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A B S T R A C T

Standard techniques for assessing shot peening include XRD and EBSD for measuring residual stresses and severe
deformation beneath the surface; however, these techniques do not consider the localised micromechanical
behaviour. Here, single-grain micropillar compression tests in a Ni-base superalloy reveal that the micromechani-
cal effect of shot peening could be insignificant due to the machining-induced pre-strained condition of the sur-
face. Further, it is shown that shot-peening-induced strengthened layer can extend much less (»50%) than the
depth at which compressive stresses are still present. This work highlights the need for employing microme-
chanics as a complementary shot peening assessment technique for machined components.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/)
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Fig. 1. Proposed methodology for assessing the integrity of the as-machined and shot-
peened Ni-base superalloy with micromechanics.iao).
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1. Introduction

The challenging environment inside aeroengines demands for
ever-stronger materials that can withstand high temperatures whilst
maintaining superior mechanical properties. Polycrystalline Ni-base
superalloys, consisting of an FCC gamma (g) matrix that is precipita-
tion-hardened with a gamma prime (g’) phase, pose an attractive solu-
tion due to their resilient yield strength, and resistance to fatigue,
creep and crack growth at high temperatures [1,2]. However, these
materials are difficult to machine, and thus, subsurface microstructural
alterations can be induced in the form of grain refinement, deformed
g’ precipitates, tensile residual stresses, and mechanical twins [3,4].
The latter is of significant importance given that the high-angle bound-
ary of twins impede dislocation motion and thus act as stress concen-
trators [5], which ultimately enables crack initiation.

Multiple studies regarding the surface integrity of as-machined Ni-
base superalloys exist [3,6]; these have shown the complex role played
by cutting temperatures on local lattice reconfiguration [7], showing
that a controlled set of thermal conditions could allow for higher tem-
peratures to actually reduce the machining-induced subsurface defor-
mation [8] by increasing thermal softening and shear localisation.
Furthermore, the recrystallised layer on machined Ni-base superalloys
has also been characterised via micromechanical testing, showing that
it possesses a dominant plastic (i.e., rather than elastic) behaviour
even at low strains, which is detrimental for fatigue life [9]. Simula-
tion-basedmethods (e.g., crystal plasticity, molecular dynamics or con-
tact mechanics) have been explored for predicting the behaviour of
these alloys (e.g., [5,10]), but they are usually confined to the bulk
material, which lacks to capture the behaviour beneath the material’s
outermost surface (i.e., where severe deformation exists).

These intricacies, along with machining-induced tensile stresses,
calls for the need of a post-processing technique that improves the
in-life performance of the component. Shot peening is a commonly
used method for this that consists of continuously impacting the
material’s surface with shots, which induces a compressive stress
profile in the subsurface [9] (Fig. 1). The impact-induced forest of dis-
locations in the crystal lattice of the superficial layer improves the
material’s performance due to the strain hardening effect associated
with the localised plastic deformation [11]. Thus, the resistance to
deformation in the superficial layer of the shot-peened surface can be
expected to be larger than in the bulk material, and therefore aid in
the fatigue strength of the material. But how can the reach of shot
peening be assessed?

The effect of shot peening is measured by evaluating the material
condition beneath the shot-peened surface, with a focus on plastic
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Fig. 3. Residual stresses and full width at half maximum (FWHM) profiles for each sur-
face condition.
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deformation depth and residual stresses. Traditionally, various material
analysis techniques are used for this: scanning electron microscopy
(SEM); microhardness testing; x-ray diffraction (XRD), which permits to
obtain the residual stress profile beneath the surface and to quantify the
depth of plastic deformation (i.e., the strain hardening depth, captured
by means of peak broadening); and electron backscatter diffraction
(EBSD), which after data post-processing yields the geometrically neces-
sary dislocation (GND) density. However, caution must be employed
with these techniques since, for instance, microhardness measurements
near the edge are not reliable [12]; residual stresses can be significantly
relieved after a single cycle of fatigue loading (e.g., 60% relaxation after
1 cycle with 1.2% strain [13]); and GND density does not capture the
large strains that take place via homogeneous slipping along a given slip
system of the crystal [11]. Thus, more advanced techniques, such as
micromechanical testing (Fig. 1), are required [14] for providing richer
near-edge data in terms of stress-strain.

