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Abstract 

Traditional metallic materials usually face a dilemma between high strength and poor strain hardening capacity. How-
ever, heterogeneous structured metallic materials have been found to obviously overcome the trade-off. Herein, gra-
dient lamellar structure was fabricated through ultrasound-aided deep rolling technique in pure Ni with high stacking 
fault energy after heat treatment. The gradient lamellar Ni was successively divided into the four regions. In-situ micro-
pillar compression tests were conducted in different regions to reveal the corresponding microscopic mechanical 
properties. Microscopic characterization techniques were performed to explore underlying deformation mechanisms 
and the effects of microstructural parameters on deformation behaviors. This work demonstrates that the micropillar 
with near nanoscale lamellar thickness possesses excellent strength and plasticity. On one hand, the reason for high 
strength of near nanoscale micropillar is that the strength of micropillar increases with the decrease of lamellar thick-
ness according to the Hall-Petch effect. On the other hand, numerous lamellar grain boundaries perpendicular to the 
loading direction is found to hinder the motion of slip bands, resulting in great strain hardening capacity in the near 
nanoscale lamellar micropillar.
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1 Introduction
Nowadays, metallic materials with high strength or even 
the theoretical strength is fabricated extensively via refin-
ing grains into ultrafine-scale or nano-scale. However, 
ultrafine grain (UFG) and nanograin (NG) metallic mate-
rials are often accompanied by limited plasticity result-
ing from the lack of strain hardening capability [1–4]. 
The strain hardening is caused by the continuous mul-
tiplication and accumulation of dislocations during 
deformation, which are mostly annihilated in UFG and 
NG metallic materials due to the dislocation absorp-
tion by abundant grain boundaries (GBs) or free surface. 
To resolve the trade-off between strength and plasticity 

of the UFG and NG metallic materials, a great number 
of studies [5–10] have been devoted to heterogeneous 
nanostructured metals (HNMs) possessing a superior 
combination between high strength and good plasticity.

HNMs refer to metallic materials with dramatic dis-
tinction in strength between different domain areas 
[11]. Special attention has been paid on the repre-
sentative HNMs [10], such as gradient microstructure, 
gradient lamellar structure, bimodal structure, har-
monic structure, dispersed nanodomains, etc. These 
HNMs have been widely fabricated by severe plastic 
deformation (SPD) techniques. For instance, Wu et  al. 
[8] reported the gradient sample produced by surface 
mechanical attrition treatment (SMAT) in intersti-
tial free steel, which presents a unique extra strain 
hardening when yield stress is much higher than that 
of homogeneous coarse grain (CG) sample. Another 
representative HNM work studied by Wu et  al. [12] is 
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heterogeneous lamellar structure fabricated by asym-
metric rolling (ASR) and partial recrystallization in Ti, 
with an excellent property combination of near-NG 
strength, near-CG ductility and relatively high strain 
hardening. Moreover, a NG Cu–10Zn layer sand-
wiched between two CG Cu layers produced by Ma 
et al. [9] was processed by high-pressure torsion (HPT) 
technique, and exhibits high strain hardening due to 
mechanical incompatibility between different layers. 
Song et al. [13] pointed out that after treated by equal 
channel angular extrusion (ECAE/ECAP), a 12Cr steel 
with bimodal structure was hardened up to ~  35%. In 
addition, Liu et  al. [14] proposed that nano-lamellar 
microstructure processed by surface mechanical mill-
ing (SMGT) obviously enhanced the strength and 
maintained good thermal stability.

In spite of the abundant successes in producing 
HNMs through the SPD techniques mentioned above, 
only few researches have been reported about ultra-
sound-aided deep rolling (UADR) technique fabricating 
HNMs. UADR is a SPD technique adopted to strengthen 
metal surface by grain refinement through introducing 
remarkable strain gradient along the surface [15–17]. In 
addition, there are lots of publications investigating mac-
roscale mechanical properties of HNMs [18–24]. How-
ever, the microscale deformation behaviors of different 
regions in HNMs are less well explored, which are worth 
studying respectively and independently. This contributes 
to understanding the effects of microstructural param-
eters in each region on microscale deformation behaviors 
of microscopic samples, which helps the design of micro-
structure for metallic materials achieving the synergy of 
strength and plasticity. The reason for the lack of respec-
tive research in different regions may be that conven-
tional experimental methods are unavailable to perform 
microscale mechanical characterization and tests on 
microscale samples.

