roughness in the LCF regime.
The hardening state of the Inconel 718 sample has therefore a critical impact on its LCF
life properties, independently of the residual stresses induced in the material. In the present
study, work hardening has a negligible influence on the Inconel 718 properties compared to
precipitate hardening. The increased hardness observed in the present work should therefore
only have little effect on the material’s fatigue life in the LCF regime.

Also, for the Inconel 718, the influence of the rolled edge higher hardening values on the
fatigue life should be negligible in the HCF regime, as it is mainly driven by the materials’
residual stress state, as evidenced by Klotz et al. [21]. Eleiche et al. [10] performed High

Cycle Fatigue (HCF) tests on flat shot peened high strength martensitic steel specimens for
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which the residual stresses had been relaxed by a thermal treatment. Shot peened specimens
presented a 20% fatigue life improvement, when compared to as-received specimens. However,
the residual stress relaxation only degraded the material’s fatigue life by 3%. The increased
hardness observed in the rolled edge could therefore have an impact on the HCF fatigue life
of such materials.

Higher dislocation densities could also have an effect on the corrosion properties of the
treated material. Naeini et al. [29] studied the pitting resistance of an accumulative roll
bonded 5052 aluminum alloy sample. An increase in dislocation density resulted in a less
protective oxide layer hence degrading the material’s resistance to corrosion. Similar results
were also found by Singh et al. [36] after cold rolling of an AISI304 steel and also by Laleh et
al. [23] on a AZ91D magnesium alloy after Surface Mechanical Attrition Treatment (SMAT).
The higher hardening state of the rolled edge as well as its non-linear shape could therefore
have a negative impact on the treated part’s corrosion resistance.

Finally, as evidenced by Figure 11, the rolled-edge formation influences the sample’s
hardening gradient in a zone surrounding the edge, and not solely inside the rolled-edge.
This reveals that removing the rolled edge, as suggested by You et al. [45], would not

entirely remove the hardening heterogenities resulting from its formation.

4 Conclusion

The objective of this work was to study the mechanical behaviour of a shot peened induced
rolled edge as compared to a flat shot peened zone for the Inconel 718 alloy. The main

contribution are:

e DI indexed EBSD maps presented lower GND densities than those obtained from Hough
indexing. This was attributed to spurious GND densities due to noisier orientation data

when using Hough indexing.

e Nanoindentation hardness measurements revealed that shot peening induced rolled
edges present a hardness increase of 1 GPa and a higher hardness gradient as com-

pared to the reference zone.
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e This hardening was directly related to the GND densities estimated in the rolled edge
using a Taylor hardening model. This revealed that the measured hardness increase is

mainly due to work hardening.

e The rolled edge surface presented elongated grains which might be explained by a pure

shear state imposed to the material during severe plastic deformation.

e Such hardening and microstructural heterogeneities were not only found in the rolled-

edge but also in its surrounding.

e Comparison between GND gradient maps and nanoindentation data provided a method-
ology to assess the process influence on complex geometries which is crucial to under-

stand potential effects on the treated parts fatigue’s life or corrosion resistance.

The zone surrounding a shot peened induced rolled edge could therefore present different
fatigue and corrosion resistance properties than a flat shot peened zone, even after the removal
of the excess of matter. This influence should however be investigated through HCF and
LCF fatigue tests on material for which work hardening is predominant, such as martensitic

stainless steel or alpha-iron alloys, as well as corrosion tests, to confirm this influence.
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