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Here we report a shear bands-dominated deformation principle for the gradient material composed
of two nanostructured gradient layers (NGLs) and a coarse-grained (CG) interior. Multiple shear bands
form in the NGL to accommodate the applied strain. The magnitude of uniform elongation depends
on shear band stability, and shear band stability is determined by the intensity of constraint between
NGL and CG interior. Specifically, the stronger the constraint, the denser and more stable the shear
bands dispersed in the NGL, thereby leading to larger uniform elongation. This finding sheds insight
into the theoretical basis of harnessing dispersed stable shear bands in heterostructures by optimizing
microstructure architecture.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

As one of the heterostructures, the gradient structure with a
systematic change in microstructure from nanostructured (NS)
surface to coarse-grained (CG) interior has attracted extensive
interests for its potential in alleviating strength-ductility trade-
off [1-4]. For example, a combination of several times higher
yield strength and decent uniform elongation (compared with
that of the homogeneous CG counterpart) was achieved in gra-
dient Cu [5,6], IF steel [7,8] and multiphase steels [9-11]. Recent
investigations found that the heterogeneous deformation of com-
ponential layers can significantly promote the development of
long-range internal stresses, leading to extra strength and work
hardening [7,12-15], i.e., hetero-deformation induced strength-
ening and hardening [16]. These explained the origin of high
strength. However, physics behind the large uniform elongation
of gradient structure are not thoroughly understood, especially in
the NS surface layer, which is believed to have intrinsically low
ductility when it is tensile deformed alone.

Uniform elongation of metals is generally evaluated as the
strain before the formation of catastrophic strain localization
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under uniaxial tension [17]. Since the NS surface layer is difficult
to accommodate large plastic strain via homogeneous (on macro-
scale) activity of crystalline defects as normally observed in CG
materials, there is a high possibility that the applied tensile
strain is largely accommodated by some type of non-localized
strain concentrations. Delocalized propagation of individual strain
concentration zones along gauge length was observed in the NS
layer of gradient IF steel [18]. This deformation mode is new but
seems not universal for most gradient structures. Recent investi-
gations in the straining behavior of ultrafine-grain/CG, NS/CG and
NS/ductile dendrite heterostructures indicated that microstruc-
ture heterogeneity could promote the nucleation of shear bands
(SBs) from domain boundaries/interfaces due to stress concen-
tration [19-21]. This inspired us to check the role of SBs in the
deformation of gradient material. Surprisingly, dense SBs were
indeed detected in the NS surface layer of gradient Ni [22]. These
SBs evolved to accommodate a large strain without instabil-
ity. However, reasons for the stable evolvement and the factors
controlling the stability still remain unclear. These are critical
to understanding the deformation and failure fundamentals of
gradient structured materials.

To study the above issue, the plastic behaviors of a series
of gradient Ni specimens, with same microstructure gradient
but varying gauge width, are characterized using digital image
correlation. It is found that the uniform elongation is significantly
reduced as the SBs become unstable, and the stability of SBs
depends on the constraint from CG layer.
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Fig. 1. (A) Geometry of tensile specimen cut from gradient plate. In the coordinate, Y and X represent the tensile loading direction and the specimen width direction,
respectively. Z is the specimen thickness direction with mechanical/microstructural gradient. (B) Micro-hardness profile measured along the thickness of gradient
material. Inset (b1) is an electron micrograph showing the CG center of gradient material. (C) Bright and dark field TEM images taken from the topmost NS layer. (D)
Tensile responses of gradient specimens with varying width (colored solid curves), freestanding NGL and homogeneous CG (black dotted curves). The number near
each curve represents the width of tensile specimen. (E) Uniform elongation of gradient (colored data) and homogeneous CG (black data) specimens with varying
width.. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2. Experiments

Gradient Ni material was symmetrically processed by rotation-
ally accelerated shot peening on both sides of an annealed plate
with a thickness of 3.6 mm [23]. The peening process on each
side was firstly conducted using 1-mm-diameter steel balls at a
velocity of 40 m/s for 5 min, and then treated using smaller balls
(0.5 mm in diameter) to reduce surface roughness. Microstructure
of gradient material was characterized using transmission elec-
tron microscopy (TEM, FEI Tecnai G2 T20). Focused ion beam was
used to extract TEM foils.

