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Abstract:  

The improved crack nucleation resistance of shot-peened materials has been 

usually studied from the point of view of the residual compression stresses. Nevertheless, 

experimental limitations have made difficult to quantify strain localization during further 

deformation. In this study, we have used high-resolution digital image correlation 

(HRDIC) and electron backscatter diffraction (EBSD) in a large area covering shot-

peened material and bulk to study quantitatively the strain distribution at the submicron 

scale.  We found that, at the earlier deformation steps (e < 2.5%), the slip intensity and 

distribution at the shot-peened region differ from that observed at the bulk. In the former, 

well-spaced, sharp and homogeneously distributed slip bands are observed. On the other 
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hand, in the shot-peened region, slip is less evident, and a more homogeneous diffuse 

deformation is observed along the majority of the grains. However, this region also 

contains a small number of slip bands that accumulate high strains, mainly along Σ3 

annealing twin boundaries. Additionally, the border between both regions, at a depth with 

no residual stresses, present the minimum strain values. During further deformation (e > 

2.5%), the strain distributions become similar along the material simultaneously to the 

residual stresses relaxation. A further analysis of the HRDIC maps allowed for the first 

time to quantify strain heterogeneity. This study reveals the importance of the local stress 

state and the strain history on the strain localization. 

 

Keywords: Ni-base superalloy; shot-peening; digital image correlation; local strain 

distribution 

 

1.- Introduction 

Nickel-based superalloys are a group of superior alloys able to withstand 

aggressive service conditions. They are able to resist high-temperature fatigue and creep 

with a remarkable resistance to corrosion and oxidation [1]. Given this ability, both the 

air and land gas-turbine industries use these alloys extensively. In order to meet the 

demand for increased gas-turbine efficiency and superior damage tolerance, nickel-based 

superalloys are required to perform under higher stresses and operating temperatures. 

Among them, the γ´-strengthened polycrystalline RR1000 superalloy, developed by 

Rolls-Royce, is a high-performance alloy for operating in high-pressure compressor or 

turbine rotor discs. In order to avoid element segregation, RR1000 billets are obtained by 

consolidation of canned powder by hot isostatic pressing or hot compaction, followed by 
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extrusion. The final disc shape is obtained by isothermal forging and then solution treated. 

The RR1000 composition was defined to encourage damage tolerance and to increase the 

temperature capability over other conventional alloys, such as 720Li or Waspalloy [2]. 

Nevertheless, as for all metallic materials, nickel-based superalloys are prone to fatigue 

failure, at stresses which are nominally elastic, since plastic deformation can occur in a 

very localised sense, typically near sites of stress concentration. Usually, the fatigue 

damage is present most often in the form of intense, localised slip with the dislocation 

activity restricted to a small number of lattice planes [3].  

In many components the required performance relies not only on the bulk 

microstructure, but also on their modification by processes such as shot-peening. The 

shot-peening process improves the endurance of components by preventing crack 

initiation as well as growth at the surface, which is the most common place for nucleation 

of fatigue cracks [4]. During shot-peening, small spherical media impinge on the surface 

of a material, producing plastic deformation in the near-surface microstructure [5]. This 

creates a work-hardened layer and a misfit strain between the bulk and surface of the 

material, causing an in-plane compressive residual stress state. The protective effect of 

shot-peening has been mainly attributed to these compressive stresses within the 

deformed layer that hinder crack propagation [6,7]. Nevertheless, despite of the general 

benefits of the shot-peening process, it can sometimes  promote surface crack formation 

[8] and therefore, a precise control of the process is critically needed [9].  

There are many publications studying the stress state on the different regions of a 

shot-peened material and their evolution with temperature and/or during mechanical 

loading, mainly because the experimental techniques for such studies are well established 

[10–15]. On the other hand, strain localization in the form of slip bands, persistent slip 
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bands (PSB) and deformation twins are commonly studied by means of different electron 

microscopy techniques. Such studies which are usually limited to small volumes of 

material and cannot quantify the plastic strain distribution ascribed to such features that 

leads to damage and limits the performance of shot-peened materials.  As a result, we 

know relatively little about the strain localization behaviour of peened materials and how 

it interacts with the microstructure and the residual stress profile in peened surfaces.  