Here, micromechanical analysis (i.e., micropillar compression) is
employed as an assessment technique in shot-peened specimens
(Fig. 1) of a machined Ni-base superalloy, and it is shown that the
larger dislocation density achieved by an increased shot peening
intensity could be positive for the material by a significant increase of
the critical resolved shear stress (CRSS), but it is also noted that given
the pre-strained condition (i.e. machined surface), peening does not
always pose a material enhancement scenario and could have a negli-
gible effect on the material’s CRSS. More importantly, it is proved that
even while the residual stress profile may show a large depth of shot
peening action, micromechanical strength (i.e., yield strength, CRSS)
could be affected significantly less.

2. Experimental details

To investigate the role of shot peening on pre-strained (i.e.,
machined) surfaces, a micromechanics-based study has been con-
ducted on a next-generation polycrystalline Ni-base superalloy under
development by Rolls-Royce plc [15], with a 51�53 vol% g’ fraction
and ASTM 8 to 7 average grain size (Fig. 2).
Fig. 2. Microstructure of the investigated Ni-base superalloy. (a) SEM image depicting
the grain structure and, (b) close-up view.

Fig. 4. Microstructure beneath the machined and peened surfaces (processed surfaces
at the bottom). (a-c) EBSD maps (IPF Y) near the surface show the grain refinement
zone and grain sweeping, and (d-e) GND density maps in the same locations depict the
deformed layer (DL) depths.
The material was machined via turning and it was subsequently
shot-peened to achieve a 125% coverage with two different intensities.
Thus, three material conditions were considered: (i) as-machined
(‘AM’), (ii) machined and shot-peened at a low intensity (‘AM+LowPI’),
and (iii) machined and shot-peened at a large intensity (‘AM+LargePI’).
The alloy was produced, machined and shot-peened by Rolls-Royce plc.

The samples were cut and polished to make them of suitable size,
shape, and quality for SEM, XRD, and micromechanical testing.

EBSD was employed in near-edge locations to identify suitable
micromechanical testing locations. Focused Ion Beam (FIB) milling was
employed to produce micropillars beneath the machined/peened sur-
face at three depths: (i) at the edge, (ii) at 50 µm, and (iii) at 100 µm
(Fig. 1). Micropillars were ensured to be located fully inside single grains
and had a nominal diameter of 3 µm and aspect ratio of 3:1 [16].

The micropillars were subsequently compressed at a constant
strain rate of 0.01 s-1 with a flat punch diamond tip (Synton-MDP,
Switzerland) using an in-situ nanoindenter (Alemnis, Switzerland)
inside an SEM, and tests were stopped after a 0.1 strain (non-cor-
rected) was achieved. Results were analysed by an in-house Matlab
code to obtain engineering stress-strain data.
3. Role of shot peening on the metallurgy of the alloy

A traditional shot peening assessment was performed by means of
XRD to obtain the residual stress profiles and the strain hardening
depths (Fig. 3). As expected, the AM condition depicted large tensile
stresses near the surface, having a very similar strain hardening
depth as the AM+LowPI condition (Fig. 3b), roughly normalising at
around a 100 µm depth. Nevertheless, it is easy to note that the AM
+LargePI condition exhibited the largest compressive residual stress
profile (Fig. 3a) and achieved a deeper strain hardening depth than in
the other two conditions given the increased deformation related to
the larger peening intensity. Consequently, based solely on this,
peening at the larger intensity appears to perform better than the
low intensity, as it shows evidence that the surface will be ‘enhanced’
up to depths that are close to 200 µm deep (Fig 3b).

To complement the analysis, the samples were assessed with
EBSD (Fig. 4a-c). The crystallographic analysis shows that the AM and
AM+LargePI have more pronounced grain sweeping and intragrain
misorientation than in the AM+LowPI condition, implying perhaps
that the lower peening intensity is only useful for balancing the effect
of the tensile residual strains due to machining, but not enough to
induce further deformation into the material. Analysing the GND
density (Fig. 4d-f), it can easily be noted that even while there is a
larger number of dislocations near the edge for the AM condition
(Fig. 4d), the overall deformed layer (DL) depth is larger for the AM
+LargePI condition, reaching 36 µm deep beneath the surface, while
it is significantly lower for the AM+LowPI condition (11 µm deep).
However, while this type of crystallographic analysis is useful for par-
tially quantifying the effect of shot peening, it fails to capture the dis-
location concentrated in compact shear bands [11], where large
dislocations can occur without accumulating significant strains. On
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the other hand, due to resolution limitation, the EBSD technique
would normally miss to capture the localised dislocation activities.