As the dog-bone shaped geometry illustrated in Fig. 1A, gra-
dient tensile specimens with a constant gauge length (18 mm)
but varying width (4.90 mm-0.34 mm) were machined from the
as-processed gradient plate. The shoulder width of tensile speci-
mens was 4.3 mm. Tensile tests for each type of specimen were
repeated at least three times at a constant strain rate of 5x10~*
s~1, and an extensometer was used to measure the tensile strain.
Speckle images on specimen surface were recorded in-situ using
a short-focus optical lens (9.7 pwm/pixel in resolution) for strain
calculation [22]. The distribution of Vickers hardness along the
thickness was measured at a load of 25 g for 15 s.

3. Results and discussion

The microhardness decreased gradually from ~260 Hv in the
topmost surface to ~127 Hv in the central matrix (Fig. 1B),
resulting in large mechanical gradient in the top ~760 pwm-thick
layer. The gradual change of hardness indicates a continuous

transition of microstructure. Inset in Fig. 1B shows the equiaxial
CG microstructure in the central matrix. Fig. 1C presents typical
bright and dark field TEM micrographs taken from the topmost
surface layer. Obviously, this layer is composed of largely elon-
gated nanostructures with high dislocation density and individual
well-developed nanograins.

For comparison, tensile specimens containing only the top
760 nm-thick layer or the central 2.0-mm-thick core were pre-
pared by polishing away the other layers, and referred to as
freestanding nanostructured gradient layer (NGL) and homoge-
neous CG matrix, respectively. The engineering tensile stress—
strain responses of gradient specimens (colorful solid curves),
freestanding NGL and CG matrix (black dotted curves) are com-
pared in Fig. 1D. As shown, the freestanding NGL displays much
higher yield strength but lower uniform elongation as compared
to CG matrix, indicating significant mechanical incompatibilities
in the elastic limit, uniform elongation and strain hardening ca-
pability between them. The gradient specimen with large width
(4.90 mm, the red solid curve) exhibits an excellent combination
of uniform elongation and strength, a uniform elongation of ~80%
of that in homogeneous CG material and simultaneously a yield
strength that is ~4 times as high.

Interestingly, a dramatic decrease in uniform elongation oc-
curred for gradient specimens when the width is smaller than
1.5 mm (Fig. 1D). As the variation of uniform elongation sum-
marized in Fig. 1E and Table 1, it is decreased to even less than
10% as the specimen width is smaller than 0.3 mm. Note that
this unique effect induced by specimen dimension is more serious
than the size effect in conventional homogeneous materials that
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Table 1

The uniform elongation and corresponding deviation limit of gradient and homogeneous CG materials with varying specimen width. The deviation limit was obtained

from the tests of at least three independent specimens.

Specimen width (mm) 4.90 1.80 1.30 1.00 0.75 0.50 0.34 0.22
Gradient Average 35.8% 35.2% 33.7% 31.0% 26.7% 18.1% 10.7% 5.9%
Deviation limit +2.1% +2.6% +2.8% +3.2% +3.6% +1.8% +3.4% +1.9%
Homogeneous CG Average 45.2% 43.8% - 44.6% 43.6% 43.0% 39.7% 35.6%
s Deviation limit +1.6% +1.3% - +2.5% +1.7% +2.2% +1.5% +2.4%

5.20

=}

6.80 10.35

14.12
@y

Fig. 2. Distribution of strains ¢, (the left column) and &, (the right column) measured on the NS surface (XOY plane) of gradient specimen [22] (A1-A2) and
freestanding NGL (B1-B2), showing the evolvement of SBs with increasing applied strain. w represents specimen width. The number above each subgraph represents
applied tensile strain. Shear bands are warm-colored in &, contour and cold-colored in &x contour.

