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A B S T R A C T   

Gradient-structured nickel (Ni) was processed by rotationally accelerated shot peening (RASP). The micro
structures and mechanical properties of the RASP-processed samples were studied. Nanostructured layers with a 
thickness of ~50 μm were formed on the sample surfaces. Beneath the surface layer there is a transition region in 
the depth range of ~50–150 μm. The transition region contains high densities of dense dislocation walls (DDWs), 
microbands (MBs), sub-grain boundaries and dislocations, and is susceptible to plastic instability. High-speed 
RASP processing created some small cracks which deteriorate the integrity of the nanostructured surface 
layer. During tensile deformation, local stress concentrations are created beneath the surface cracks to trigger 
plastic instability in the nearby transition region. As a result, interior cracks nucleated and grew in the transition 
region, and eventually agglomerated with surface cracks to cause premature failure of the bulk material.   

1. Introduction 

In the last forty years, substantial progress has been made in pro
cessing nanostructured metallic materials that usually exhibit superior 
strength [1,2]. However, due to low strain hardening, nanostructured 
materials generally show very low ductility [3]. Inspired by the 
gradient-structured (GS) materials that already exist in nature, such as 
bamboos, seashells, GS metallic materials consisting of nanostructures 
and coarse-grained (CG) structures have recently been developed. The 
proper design of gradient structures grants materials with both high 
strength and high ductility beyond the empirical prediction [4,5]. It is 
noted that gradient structure is regarded as one type of heterostructures 
that have been found to produce superior mechanical properties [6]. 

In order to process GS materials, some surface nano-crystallization 
(SNC) techniques have been developed [7], such as surface mechani
cal attrition treatment (SMAT) [8,9], surface mechanical grinding 
treatment (SMGT) [4], surface mechanical rolling treatment (SMRT) 
[10] and rotationally accelerated shot peening (RASP) [11,12]. All the 
SNC techniques share one basic concept – the severe plastic deformation 
(SPD) imposed shear strain transmits and decays from the surface to
wards the interior, resulting in gradient structures and varied properties 

in the metallic material. Hence, the gradient structures are affected by 
intrinsic factors, such as crystalline structure, stacking fault energy 
(SFE), grain size, and extrinsic factors, such as strain, strain rate and 
temperature [2,13,14]. 

The gradient structures and the mechanical properties of the GS 
metallic materials are versatile and easily adjustable. It has been widely 
reported that mechanical behaviors of GS materials are different from 
that of the corresponding homogeneous materials [4,5,12,14]. High 
strain incompatibility between the high strength surface layer and the 
soft core is accommodated by defused shear bands in the surface layer 
[15,16] and a high density of geometrically necessary dislocations 
(GNDs) in the soft core [17,18]. As a result, improved strength, sus
tained ductility and even an evident upturn of strain hardening rate can 
be realized during the tensile deformation [18]. It was recently 
conceptualized that the high flow stress in GS materials is attributed to 
hetero-deformation induced (HDI) stress and the upturn of strain 
hardening rate is the mechanical response of the HDI hardening effect 
[6,19]. 

In despite of the encouraging progresses in both the development 
and research of GS materials, it is also noticed that the superior me
chanical properties in GS materials are not guaranteed. There must be 
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some other factors affecting the mechanical behaviors of GS materials. 
In this work, the microstructures and tensile properties of a represen
tative GS Ni is studied in depth. The evolution of local microhardness 
(local strength) during tensile deformation is analyzed in detail. The 
significance of surface layer integrity for effective HDI strengthening 
effect is unambiguously revealed. 

2. Material and methods 

A commercial purity nickel (Ni, 99.3 wt%) was chosen as the model 
material. The as-received model material has equiaxed coarse grains 
with an average size of ~120 μm. RASP was conducted, at room tem
perature by using GCr15 bearing steel balls with a diameter of 1 mm and 
a velocity of 70 m/s, to process Ni sample plates with gradient structures 
on both sides. The first sample with dimensions of 50 mm × 25 mm ×
1.6 mm was RASP processed for 5 mins, and named 1.6 mm-5 min-RASP 
sample hereafter. The second sample with dimensions of 50 mm × 25 
mm × 2.4 mm was RASP processed for 5 mins, and named 2.4 mm-5 
min-RASP sample hereafter. An as-received sample is used as the 
reference material, and named CG sample hereafter. 