Improving our understanding of these effects, could help us refine peening treatments and 

improve component endurance under operation conditions.  

The plastic strain distribution can be measured by means of digital image 

correlation (DIC). In DIC the displacement of a pattern in the sample surface at different 

deformation stages is used to calculate the strain distribution, usually with a spatial 

resolution ranging from millimetres to a few microns [16,17]. However, this resolution is 

not high enough to quantify the strain associated to different microstructural features, 

which are usually less than few microns in size. Recently, the development of surface 

patterning methods such as self-assembling of nanoparticles on the surface [18], electron 

beam lithography [19,20], deposition of Pt using FIB [21] and gold remodelling [22–29] 

have improved the achievable spatial resolution and high-resolution digital image 

correlation (HRDIC) can  be used to measure strain  at the submicron scale. Among this 

collection of patterning methods, the remodelling of a thin gold layer previously 

deposited on the sample surface is a versatile and simple method that provides one of the 

highest resolutions for extensive areas available to date [25,29–31]. The gold remodelling 

process provides a uniform, homogeneously distributed gold speckle pattern with typical 

speckle size in the range 20-150 nm. The resulting strain maps combine the benefits of 
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the high-resolution provided by such fine pattern with the coverage of large areas (by 

combining several images), typical of optical DIC measurements. 

In this study, we present the results of the through-depth strain localization on a 

shot-peened RR1000 nickel-based superalloy with the aim of determining and quantify 

the plastic strain distribution of a shot peened sample tested at 400 °C. We performed 

correlations at six strain levels of uniaxial tension until failure in a remarkably large area 

of 950x420 µm2 with a spatial resolution of ~330 nm. We found that the slip intensity 

and distribution at the shot-peened region differ from that observed at the bulk. While in 

the bulk well-spaced, sharp and homogeneously distributed slip bands are observed, in 

the shot-peened region the deformation is more homogeneous. Nevertheless, a small 

number of slip bands that accumulate high strain values are also present in this region. 

With increasing deformation, the strain distributions become similar for both regions. 

Nevertheless, a region at a depth of ~125 μm presents the lowest average strain values, 

particularly at the initial deformation steps. Previous studies showed that the maximum 

work-hardening is reached at this depth [14] suggesting that stress relaxation plays an 

important role on the observed plastic deformation distribution. 

 

2.- Experimental procedure 

2.1- Material 

 The material studied is the RR1000 nickel base superalloy provided by Rolls-

Royce with the chemical composition indicated in Table 1. A block was shot-peened in 

the surface highlighted in red in the schematic of Fig. 1. The nozzle fired steel shot 

(ASH110) at 90º to the surface producing an almen intensity of 0.0065-0.0075” A 

(0.165-0.191mmA) and a coverage of 200%  
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Table1. Chemical composition of the RR 1000 alloy, wt.%. 

Cr Co Mo Al Ti Ta Hf Zr C B Ni 
14.35-
15.15 

14-
19 

4.25-
5.25 

2.85-
3.15 

3.45-
4.15 

1.35-
2.15 

0-
1 

0.05-
0.07 

0.012-
0.033 

0.01-
0.025 bal 

 

2.2- Microstructural characterization 

 We used Electron Backscattered Diffraction (EBSD) to characterize the 

microstructure in the transverse section of the shot-peened sample (area highlighted in 

green in the schematic of Fig. 1) with a CamScan MX2000 equipped with an Oxford 

Instruments EBSD camera operating at an acceleration voltage of 20 kV and using a step 

size of 0.45 µm. The sample was ground to #4000 grit paper and finished with OP-S (0.2 

µm) suspension for ~30 min. EBSD data was analysed using the commercial Channel 5 

software (Oxford Instruments). The raw EBSD data can be found in [32] 

 

2.3- Mechanical characterization 

 A dog-bone tensile sample with 20 x 10 x 1 mm gauge dimensions was electro-

discharge machined following the schematic shown in Fig 1. The sample was tested at ε̇ 