In the present paper, pure nickel (Ni) with high stack-
ing fault energy has been subjected to UADR technique 
to fabricate gradient lamellar microstructure after heat 
treatment. In-situ micro-compression tests were con-
ducted to thoroughly investigate the microscale defor-
mation behavior of different regions of gradient lamellar 
Ni. The corresponding stress-strain curves show that 
micropillars with smaller lamellar thickness grains 
exhibit higher yield stress and greater strain hardening 
capacity than with larger lamellar thickness grains or 
single grain. Transmission electron microscopy (TEM) 
characterization technique was used to compare the dif-
ferences in dislocation and slip evolution between each 
micropillar in different regions after in-situ compression 
tests, which attempted to clarify the underlying deforma-
tion mechanisms of different regions and the effects of 

microstructural parameters on mechanical properties of 
gradient lamellar Ni.

2  Experimental Methods
2.1  Overview
The main procedure of this work is clearly illustrated as 
the schematic image in Figure  1. First, the raw material 
was processed by UADR technique after heat treatment. 
Then, the UADRed macroscopic sample was charac-
terized through some microstructural characteriza-
tion techniques such as electron back scatter diffraction 
(EBSD), scanning electron microscope (SEM) and so 
on. Thus, the location of regions with different micro-
structure could be acquired, which provided the base of 
micropillar sample preparation in different regions. After 
different micropillars were fabricated by Focus ion beam 
(FIB) technique, in-situ compression tests would be per-
formed to obtain mechanical behaviors of these micro-
pillars. Finally, the TEM samples were processed from 
compressed micropillars through FIB technique, and 
then transferred to copper stage by using Pt deposition 
technique for further TEM characterization. More details 
and parameters are described in the following chapters.

2.2  Materials and Fabrication Method
The material used in this work is Ni with a purity of 99.9 
wt.%, and its chemical composition (Table 1) is measured 
using energy dispersive spectrometer (EDS) analysis. 
A polycrystalline Ni rod with a diameter of 10 mm and 
a length of 100 mm was annealed at 1000 °C for 10 h in 
vacuum to encourage grain growth and homogeniza-
tion, which was then subjected to UADR at ambient 
temperature.

The working principle of UADR is that working head 
exerts a certain amplitude of ultrasonic vibration on 
metallic material surface along normal direction and 
simultaneously feeds along the uniaxial direction, which 
induces normal stress to refine grains and shear stress to 
elongate grains on the metallic material surface [25–27]. 
During the UADR processing, which is shown in Fig-
ure 2, the annealed rod sample rotates at a velocity of 250 
r/min, while a steel ball penetrates into sample surface 
and rolls along axial direction at a velocity of 10 mm/min. 
The amplitude of ultrasonic vibration of steel ball ranges 
from 12 μm to 14 μm with vibration frequency of 17.5–
18.8  kHz. The sample is considered as being treated by 
one pass as the tool tip rolls from one end of the rod sur-
face to the other end. To increase the plastic strain, the 
sample was treated by five passes with loads of 80 N, 100 
N, 120 N, 140 N and 160 N, respectively. Cooling oil was 
used for temperature control during processing.
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Figure 1 Schematic image of main procedures in this work

Table 1 Chemical composition of pure Ni (N4) (mass fraction /%)

Ni+Co C S P Cu Fe Si Mn Zn

≥ 99.9 0.009 < 0.001 0.009 0.008 0.018 0.031 0.023 < 0.001

Figure 2 Schematic image of ultrasound-aided deep rolling (UADR) device
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2.3  Microstructural Characterization
After being polished, cross-sectional microstructure 
of the UADRed pure Ni rod (Figure  3(a)) was analyzed 
by EBSD technique at 20 kV acceleration voltage with 
a working distance of 18 mm. The SEM imaging of the 
samples was conducted using the Zeiss Crossbeam 340 
FIB/SEM System at the voltage of 6  kV. Before in-situ 
compression tests, details of microstructure along the 
depth can be observed through EBSD images as shown in 
Figures 3(b)–(d). In addition, the TEM sheets were pre-
pared from each compressed micropillar in the SEM/FIB 
chamber. After thinning process, the TEM sheet with the 
thickness around 100  nm was processed and character-
ized by the FEI Talos 200X TEM system with the acceler-
ate voltage of 200 kV.