The samples were analyzed by using Zeiss Auriga scanning electron 
microscope (SEM) and TECNAI-G2-20-LaB6 transmission electron mi
croscope (TEM). The specimens for SEM and TEM analysis were pre
pared by the standard methods which can be found in the literature 
[20]. Hardness tests were conducted on the polished cross-sections of 
the samples, by an HMV-G21 Vickers hardness tester with a load of 
980.7 mN and the dwell time of 15 s. The tensile tests were performed at 

room temperature, using an AGS-X10KN tensile testing machine oper
ating at a constant strain rate of 1.6 × 10− 3 s− 1. 

3. Results and discussion 

Fig. 1a is a SEM image showing the gradient structure in the 1.6 mm- 
5 min-RASP sample. Since secondary electron signals are captured for 
SEM imaging, the contrast is associated with the variation of local 
microscopic strain. Frequent change in contrast at the very surface in
dicates frequent variation of local strain gradients which in turn suggests 
high densities of dislocations in the local area. With increasing depth 
beneath the surface, high contrast and low contrast areas both become 
larger and intact, indicating that dislocations are spread out and dislo
cation densities are lowered. A large fraction of these dislocations are 
GNDs, as confirmed by both EBSD Kernel average misorientation (KAM) 
analysis, TEM observation and early literatures [12,13,18]. 

Fig. 1b shows ultrafine grains with blurred GBs and high densities of 
dislocations at the depth of ~2 μm beneath the surface. The selected 
area diffraction (SAED) pattern inset in Fig. 1b shows both diffraction 
spots and arcs, suggesting the presence of both high angle and low angle 
GBs in the local area. At the depth of ~5 μm beneath the surface, 
elongated grains with high angle GBs are formed, and the average grain 
width is ~58 nm, as shown in Fig. 1c. At the depth of ~60 μm, a high 
density of dislocations enables the formation of DDWs and MBs [2], as 
shown in Fig. 1d. The SAED pattern inset contains two sets of diffraction 
arcs. The arcs tend to separate into bright spots, indicating that some 
DDWs may have transformed into sub-grain boundaries. Fig. 1e shows 

Fig. 1. Microstructures observed in the 1.6 mm-5 min-RASP sample. (a) A SEM image showing gradient structure from the surface to the ~220 μm depth; TEM 
images showing microstructures at the depths of (b) ~2 μm (area b), (c) ~5 μm (area c), (d) ~60 μm (area d) and (e) ~200 μm (area e), respectively. 
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equiaxed dislocation cells with an average cell size of ~500 nm at the 
depth of ~200 μm. The dislocations are mostly located at the cell walls 
and only a few dislocations are randomly scattered in cell interiors. 

As shown in Fig. 2a, the yield strength (YS) of the 1.6 mm-5 min- 
RASP, 2.4 mm-5 min-RASP and CG samples are 357.7 MPa, 279.6 MPa 
and 125.9 MPa, respectively; The uniform elongation (UE) of the 1.6 

Fig. 2. Mechanical properties measured from the 1.6 mm-5 min-RASP, 2.4 mm-5 min-RASP and CG samples. (a) Engineering stress–strain curves. Hardness dis
tributions from the surfaces to the centerlines of the (b) 1.6 mm-5 min-RASP sample, (c) 2.4 mm-5 min-RASP sample and (d) the homogeneous CG sample. 

Fig. 3. SEM images showing gradient structures of RASP samples before the tensile test. (a) 1.6 mm-5 min-RASP sample, (b) the magnified image of the truncated 
area b in (a); (c) 2.4 mm-5 min-RASP sample, (d) the magnified image of the truncated area d in (c). 
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mm-5 min-RASP, 2.4 mm-5 min-RASP and CG samples are 11.0%, 
28.5% and 39.5%, respectively. RASP processing has improved the YS of 
the Ni samples at the expense of ductility. However, the ultimate tensile 
strength (UTS) of the three samples are very similar at about 385 MPa. 

Hardness distributions through the depths are shown for the 1.6 mm- 
5 min-RASP, 2.4 mm-5 min-RASP and CG samples deformed to pre
determined elongation values in Fig. 2b-d. The hardness data points are 
located with reference to the longitudinal centerline on the cross-section 
of the tensile sample. Thus, position 0 on the x-axis is the core region 
where that hardness is the lowest for the 1.6 mm-5 min-RASP, 2.4 mm-5 
min-RASP samples when tensile strain is 0%, as shown in Fig. 2b and c. 
As the tensile strain increases, the hardness at the core region is grad
ually increased to be comparable to that at the sample surface, and the 
hardness at the surface is almost unchanged. Provided that hardness is 
directly proportional to strength, strain hardening evidently occurred 
beneath the surface. The hardness values on the cross sections of the 
fractured 1.6 mm-5 min-RASP, 2.4 mm-5 min-RASP and CG samples are 
nearly identical, depicted by the pink star data points in Fig. 2b-d, 
suggesting that the upper limit of strain hardening in the core region of 
the GS sample is comparable to the CG sample. 