= 10-4 s-1 and at 400 °C using an Instron ETMT 8800 testing machine that heats the sample 

by electrical resistance. The temperature is controlled by a thermocouple welded to the 

sample gauge centre. 400 ºC was chosen as it is the temperature where the shot peened 

layer is expected to exhibit reduced ductility [33]. To guaranty both, no speckle pattern 

(see section 2.4) coarsening and thermal equilibrium before and during stretching, the 

time at temperature during tensile testing was optimized to: 10 s heating ramp at 38 ºC/s, 

10 s at 400 ºC, tensile test, 400 ºC held for additional 5 s after finishing the test, cooling 

at 38 ºC/s for 10 s. All stages, except the deformation stage, were performed using force 

control. We interrupted the test at 1% of plastic elongation and then at successive steps 
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every after 0.5 % of plastic elongation until fracture, which occurred at a 4.2 %. The 

plastic elongation was determined by measuring the distance between two fiducial 

indentation marks placed right in the margins of the tested area and further verified by 

the average deformation values on the digital image correlation maps obtained in section 

2.4.   

 

2.4- Digital Image Correlation 

 We used high-resolution digital image correlation (HRDIC) to measure strain 

distribution at each deformation step in the green area in Fig. 1. The sectioning of the 

sample modifies the residual stress state. The residual stress introduced by peening is 

biaxial and sectioning the sample will relax the out of plane component of stress. 

However, the stress along the loading direction, which is relevant to the onset of 

plasticity studied here, will only change slightly. Therefore, although the exact stresses 

at which the strain localization changes will be affected, the development of plastic slip 

and its interaction with the residual stress will still be captured in this experiment. To 

make the DIC analysis possible, we first developed a fine, homogeneous distributed 

gold speckle pattern by remodelling a thin gold layer previously deposited on the 

polished sample surface. The gold layer was deposited using an Edwards S150B sputter 

coater for 4 minutes providing a ~40-45 nm thickness gold layer.  Then, the sample was 

placed in the heating plate of the remodelling device described in [22,23] during 6 hours 

at 300 °C. During the remodelling process, water vapour flows onto the surface of the 

coated material and remodels the gold layer into fine speckles. In order to avoid any 

possible speckle coarsening during the high temperature tensile testing, the remodelled 

sample was heated in a furnace at 475 °C for 5 hours and air cooled to stabilise the gold 
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pattern. A detail of the gold speckle pattern obtained is shown in Fig. 2a together with 

the speckle size distribution in Fig. 2b. Due to the required stabilization heat treatment, 

the average speckle size was 120 nm, which is coarser than in previous studies at room 

temperature, where no pattern thermal stabilization is needed  [25,29].  

We used a FEI Magellan HR 400L FE-SEM with a theoretical resolution of ≤ 0.9 

nm at <1kV and ≤ 0.8 nm at ≥ 5kV to take backscattered electron images of the pattern. 

The images were obtained at a working distance of 3.5 mm, 5 kV and 0.8 nA beam 

current. Mosaics of 30x15 images were used to cover 950x420 µm2, an area shown area 

in Fig. 1). Each image contains 2048 x 1768 pixels and has a horizontal field of view of 

43 µm. The images were overlapped by 20% to enable easy stitching prior to the digital 

image correlation. We obtained 7 mosaics, one before tensile testing and 6 after each 

deformation step. 

The mosaics for the un-deformed and deformed state were correlated using 

LaVision’s digital image correlation (DIC) software (version DaVis 8.3) [34]. The 

correlation was performed using a sub-window size of 16 x16 pixels and no overlap, 

which provides a spatial resolution of about 335 nm. This resolution, despite of being 

lower than what reached in previous studies and caused by coarser speckle size [25,29], 

was enough to resolve the strain associated with slip bands. In addition, it allowed us to 

handle the large data sets generated when covering such large areas (each mosaic was 

45.5k x 20k pixels in size). The correlation produces full-field in-plane displacement 

maps u(x1, x2, 0) on the plane x1x2 with normal x3. Therefore, the components of the 

displacement gradient describing the in-plane deformation can be calculated using Eq. 