2.4  In‑situ Compression Tests
In-situ uniaxial micro-compression tests were per-
formed in a Carl Zeiss CossBeam340 SEM using a 

Brukers-Hysitron PI88 PicoIndenter under displacement 
control. The cylinder indenter was equipped with a 5 μm 
diameter diamond flat-punch indenter, which was much 
larger than the 2 μm micropillars in this work to subtract 
the effect of indenter on deformation behavior. Micropil-
lars were prepared by focused ion beam (FIB) technique 
at 30 kV with a final finishing current of 0.1 nA or 0.05 nA 
from each representative region of the UADRed Ni sam-
ple. The height-to-diameter aspect ratio of micropillars 
was kept at 2–2.3 to avoid buckling during compres-
sion. Diameters of micropillars were the average values 
of top and bottom diameters measured from the SEM 
images, in favor of alleviating the effect of approximately 
3° taper of micropillars. Micropillars were compressed at 
a constant strain rate of  10−3  s−1 to roughly 25% strain, 
followed by a 1  s holding before unloading. In order to 
ensure the reliability and repeatability of the tests, in-situ 
micro-compression tests were repeated 5 times for each 
region. The most representative curves of 5 times tests 

Figure 3 (a) The gradient lamellar microstructure of the UADRed Ni. EBSD images and lamellar thickness distribution of (b) and (e) NNL, (c) and (f) 
UFL, (d) and (g) TL regions
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for each region were chosen to discuss the deformation 
behavior in the following chapters. The force and dis-
placement data of compression test was acquired by a 
piezoelectric actuator in the capacitive transducer. SEM 
probe monitors the compression behavior of micropillars 
and automatically generates real-time videos at any time.

As mentioned above, considering the existence of a 
slight taper, the micropillar diameters was acquired by 
averaging the diameters of top and bottom of micro-
pillars to calculate the engineering stress. Moreover, 
in order to avoid the impact of indenter and basement 
below the micropillar on elastic deformation data and 
acquire a relatively accurate measurement of strain, the 
equation of a cylindrical punch derived by Frick et al. [28, 
29] was applied to calculate displacement x,

where xmeas and Fmeas represent the measured displace-
ment and force, respectively. Dt and Db are the diameters 
of top and bottom of micropillar, respectively. νi and Ei 
are the Poisson’s ratio and Young’s modulus of diamond 
flat-punch taken to be 0.07 and 1220  GPa, respectively, 
while νb and Eb represent the Poisson’s ratio and Young’s 
modulus of Ni selected as 0.31 and 207 GPa, respectively. 
Once the displacement was corrected, the engineering 
stress-strain curves were obtained, and subsequently 
converted to true stress-strain curves by using the 
homogeneous deformation model (assuming no volume 
change during the deformation).

(1)

x = xmeas −
1− ν
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For micropillars with smooth stress-strain curves, 
since the determination of the exact value of yield stress 
is difficult due to a continuous transition from elastic to 
elastoplastic deformation regimes of the stress-strain 
response, flow stress obtained by a strain offset of 1% 
instead of a conventional 0.2% offset stress, is desig-
nated as yield stress [30], as illustrated in Figures  4–6. 
For micropillars showing discontinuous flow behavior, 
the yield stress is identified as the stress at the first dis-
crete displacement burst that occurred post-1% strain in 
each curve, and a threshold of �ε ≥ 0.002 is used to iden-
tify the burst events [31], as exhibited in Figure 7(a). In 
this study, the strain hardening rate (SHR) is defined as 
the slope between the true stress–strain data at yielding 
point, εy , and 10% strain due to the strain bursts during 
the stress–strain response of the micropillars. If there is a 
strain burst at the nominal strain value, the peak stress in 
the burst is used.