To complement the EBSD and GND density information, backscat-
ter electron imaging (BSEI) was also employed to examine the sub-
surface since it allows for ease of visualisation of lattice defects (e.g.,
dislocations, stacking faults) near the surface of the sample (Fig. 5).
With this technique, it was found that the DL (i.e., depicting large
intragranular deformation) reached 21 µm deep in the AM sample
(Fig. 5a), while higher for the other two conditions, as 40 µm and
70 µm for the AM+LowPI (Fig. 5c) and AM+LargePI (Fig. 5e) condi-
tions, respectively. It is also easy to see that due to the surface strain-
ing, multiple slip lines are enabled for all conditions. Additionally,
this method enables the measurement of the heavily deformed layer
(HDL) where most of the strain-induced recrystallisation (i.e., grain
refinement) takes place. The HDL was measured as 1.6 µm, 2.1 µm
and 3.5 µm for the AM, AM+LowPI and AM+LargePI conditions,
respectively (Fig. 5b,d,f).
Fig. 5. Deformed layers (DL) with large intragranular deformation and heavily
deformed layers (HDL) beneath the surface, assessed via BSEI.

Fig. 6. Micropillar compression tests results. (a) Typical engineering stress-strain
curves (examples from the AM+LowPI sample; the non-serrated and serrated curves
correspond to 50 and 100 µm depths, respectively). (b) CRSS as a function of depth
beneath the machined and peened surfaces for all conditions.
While these metallurgical techniques complement the residual
stress analysis (Fig. 3), they are intimately linked to the localised sur-
face region upon which they were analysed from, which is why there
is no clear consistency in the deformed layers measured with the dif-
ferent techniques (Table 1).

While the assessment of the misorientation depth is associated
with the amount of dislocation motion and plastic deformation
induced by the machining and peening processes, it remains insuffi-
cient to find its relation with more relevant aspects, such as material
response under loading, which can be quite different near the
deformed layer than in the bulk material [14,16]. Therefore,
Table 1
Depth measurements of the strain hardening layer (SHL) and
deformed layers (DL) of the machined and peened conditions, as mea-
sured with different techniques.

Sample
condition

SHL (µm),
via XRD

HDL (µm),
via SEM

DL (µm),
via SEM

DL (µm),
via EBSD

AM 100 1.6 § 0.08 21§1.31 32§2.70
AM+LowPI 100 2.1 § 0.16 40§2.43 11§0.69
AM+LargePI 200 3.5 § 0.28 70§5.06 36§3.11
micromechanical testing shows potential for assessing the mechani-
cal behaviour in the subsurface � this is discussed next.
4. Role of shot peening on the micromechanics of the alloy

Microindentation, which has been employed extensively to assess the
hardness in the subsurface of Ni-base superalloys, cannot provide the full
micromechanical information, since due to the ‘edge effect’, indentations
near the surface are not reliable [11], plus they do not straightforwardly
enable an analysis of the strength or plastic behaviour of the material.
Hence, micropillar compression testing was employed to tackle this
aspect due to the simple uniaxial stress state that it comprises.

To characterise the machined and peened surfaces, micropillars
were compressed at different depths, namely at the edge (at
»10 µm), 50 µm and 100 µm. It was ensured that pillars were inside
single grains, thus knowing the crystal orientation for each pillar via
EBSD (Fig. 1). This allows to calculate the critical resolved shear
stress (CRSS) for all tests, and thus yields an objective comparison of
micropillar strength regardless of the orientation of the grain’s crys-
tallographic planes. Based on the Euler angles (F1, F, F2), the CRSS
(t) for each pillar was calculated as [11]:

f1; f; f2ð Þ ! Gmat

For i � 1; . . . ;12½ �
hkli ¼ Gmat � li cos λð Þi ¼

zvec ¢ hkli
khkli k � k zvec k

uvwi ¼ Gmat � ni cos cð Þi ¼
zvec ¢uvwi

kuvwi k � k zvec k
t ¼ s � max cos λð Þi; cos cð Þi

� �� �

8>>>>>>>><
>>>>>>>>:

ð1Þ

where Gmat, zvec, s, li, ni and i, are the orientation matrix derived from
the Euler angles, compression axis vector, axial stress, slip direction,
slip plane, and slip system, respectively. The term max[cos(λ)i,cos
(c)i] is the Schmid factor of the grain in question, which for the 16
compressed micropillar locations was measured as 0.424§0.065,
considering the {111}<110> slip system family.