1.  



9  
 

𝜕𝑢!
𝜕𝑥"

=

⎣
⎢
⎢
⎡
𝜕𝑢#
𝜕𝑥#

𝜕𝑢$
𝜕𝑥#

𝜕𝑢#
𝜕𝑥$

𝜕𝑢$
𝜕𝑥$⎦

⎥
⎥
⎤
																																																								[1] 

We computed the gradient using second order accurate central differences, which 

ensures it is evaluated at the same points for all components and reduces the effects of 

displacement uncertainty on the calculation. We quantify the local strain by using the 

effective shear strain (γeff) as it reflects the shearing characteristic of slip and reduces the 

ambiguity introduced by the lack of out-plane displacement data in the HRDIC 

measurements. It can be calculated using Eq. 2.  
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We used Numerical Python [35] routines to analyse the DIC data and  Matplotlib [36] to 

produce the visualizations. The areas at the very edge of the sample and any points 

unsuccessfully correlated were masked out and not considered in the analysis. These 

uncorrelated regions appeared as a consequence of the intrinsic difficulty of performing 

ex-situ high temperature tests, since the risk of contamination is higher during heating 

and manipulation. The raw SEM images, the HRDIC data sets and the code for reading 

and visualizing them can be found in [37] , [38] and [39], respectively. 

 

3.-Results 

3.1. Microstructure  

 The EBSD inverse pole figure (IPF) map along the out of plane direction of the 

shot-peened sample in the region of interest in the XY plane is shown in Fig. 3. The 



10  
 

non-indexed region on the right side of the maps corresponds to a fiducial indent used 

for locating the region of interest. From the EDSD data we obtained the  IPF colour map 

(Fig. 3a),  the grain and twin boundary map over the indexing quality image (Fig. 3b), 

the local kernel average misorientation values (using a 9x9 kernel size) (Fig. 3c)  and 

(Fig. 3d) the Schmid factor (m) for {111}<11̄0> slip along the testing direction (Fig. 

3d) Note that the EBSD indexing was not successful in the region nearest to the sample 

edge (approximately 20-30 µm) due to the high degree of strain and the rounding effect 

of the mechanical polishing.  

Grain size, excluding twins, follows a bimodal distribution with mean size ~20 and ~50 

μm for each population and the material presents a random crystallographic distribution. 

Most of the grains contain Σ3 annealing twin boundaries, which delimit, for a specific 

crystallographic orientation, a rotation of the lattice orientation of 60 about the [111] 

axis, forming a 180º rotation of the lattice about the twin plane normal [40,41]. The 

areas named as A and B corresponds to the shot-peened and bulk regions in terms of 

residual stress, compressive for A and tensile for B, as described in [14]. The local 

plastic deformation induced by the shot-peening treatment leads to higher local 

misorientation values close to the top edge, visible up to a maximum depth of 40-50 nm 

(Fig. 3c, zone C). As expected for a face centred cubic material with a random texture 

the Schmid factor values for {111}<11̄0> slip are high everywhere, well over 0.35, and 

close to 0.5 in most of the grains. This is due to the high number of available slip 

systems per grain, 12 in total [42]. 
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3.2. Strain distribution  

 By using digital image correlation, we obtained a discretized measure of the in-

plane displacement field, which was converted into values of effective shear strain (γeff) 

using Eq. 2. The γeff maps for successive macroscopic strain steps are presented in Fig. 

4. The maps show that the strain distribution is very heterogeneous at all stages. After 

1% macroscopic strain, slip is not observed in the region close to the peened surface 

edge, approximately 125 μm thick.  However, two fine planar slip bands appear at the 

very sample edge (areas 1 and 2, Fig. 4a) with γeff values >0.12, which is more than 

fifteen times the average strain. In the bulk below there are finely spaced planar slip 

bands in some grains with only a few slip bands presenting γeff values around 0.08-0.1 

(area 3, Fig. 4a) while other regions show either single slip traces of low intensity (γeff 

~0.04) or large areas with more homogeneous strain distributions (area 4, Fig. 4a). After 

1.5% macroscopic strain the bands that were present previously in the peened region 

and the bulk become better defined and more intense while some new bands are formed. 