3  Results
3.1  Microstructure of the UADRed Ni Sample
The EBSD image of the UADRed Ni rod (Figure  3(a)) 
shows the gradient microstructure exhibiting unam-
biguous plastic deformation from top surface to 450 μm 
along the depth. The gradient lamellar Ni can be roughly 
divided into four regions according to their differences 
in microstructurally geometrical characteristics. The 
depth range of the three regions in plastic deformation 
zone ranging from top surface to 120 μm is respectively 
specified as 0–10  μm, 10–50  μm and 50–120  μm from 
top surface. However, the UADR technique [32, 33] 

Figure 4 (a) True stress-strain curve of the NNL micropillar. SEM snapshots at (b) ε~ 0% and (c) unloading during testing
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would introduce a certain extent of plastic deformation 
on the surface of pure Ni rod, especially the largest plas-
tic deformation on the outermost layer, which leads that 
the outermost layer is difficult to be resolved under the 
EBSD technique [34–36]. Therefore, the microstructural 
details of plastic deformation regions from top surface to 
6 μm are unable to be acquired through the EBSD image 
shown in Figure 3(a). As shown by EBSD observation in 
Figure 3(b), the representative microstructural character-
istic in the region ranging from 6 to 10 μm contains near 
nanoscale lamellar (NNL) grains with average lamellar 
thickness of ~ 190 nm (shown in Figure 3(e)) and hence 
is referred to as the NNL region. The lamellar GBs are 
parallel to the rolling direction. The adjacent region of 
10–50 μm from surface has severely deformed structure 
characterized by parallel lamellar grains named as the 
ultrafine lamellar (UFL) region. The elongated bounda-
ries are also straight and flat lamellar GBs parallel to the 
rolling direction, which is shown in Figure 3(c). Thickness 
of the lamellar GBs were averagely measured as 360 nm 
(indicated in Figure  3(f )), and their average length is 
1500  μm. The depth range of 50–120  μm presents sub-
micron-sized grains and this range is referred to as the 
transition layer (TL) region, grains within TL region are 
elongated with an average boundary spacing of 645  nm 
(presented in Figure 3(g)) and length of 2 μm. As shown 
in Figure 3(d), the elongated boundaries of the UFGs are 
inclined to the rolling direction. Finally, as shown in Fig-
ure 3(a), the average grain size of equiaxed CGs is meas-
ured about 50 μm at the depth of 450  μm, and region 
deeper than 450 μm can be seen as the undeformed (UD) 
region.

3.2  In‑situ Micropillar Compression Tests in SEM
To study different mechanical behaviors of each region, 
micropillars with diameter ~  2  μm is fabricated to per-
form in-situ micro-compressive tests at the depth of 
8 μm (NNL), 40 μm (UFL), 120 μm (TL), 450 μm (UD) 
from the treated surface, respectively.

From the true stress-strain curves of the NNL, UFL 
and TL micropillars, the NNL (Figure 4(a)) and the UFL 
micropillars (Figure  5(a)) were found to have a similar 
mechanical behavior, that is, they both deform elasti-
cally at the first stage and then get into a strain harden-
ing stage. However, the yield stress (~ 705 MPa) and the 
SHR (~  2826 MPa) of the NNL micropillar were both 
measured to be relatively high, while those of the UFL 
micropillar were measured to be 635  MPa (yield stress) 
and 2012  MPa (SHR), respectively. It is easy to under-
stand that smaller lamellar grain thickness leads to 
higher yield stress in the NNL micropillar. Interestingly, 
the SHR of the NNL micropillar is still higher than the 
UFL micropillar, which is different from the trade-off in 
yield strength and the strain hardening capacity observed 
in other macro-scale researches [37–40]. The excellent 
strain hardening capacity of the NNL micropillar may 
result from no slip bands penetrating through micropil-
lar surface during compression thus maintaining homo-
geneous plastic deformation, which could be reflected 
from the smooth curve (Figure  4(a)) and the post-com-
pression SEM image (Figure 4(c)) of the NNL micropillar. 
Compared with the true stress-strain curve of the NNL 
and the UFL micropillar, the stress-strain curves of the 
TL micropillar (Figure  6(a)) are relatively discontinuous 
and apparent strain-burst appeared during compression. 