The 1.6 mm-5 min-RASP and 2.4 mm-5 min-RASP samples have very 
similar gradient structures at the surfaces, as shown in Fig. 3. In both 
samples, the severely deformed surface layers are about 50 μm in 
thickness, as shown in Fig. 3a and c. Some cracks extend more than ~10 
μm beneath the surface, breaking the integrity of the nanostructured 
surface layers. When the 1.6 mm-5 min-RASP sample was tensile 
deformed to necking, some cracks formed at ~100 μm beneath the 
surface as shown in Fig. 4a and b. As shown in Fig. 4b, an interior crack 
tends to merge with the pre-existing surface crack. Fig. 4c shows partial 
exfoliation on the surface with a width of ~120 μm, leaving an arc- 
shaped crack extending in the direction nearly parallel to the loading 
axis. Since the pre-existing surface cracks tend to cause exfoliation 
instead of extending deeply towards the interior, surface cracks are not 
the sole contributor to the limited strain hardening capacity, premature 

failure and thus low ductility of the RASP samples. 
Based on SEM observations of several tensile deformed 1.6 mm-5 

min-RASP and 2.4 mm-5 min-RASP samples, it is confirmed that interior 
cracks occurred at the depth of ~50–150 μm beneath the surface. Ac
cording to Fig. 1d, DDWs, MBs, sub-grain boundaries and high-density 
dislocations are found in this depth range. This depth range is the 
transition region from nanostructured surface layer to the CG core, as 
shown in Fig. 1c-e and Fig. 3. The microstructural features in the tran
sition region match exactly with the microstructures observed in the 
compressive residual stress (CRS) layer of the GS interstitial free steel 
[21]. According to literatures [12,18,21,22], the transition region ex
periences a high CRS during the early stage of strain hardening. While 
the regions adjacent to the transition region all experience tensile re
sidual stresses, microscopic strain gradients are created at the border of 
the transition region. In accommodation to the local strain gradients, 
high densities of GNDs are concentrated at the transition region. As a 
result, the highest strain incompatibility and most strain hardening 
should exist at the transition region [21]. As such, whether the transition 
region can sustain a high density of GNDs and thus to accommodate the 
strain incompatibility, is critically important for achieving high strength 
and high ductility. However, high densities of pre-existing dislocation 
structures limit the GND generation rates in the transition region, and 
thus the transition region is sensitive to stress concentration and plastic 
instability. It has been proven that high strength nanostructured surface 
layer can prevent crack initiation, and ductile CG core can suppress 
crack propagation [9,23]. Thus, high strength nanostructured surface 
layers with integrity is critically needed to constrain the less stable 
transition region. In the current case, several cracks on the surface layer 
deteriorate the integrity, and meanwhile create local stress concentra
tions which may trigger plastic instability in the transition region. Once 
the crack nucleated in the transition region, it expands towards the 
preexisting crack on nanostructured surface layer, resulting in prema
ture failure of the GS material. 

Fig. 4. SEM images showing the topography on the cross-sectional surface of the 1.6 mm-5 min-RASP sample at necking. (a) A low magnification image of the 
necking region; (b) a magnified image of the area b in (a); (c) a magnified image of the area c in (a); (d) a magnified image showing a surface crack in the truncated 
area d in (c). 
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4. Conclusions 

A CG Ni sample was processed by RASP to produce GS Ni materials. 
Microstructures and mechanical properties of the RASP samples and CG 
samples are analyzed and compared. Both TEM and hardness tests reveal 
that the RASP imposed shear strain penetrate all the way to the cores of 
both the 1.6 mm-5 min-RASP, 2.4 mm-5 min-RASP samples. However, 
nanostructured surface layers are only ~50 μm in thickness. At the depth 
of ~50–150 μm beneath the surface is the transition region featuring 
DDWs, MBs, sub-grain boundaries and high-density dislocations. During 
tensile loading, the transition region experiences very high strain in
compatibility due to strain partitioning between the hard surface layers 
and ductile inner core. As a combined result of high densities of dislo
cation structures and high strain incompatibility, the transition region is 
susceptible to plastic instability. The nanostructured surface layer with 
excellent integrity can help constraining the adjacent transition region 
to delay strain localization and crack initiation. However, pre-existing 
cracks created during RASP processing deteriorate surface layer integ
rity. As a result, local stress concentrations are created under the pre- 
existing cracks to trigger the plastic instability in the transition region 
underneath, causing interior cracks and premature failure of the bulk 
material. 
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