At 2% of total macroscopic strain, the initial slip bands in the shot-peened region reach 

γeff >0.25 and new bands appear parallel to them, with γeff values between 0.1 and 0.2 

(Fig. 4c). Additionally, high strain bands become evident containing these initial slip 

bands. These high strain bands propagate at 45º respect to the loading direction and 

penetrate the region unaffected by peening (Fig. 4c). In the strain maps at the highest 

macroscopic values (2.5 and 3%) and after fracture (4.2%) the highest γeff values are 

more homogeneously distributed along the whole region than at the initial stages of the 

deformation. Nevertheless, the high strain bands developed at 45º become more intense 

with the highest values of strain localization recorded at the sample edge, reaching γeff 
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>0.45 in the initial slip bands. A cursory check revealed that all slip traces are aligned 

with the {111} trace, as expected, in both the shot peened region and in the bulk. 

The evolution of the frequency distributions of strain values with the macroscopic strain 

is shown in Fig. 5. Increasing macroscopic strain displaces the distribution towards 

higher local γeff values. This representation shows a smooth evolution of the overall γeff 

values as might be expected but it does not show how the strain is localized in different 

regions of the material. To elucidate the variation in strain localization with sample 

depth, the maps were divided into 34 sections ~12.1 μm thick, and the mean and median 

of the shear strain values were calculated. The variation in mean and median values 

with depth is shown in Fig. 6. At small applied deformations, there is only a small 

variation in the values with increasing depth, however it is clear that both decrease just 

below the surface and increase again at a depth of around 100 μm. As the sample is 

strained the difference in mean strain with depth below the surface decreases and 

increases in the bulk of the material. An even more pronounced increase in the median 

value is seen in the bulk. The exception is the 4.2% straining step, which the mean 

strains are highest at the surface but for which the increase in median value with depth 

is most pronounced. 

These differences in the variation of mean and median values are consequences of the 

different shapes of the strain distributions at the surface and in the bulk, as shown in 

Fig. 7. Although all distributions show a long tail, this is much more pronounced at the 

surface than at in the bulk, especially as the applied strain increases. As can be seen in 

the logarithmic plots in Figs. 7 c) and d), whereas in the bulk the tail of the distribution 

has a constant slope, at the surface this slope decreases with increasing strain. This 
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decrease in slope correspond to an increase in strain localization: a few regions show 

very high strains, although the average strain is lower.  

This variation in strain localization can be more clearly visualized by plotting the ratio 

of mean to median strain, R𝛾, as in Fig. 8. A ratio of one represents a symmetric 

distribution, and although all the values are above one, the lowest values can be seen 

between 50 and 100 μm below the surface at 1.0% and 1.5% applied strain. At these 

early stages the ratio is highest in the bulk, where it increases only slightly with 

increasing deformation before dropping again. At the surface however, the ratio 

increases with increasing applied strain. Above 2.0%, the strain localization at the 

surface is higher than that in the bulk and is highest just below the surface. The lowest 

strain localization is at about 90 μm below the surface for all deformation steps. In the 

“bulk” of the material, strain localization is highest at low strains and deformation 

becomes more homogeneous as the sample is deformed further. These results 

demonstrate a clear effect of the shot peening process on the strain distribution. At small 

strains strain localization is highest just below the surface and in the bulk and at larger 

applied strains it is much higher at the surface.  

4.- Discussion 

Shot peening produces a layer of plastically deformed material at the surface, which in 

turn introduces a region of compressive residual stress below the surface [14]. The 

depth of the plastically deformed layer can be inferred from the EBSD map (labelled as 

region C in Fig. 3c) and is about 40-50 μm. This prior deformation would be expected 

to work harden the material locally and hinder plastic deformation. This is indeed seen 

in the deformation maps in Fig. 4, and the corresponding strain distributions in Fig. 7. 