All micropillars depicted a typical engineering stress-strain curve
(Fig. 6a), characterised by either a serrated or non-serrated trend
past the yield point, which is explained by the consecutive slipping
process in which energy is accumulated before every slip along the
primary slip system (Fig. 7b,c).
Near the edge, the AM+LargePI condition exhibited the largest
CRSS (0.59 GPa), being about 77% larger than in the AM and AM
+LowPI conditions; this could be explained due to the large number
of dislocations induced at the surface at this large peening intensity.
At 50 µm, the CRSS from the AM+LargePI sample reduces to 0.52 GPa,
but it is still significantly larger (by 30%) than the other two condi-
tions. At 100 µm, the CRSS from the AM+LargePI further reduces to
0.37 GPa, being only slightly larger than the AM (by 26%) and the AM
+LowPI (by 14%). Thus, this highlights that the CRSS of the material is
better enhanced by a larger peening intensity. Interestingly, however,
the CRSS between the AM and the AM+LowPI condition is fairly the
same at all depths beneath the surface, being only an 11% difference
at a 100 µm depth.



Fig. 7. Micropillar compression tests. (a) Micropillar before test. (b) Dominant failure mechanism with several active shear planes along the primary slip system. (c) Dominant fail-
ure mechanism with a single active shear plane and low activity in the same slip system. (d) Duplex slip system shearing failure.

500 J.A. Robles-Linares et al. / CIRP Annals - Manufacturing Technology 72 (2023) 497�500
These results prove that even while the residual stress profile
may indicate that there is a compressive state of residual stress
(Fig. 3), it does not necessarily imply a favourable shift in the
micromechanical properties (i.e., yield, CRSS). This is likely due to
the initial surface state (i.e., pre-strained under tension due to
machining), aspect that is typically neglected in shot peening
studies, where the surface is in pristine condition with insignifi-
cant surface anomalies. Here, more in line with an industrial pro-
cess, the alloy already presented a heavily deformed layer before
peening, due to the machining operation.

All pillars failed by shearing along a primary slip system (Fig. 7b-
d). In some cases, multiple active shear planes were detected
(Fig. 7b), while in some others there was a single active shear plane
and low strain activity along the primary slip system without shear-
ing (Fig. 7c). Only a minority of the pillars failed by displaying a
duplex slip system shearing failure (Fig. 7d). No distinction of failure
mode was identified between the surface conditions. This indicates
that although different strengthened effects have been introduced by
machining and shot peening processes, these do not adversely affect
the failure mechanism at the microscale.
5. Conclusions

This paper reports the shot peening influence on the surface
integrity of pre-strained (via machining) surfaces of a Ni-base super-
alloy. After machining and shot peening, usual assessment techni-
ques (i.e., XRD, EBSD, SEM) were employed, but the measured
deformed layers showed a high dependency on the location of mea-
surement. Based on the residual stress profiles, it would be assumed
that the low and large peening intensities favour the CRSS up to
100 µm and 200 µm deep, respectively. Nevertheless, following
micropillar compression tests, it was revealed that the CRSS of the
material is not enhanced by the low peening intensity at all, and that
peening at large intensity does in fact significantly improve the CRSS
of the material, but only up to about a 100 µm depth. This highlights
that even while residual stresses are useful for identifying the overall
surface state and quality, they might be deceiving as to the extent on
which micromechanical behaviour could be enhanced. Moreover, the
pre-strained condition of the material could also affect the result of
the shot-peened surface. Therefore, traditional techniques to mea-
sure the effect of shot peening, such as XRD, EBSD and SEM, need to
be complemented with additional techniques that allow a more in-
depth evaluation, like micromechanical testing. While these results
explored the role of shot peening on the CRSS via micropillar com-
pression, the results from other types of micromechanical tests (e.g.,
microcantilever beam bending, micro-tensile) could also reveal new
information based on the strain history of the material prior to shot
peening.
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