Figure 5 (a) True stress-strain curve of the UFL micropillar. SEM snapshots at (b) ε~ 0% and (c) unloading during testing
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Besides, multiple slip bands were obviously observed 
by comparing Figure  6(b) and (c). As measured from 
Figure  6(a), the TL micropillar has the yield stress of 
390 MPa and the SHR of 1410 MPa, both are much lower 
than those of the NNL and UFL micropillars.

According to the EBSD image of cross-section micro-
structure, the average grain size of the UD region is 
50 μm. Hence, the 2 μm diameter micropillar fabricated 
from the UD region is more likely to be a single grain. 
The true stress-strain curve for the UD region shown 
in Figure  7(a) exhibits the yield strength of 310  MPa, 

followed by abundant discrete ‘strain bursts’ as shown 
by drop in stress. Each burst is due to rapid displace-
ment during loading [41–43], which means the flat punch 
tip is out of contact with the micropillar top and mean-
while stress sharply decreasing. These bursts correspond 
to the visible slip bands on micropillar surface shown in 
Figure 7(c). These slip bands existing on compressed UD 
micropillar are quite deep and lead to shear fracture, with 
length almost surround the micropillar itself. It is found 
that the length of slip band corresponds to the ampli-
tude (measured as the stress increment in ascending 

Figure 6 (a) True stress-strain curve of the TL micropillar. SEM snapshots at (b) ε~0% and (c) unloading during testing

Figure 7 (a) True stress-strain curve of the UD micropillar. SEM snapshots at (b) ε~0% and (c) unloading during testing
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stage of each burst [44]) changes of strain bursts in true 
stress-strain curves of different micropillars. The shear 
fracture in compressed UD micropillar may be caused 
by the activation of many slip bands and then rapid pen-
etration through the UD micropillar without the block 
from GBs and dislocations during compression [29, 45]. 
In other similar studies, the researchers have pointed out 
that the slip bands in the UD micropillar result from col-
lective and avalanche-like motion of dislocations [46], 
which annihilate at the internal GBs or free surfaces of 
the micropillars [47–50]. The SHR of the UD region was 
measured to be 433 MPa, which was obtained by linearly 
fitting the peak stresses at the nominal strain values from 
the true stress-strain curve shown in Figure  7(a). The 
weak strain hardening capacity of the UD region may 
arise from pure slip mode without intersection of several 
slip systems. The phenomenon resembles deformation 
behavior of the CG Cu micropillar studied by Hou et al. 
[51], and therefore low-density defects of the CGs in the 
UD region are presumed to be the underlying reason for 
low strain hardening capacity of the micropillar in the 
UD region.

4  Discussion
In order to compare the mechanical properties of differ-
ent regions more intuitively and clearly, the yield stress 
and the SHR of selected five micropillars in each region 
are exhibited in Figure 8. Therein, the background glob-
ally exhibits the SEM image of these micropillars. Obvi-
ously, both the yield stress and the SHR monotonically 
increase with the decreasing depth from the treated sur-
face. The NNL micropillar has the best combination of 
yield strength and strain hardening capacity. According 
to previous studies [52–55] on the deformation behavior 
of metallic materials, the deformation mode of materials 

with high stacking fault energy is mainly dislocation 
and slip, while materials with low stacking fault energy 
is deformation twinning. In this work, pure Ni was 
employed with high stacking fault energy, and therefore 
micropillars in all regions deformed plastically mainly 
resulting from the motion of dislocation and slip rather 
than twins. To understand mechanisms responsible for 
differences in mechanical behaviors, micropillars from 
the four regions were respectively characterized by SEM 
and TEM technique. Thus, deformation mechanisms for 
different micropillars were analyzed from the perspective 
of slip and dislocation, respectively.

4.1  The Effect of Slip and Lamellar GB Thickness 
on Strength‑Plasticity

As mentioned above, the NNL micropillar consists of 
grains with the smallest lamellar thickness compared to 
other micropillars fabricated from other regions, contrib-
uting to the most GBs to block the motion of slip band. 
Therefore, the highest yield strength occurs in the NNL 
micropillar, consistent with the classical Hall-Petch effect 
that the strength of metallic materials increases signifi-
cantly with the decrease of grain size [56, 57].