There is a very slight rounding of the sample near the top edge which developed during 
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polishing. Although this could affect the development of local plasticity, our results 

show no variation in the total plastic strain near the surface region that could be related 

to this feature. Overall strain at the surface is lower when compared to the material in 

the bulk, however single sharp slip lines can see even after just 1.0% applied strain, as 

shown in Fig. 4 a). The bands intensify with further straining and eventually show the 

highest strain values. Thus, the plastic deformation introduced by peening hardens the 

material but enhances strain localization.  

 The variation in strain localization does not correlate directly with the zone of 

plastic deformation. Instead, strain localization is suppressed much further into the 

material as shown in Fig. 8. This profile corresponds to expected residual stress profile 

after shot peening, as observed, for example by Foss et al in their study on the same 

alloy [14]. Their stress study showed that there was insignificant stress relaxation 

beyond 125 μm, which is equivalent to the maximum depth of the work-hardening 

effects produced during the shot-peening process [7,14,43]. This suggest that local 

straining on loading is more noticeably affected by the residual stresses in the material 

than the hardening introduced by plasticity. These stresses, being compressive, delay 

plastic deformation (as also shown in Fig. 6) but also minimize strain localization.   

 Fig. 9 summarizes the effect of the stress state derived from the shot peening 

process and its influence on the strain distribution and heterogeneity at two macroscopic 

deformation stages. This figure presents a schematic of the profiles of the shot-peened 

residual stress and the plastically deformed region together with the profile of shear 

strain and mean to median ratio. Fig. 9a shows schematically the profiles at the initial 

deformation steps, i.e. 1-2%, and Fig. 9b corresponds to higher deformations, where the 

majority of the residual stress has been relaxed and close to the fracture point. The 
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minimum of the local strain and median to mean ratio are reached at the depth where the 

compressive residual stress is maximum (~100 μm), which means that the strain 

localization is affected by the local stress state. Further deformation leads to stress 

release in the shot-peened region and the strain starts distributing in a more 

homogeneous way, comparable to what observed in the bulk. 

 The initial slip bands formed in the shot-peened region, just after the beginning of 

the plastic deformation, may act as seeds for the formation of periodic strain patterns 

that grow at 45º respect to the loading direction and separated around 200 μm, Fig. 4. 

This is the case for feature 1, which is not connected to the bulk shear band at the first 

strain step in Fig 4.a. Additionally, such slip localization in the peened region could 

indeed have been enhanced stresses at the grain boundary, facilitating slip band 

alignment in neighboring grains and slip transfer. It does not seem likely that impurities 

or shot debris left on the surface during the shot-peening process could be the reason of 

this strain pattern, mainly due to its periodicity. Due to the difficulties on Kikuchi lines 

indexing in the very edge of the sample (Fig. 3), it is difficult to relate statistically their 

formation to a particular crystallographic orientation. Nevertheless, a detailed analysis 

of one of the initial slip events is presented in Fig. 10. Comparing Fig. 10a and 10c, it is 

evident that the first high intensity band forms along the Σ3 twin boundary between 

grains 1 and 2, both grains having a very similar crystallographic orientation (Fig. 10b). 

This area corresponds to the deepest part of a peening dimple, where the maximum 

plastic deformation value is reached (zone B in Fig. 9a) In this particular case, the Σ3 

twin boundary is aligned ~52º respect to the loading direction, which is close to 45º (the 

angle value leading to the minimum CRSS), easing the nucleation of slip bands parallel 

to them, as observed in Fig. 10c and similar to what observed in fatigue tests  [44]. With 
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further deformation (Fig. 10d), additional slip bands form parallel to the first slip band, 

corresponding to the (111̄)[1̄10] slip system (Fig. 10a). Surprisingly this is not the slip 

system with the highest Schmid factor and still it activates earlier than the one which 

present the maximum m values and is only observed after 2.5 % macroscopic 

deformation (Fig. 4). This suggest that the initial activation of a slip system different to 

the most favourable one is motivated by the previous strain history and/or the residual 

stresses, which is aided by the disposition of the Σ3 twin boundary. Additionally, the 

activation of the second slip system may be motivated somehow by the compressive 

stresses in the pile-up area of the peening dimple (zone A in Fig. 11a), when the 

compressive stresses in the zone B are partially released. Finally, at the fracture point 

(Fig. 10e) the initial slip band becomes thicker by the accumulation of slip events and 

the (111̄)[1̄10] slip bands appear to be active in the vicinity of the twin boundary. This 

high strain localization around this Σ3 boundary is similar to what reported by Stinville 

et al during fatigue tests in a René 88DT Ni-base superalloy, despite of the different 

strain history [45,46]. Additionally, studies in a AP1 Ni-base superalloy showed that 

crack initiation occurred preferably along twin boundaries and slip bands that intersect 

with the top surface at 45º [47–49]. Strains localize along these features, building up 

internal stresses in the material that can lead to crack nucleation when they cannot be 

longer accommodated. This phenomenon is critical during crack nucleation under 

fatigue conditions [50], where persistent slip bands (PSB) might also form aligned with 

the Σ3 annealing twin boundaries [51]. Therefore, it is our contention that, despite of the 

essential differences between uniaxial tensile and fatigue testing, the high intensity 

strain allocated in these regions is a probable hot spot for crack nucleation during 

deformation. 
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High intensity strain localization not only occurs along those twin boundaries situated 

on the shot-peened region, as can be observed for an area allocated in the bulk in Fig.11. 

In this region, those twin boundaries with angles between ~30-60º respect to the loading 

direction present slip bands along them at the beginning of the plastic deformation (Fig. 

11b). These bands become more intense and thicker with further deformation (Fig. 11c 

and d) and motivate the formation of slip bands parallel to them, similar to what 

observed in the twin boundary in Fig. 10. This high strain localization on reloading 

could also be due to strain localization occurring near the twin boundaries during 

peening, although no evidence for it could be found using higher resolution EBSD or 

BSE imaging due to the high level of deformation in the peened layer.  On the other 

hand, those twin boundaries that are almost parallel or perpendicular to the loading 

direction do not promote the formation of slip bands parallel to them.  

This fact indicates that strain localization along twin boundaries occurs in both, the 

shot-peened region and the bulk when they are aligned ~30-60º respect to the loading 

direction. Nevertheless, their only presence is not enough to describe the strain 

distribution observed along the depth, since their effect is similar along the whole 

material while the strain distribution is not. As can be deduced from Fig. 6, the local 

stress state through the depth also influences the strain distribution. Thus, strain 

localization in the shot-peened RR1000 nickel base superalloy is driven by the local 

stress state and its accommodation during deformation, while Σ3 twin boundaries act as 

favourable slip bands nucleation sites.       

 

5.- Conclusions 
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Our HRDIC results on a shot-peened RR1000 Ni-base superalloy show that the strain 

distributes very heterogeneously in both, the processed region and the bulk. During the 

initial deformation steps, up to 2.5 %, the mean strain decreases from the edge of the 

shot peened region towards the bulk, reaching the minimum values at ~125 μm. Then, 

the mean strain increases again up to ~200 μm and remains approximately constant in 

the bulk. This strain profile is similar to the stress profile imposed by typical shot-

peening processes, which reflect that strain localization is determined more by stress 

accommodation than from the purely plastic behaviour. Since the representation of the 

strain distribution and the mean strain distribution fail to reveal the heterogeneity in 

how the strain distributes, we propose using the mean to median ratio of the strain 

distribution to discern areas with different levels of heterogeneity. Such representation 

reflected the more heterogeneous distribution found on the shot-peened region than in 

the bulk. Both, the shot-peened region and the bulk, start accommodating deformation 

in high intensity slip bands formed along Σ3 annealing twin boundaries with an angle of 

30-60º respect to the loading direction and assume the majority of the deformation. This 

initial slip bands promote the formation of further intragranular parallel slip bands, even 

if the required slip system is not the one with the higher Schmid factor. These findings 

show that the presence of Σ3 annealing twin boundaries play a role on the beginning of 

the plastic deformation and lead the way in further strain distribution.  