During the in-situ compression tests, the whole defor-
mation process was recorded and the SEM images of dif-
ferent micropillars were exhibited in Figure 9 at specific 
strains ~  0%, 10  %, 20  % and after unloading, respec-
tively. As shown in the SEM images in Figure  9(a)–(d), 
the NNL micropillar exhibits a relatively homogeneous 
deformation from top to bottom sections of the micro-
pillar without appearance of any shear slip band during 
the whole compression test. Conversely, slip system has 
been activated at strain ~ 20%, where some kinks emerg-
ing on the surface of the UFL micropillar are observed 
during compressive deformation (Figure 9(g)). Moreover, 
the SEM images (Figure 9(j)) of the TL micropillar show 
multiple slip bands parallel to each other at strain ~ 10%, 
which are very short and shallow. Significantly, as shown 
in Figure  9(n)–(p), it is found that localized shear frac-
tures are responsible for the failure mechanism in the 
UD region, while the micropillars in other regions sim-
ply exhibit deformation rather than shear fracture. From 
the SEM images of all micropillars after compression 
test, it is visible that appreciable lateral bulge took place 
in all samples, which implies that the micropillars expe-
rienced plastic deformation during compression. How-
ever, lateral bulge in the NNL micropillar is distributed 
more uniformly than in the other micropillar, indicating 
that the plastic strain is accommodated homogeneously 
by the whole NNL micropillar rather than localized on 
one or several slip systems in other micropillars. It is 
speculated that many different slip systems are required 
to be activated in each grain aiming to coordinate with 

Figure 8 Yield stress and SHR of micropillars along cross-section 
depth. Inserted image shows representative strain-stress curves.
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deformation of their many adjacent grains in the NNL 
micropillar. Consequently, the activation of many differ-
ent slip system needs extremely high applied stress, lead-
ing to the most obvious strain hardening phenomenon 
in the NNL micropillar. Also, these different slip bands 
block the slip activities from each other and distribute 
uniformly through the whole micropillar, resulting in 
no apparent strain localization to penetrate through the 
whole NNL micropillar or form shear fracture. Thus, the 
NNL micropillar exhibits not only high strength but also 
good plasticity compared to other micropillars.

4.2  The Effect of Dislocation and Lamellar GB Orientation 
on Strength‑plasticity

For further exploring the deformation mechanisms for 
micropillars in different regions, the TEM characteriza-
tion was adopted to observe dislocation changes of dif-
ferent post-compression micropillars. Figure  10(b) and 
(c) shows the TEM images of post-compression NNL 
micropillar, where the numerous lamellar GBs and exten-
sive dislocation could be observed clearly. Therefore, the 

Figure 9 SEM snapshots of the (a)–(d) NNL, (e)–(h) UFL, (i)–(l) TL and (m)–(p) UD micropillar evolution during testing

Figure 10 Schematic images and TEM images of the (a)–(c) NNL, 
(d)–(f) UFL and (g)–(l) TL micropillar after testing
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dislocation pile-ups in the NNL micropillar are improved 
due to existing lots of GBs and a great deal of dislocation 
interaction. Meanwhile, combined with no visible ‘strain-
burst’ in strain-stress curves of the NNL micropillar, it is 
considered that no extensive dislocation annihilated on 
free surface of the micropillar. Additionally, the lamellar 
GBs are always perpendicular to the loading direction 
through the post-compression TEM images in the NNL 
micropillar. However, shear stress named critical resolved 
shear stress (CRSS) of a certain magnitude along the slip 
plane is required for the formation of slip, and the maxi-
mum resolved shear stress (MRSS) is oriented as 45° rela-
tive to the loading direction [48]. Therefore, the motion 
of many slip bands formed inside the NNL micropillar is 
severely blocked by perpendicular lamellar GBs, where 
much more stress is required to continue the generation 
and motion of slip bands, resulting in no visible slip band 
on sample surface during in-situ compression test. In 
summary, the 90° orientation with respect to the loading 
direction and the extensive dislocation pile-ups also con-
tribute to the highest yield strength and the best strain 
hardening capacity of the NNL micropillar.

Comparing the TEM images of the UFL micropillar 
(Figure  10(e)) with the NNL micropillar (Figure  8(b)), 
it is evident that lamellar thickness is larger in the UFL 
micropillar with smaller yield stress. However, the lamel-
lar GBs are still perpendicular to the loading direction. 
Figure  5(a)–(c) shows several slight slip bands corre-
sponding to slight strain-burst in true stress-strain curve 
of the UFL micropillar, illustrating collective dislocations 
escaping on slip planes [58–61]. The collective escape of 
dislocations probably because there is no enough lamel-
lar GBs in the UFL micropillar to block the motion of 
slip bands and thus several slip bands penetrate through 
the whole micropillar, causing the annihilation of dislo-
cations on sample surface. Therefore, lower strain hard-
ening capacity is obtained from the UFL micropillar 
compared with the NNL micropillar.

It is noted from comparing Figure 10(a), (d) and (g) that 
the main differences between the TL micropillar and the 
above two micropillars are increasing lamellar thickness, 
and GBs are inclined to the loading direction in the TL 
micropillar. As the Hall-Petch effect mentioned above, 
the increasing lamellar thickness leads to weak strength 
of the TL micropillar. However, it is worth noting that 
the lamellar thickness range of the TL micropillar is 
large, and the largest value is ~  1.95  μm, which means 
that mainly one lamellar GB existing in the sample with 
diameter of ~ 2 μm and height of ~ 4 μm. Therefore, the 
Hall-Petch effect could not be suitable for revealing the 
strengthening mechanism of the TL micropillar with 
only one lamellar GB. In this case, the weak strength of 
the TL micropillar may be due to lacking GBs to block 

the motion of dislocation and leading to abundant anni-
hilation of dislocations on the sample surface. In addi-
tion, it is found that much fewer dislocations distribute 
in the TL micropillar compared to the NNL and the UFL 
micropillars, as shown in Figure  10(h). The much fewer 
GBs and dislocations leads to the rapid propagation of 
slip band in the TL micropillar, which means only one 
or few slip system is required to activate for maintain-
ing plastic deformation. Thus, no interaction of many 
slip systems to block the further and rapid propagation 
of slip bands, resulting in slip bands penetrating through 
the whole micropillar and forming shear fracture rapidly. 
Moreover, the phenomenon that GBs are inclined to the 
loading direction indicates the lamellar GBs in the TL 
micropillar are affected by MRSS on 45° orientation. Spe-
cifically, the inclined lamellar GBs are conducive to form 
lots of slip bands and unable to effectively divert and pre-
vent the propagation of slip bands in the TL micropillar, 
thus many slip bands propagate to the micropillar surface 
along the 45° orientation without any barrier. Conse-
quently, abundant dislocations are annihilated on the TL 
micropillar surface. This is consistent with the existing 
abundant strain-burst observed from true strain-stress 
curve and visible slip bands parallel to each other on the 
surface of the TL micropillar. Therefore, these differences 
are mainly responsible for the weak strength and the 
poor strain hardening capacity of the TL micropillar.

5  Conclusions
Gradient lamellar Ni is fabricated successfully using an 
ultrasound-aided deep rolling technique at ambient tem-
perature. The microstructure of gradient lamellar Ni is 
successively classified as the NNL, the UFL, the TL and 
the UD region with the increasing depth from the treated 
surface. In-situ micropillar compression tests are respec-
tively performed in different regions to explore their 
mechanical properties. Various microstructural charac-
terization techniques were used to thoroughly investigate 
their deformation mechanisms. The main conclusions 
can be summarized as follows.

(1) With the decrease of lamellar GB thickness, the 
deformation of micropillar becomes more and more 
homogeneous during compression, which is reflected 
in the stress-strain curve, that is, the number and the 
amplitude of strain-burst are both decreasing.
(2) The strength of the NNL micropillar is much 
larger than that of the UD micropillar because quite 
more lamellar GBs and initial dislocations as well as 
multiple slip bands block the dislocation activities in 
the NNL micropillar.
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(3) Strain hardening capacity is related to the depth 
from treated surface, and smaller depth would lead 
to greater strain hardening capacity. This behavior 
may be due to multiple slip systems activated in 
each grain from the NNL micropillar to coordinate 
plastic deformation with adjacent grains while only 
single slip activity required in the UD micropil-
lar leading to localized shear fracture. Meanwhile, 
higher strain hardening capacity is achieved when 
lamellar GBs are oriented at 90° rather than 45° or 
0° relative to the loading direction.
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