The strain distribution in the shot-peened RR1000 Ni-base superalloy is therefore 

governed mainly by the local stress state and assisted by the presence of Σ3 annealing 

twin boundaries. 
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Figures 

 

Figure 1: Schematic of the sample. The sample was shot-peened in the XZ plane, along the 
region highlighted in red. The studied area is the cross plane respect to the shot- peened plane, 
the XY plane, in an area of 950 x 420 m2, highlighted in green.  

 

 
Figure 2: Gold speckle pattern. a) Backscattered electron image showing the fine and 
homogeneously distributed gold speckle pattern developed on the sample XY plane after water-
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vapour remodelling and stabilisation. b) Pattern size distribution. The average speckle size was 
120 nm. 
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Figure 3: Microstructural characterization of the region of interest. (a) EBSD map 
represented using IPF colours respect to the observation Z-axis. This representation does not 
differentiate the character of the boundaries. (b) Band contrast map including grain boundaries 
(black) and Σ3 twin boundaries (red). (c) Local misorientation or KAM (kernel average 
misorientation) map using a 9x9 kernel size. (d) Distribution of the Schmid factor (m) for slip 
along {111}<110> when loading along the X-axis (horizontal dimension of the figure). 
 

 
Figure 4: HRDIC maps. Effective shear strain values at increasing levels of applied uniaxial 
strain: (a) 1.0%,  (b) 1.5% (c) 2.0%, (d) 2.5%,  (e) 3.0% (f) failure at 4.2%. Loading direction is 
indicated by the white arrow while the depth of the peened volume is marked by the perpendicular 
purple line. 
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Figure 5: Strain distribution. a) Distribution of effective shear strain values across the whole 
region of interest at the six macroscopic deformation steps. b) Additional plot provides the 
normalized frequency in a logarithmic scale for evidencing the distributions tails. A decrease in 
slope of the tail correspond to an increase in strain localization. 
 
 
 
 
 
 

 
Figure 6: Strain variations. Change in mean effective shear strain calculated over 12 slices at 
different distances from the surface. 
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Figure 7: Surface vs. bulk. Normalized strain distributions for the slice at the surface and one in 
the bulk, at 400 μm from the surface. 
 
 

 
Figure 8: Strain localization. Ratio of mean to median effective strain measure as a function of 
distance to the surface. 
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Figure 9: Local stresses and strain distribution profiles. The shot peening process induce a 
plastically deformed region and a compressive stress profile along the depth of the sample. The 
local stress state gradient determines the way the local strain distributes, as revealed by the strain 
depth profiles, especially at (a) the first deformation steps (up to 2.5%). Once the residual stress 
relaxes during further deformation (over 2.5%), the strain distribution becomes more 
homogeneous. 
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Figure 10: Area of first nucleation of slip bands in the shot-peened region. a) In the boundary 
character map we include the traces for the slip systems with Schmid factor higher than 0.35 in 
grains 1 and 2. The table presents the m values for the two higher Schmid factor slip systems. b) 
The EBSD map shows the crystallographic orientation of the grains respect to the observation 
axis (Z). c) After a 1% of macroscopic plastic deformation, the HRDIC map shows a high 
intensity band formed along the Σ3 twin boundary between grains 1 and 2. d) After 2% more slip 
bands form within both grains. In the case of grain 2 they are aligned with the initial one, 
corresponding to the activation of the slip system with the second higher m factor value. e) At the 
fracture deformation step the initial band is thicker than at previous strain steps. Within both 
grains a higher density of slip bands is observed and in the case of grain 2 a second slip system is 
active, which corresponds to the higher m factor value. Note: the apparent difference in 
background noise in the strain map compared to other figures is due to the higher magnification 
used here. 
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Figure 11: Slip band distribution in an area within the bulk. The a) EBSD map present an 
area with a random crystallographic orientation distribution. After b) 1% of macroscopic 
deformation some slip bands are formed along Σ3 twin boundaries, while some other slip bands 
form within the grains. Their intensity and density keep increasing with further deformation c). 
At d) the fracture deformation step the slip bands along the Σ3 twin boundaries tend to become 
thicker and accumulate more deformation than the slip bands within the grains. 