was governed by the competition of dislocation activities in the
surface grains and interior grains [24]. For example, the critical
dimension controlling the start of size effect in homogeneous NS
is generally smaller than the smallest width of present gradient
specimens, i.e., ~0.2 mm [25]. The uniform elongations of ho-
mogeneous CG specimens cut from as-annealed plate with the
same dimensions of gradient specimens were also examined. As
shown (see the black data in Fig. 1E and the detailed value in
Table 1), the drop of uniform elongation is started at a critical
width of ~0.4 mm, and it is only decreased by ~9.6% as the
width reduced to 0.22 mm. These observations suggest that the
uniform elongation of gradient structures is dominated by some
type of unusual plastic mechanism that is different from that in
homogeneous NS and CG counterparts.

The distribution and evolution of strains measured on the NS
surface of gradient specimen and freestanding NGL (4.90 mm
in widths) are compared in Fig. 2. Dense macroscopic SBs were
uniformly dispersed over the whole NS surfaces of gradient spec-
imen (Figs. 2A1 and A2), which carried relatively high strain but
none of them evolved to serious strain concentration to dominant
fracture. In other words, these SBs were stable during tension and
evenly accommodated the majority of applied strain. In contrast,
in the freestanding NGL without CG matrix the coalescence of
catastrophic shear localization was quickly developed at an early
strain stage (Figs. 2B1 and B2), and there was only individual large
SBs in the uniform gauge section. These observations clarify two
critical points: (i) the excellent uniform elongation of gradient

structure and its NS surface layer (Fig. 1D) is accommodated by
dispersed SBs; (ii) the stability of SBs in NS surface layer largely
depends on the constraint from CG matrix.

The formation of dispersed shear bands in gradient structure
can be primarily attributed to the low strain hardening capabil-
ity of NS surface layer and the constraint from CG matrix [19,
22]. Under tension, stress concentration readily occurs in the
NS surface layer soon after yielding due to the limited strain
hardening rate and the triaxial internal stresses caused by elastic-
plastic incompatibility, which will promote local shear instability,
i.e., formation of early SBs [8,26]. However, as discussed later,
such local instability can be effectively constrained and passi-
vated by the stable CG interior, which has higher strain hardening
efficiency, thereby cannot quickly propagate across the whole
cross-section as that usually observed in freestanding NGL [7,
19,21]. The suppressed early SBs thus cannot release the stress
concentration in the regions away from them, which permits
the multiplication of more SBs until they are dispersed over the
whole NS layer [27,28].

To probe the underlying mechanism behind the specimen
width-dominated variation of uniform elongation, we examined
the propagation of SBs along the thickness direction by charac-
terizing the strain evolution on the lateral surface (the YOZ plane
illustrated in Fig. 1A) of gradient specimens. Surprisingly, with
the change of specimen width SBs exhibit obviously different
morphology and propagation rate (Fig. 3).
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Fig. 3. SB morphology and evolution characterized on the lateral surface (YOZ plane) of gradient specimens in width of (A1-A2) 4.90 mm, (B1-B2) 0.75 mm, and
(C1-C2) 0.34 mm. The left column is &, contour, and the right column is &, contour. Shear bands are cold-colored in &, contour. Dotted white lines in the last
subgraph of (A2) mark the intersection of stable SBs. Double-arrowed lines in (B1) and (C1) indicate the formation of catastrophic shear bands.

For the wide specimen (Figs. 3A1 and A2), dense SBs nucle-
ated from NS surface and then propagate along the thickness
with a significant reduction in strain intensity. They intersected
each other at a depth of ~600 wm and remained arrested by
CG interior during the entire tension. In contrast, SB density
was significantly reduced with decreasing specimen width, and
individual SBs readily penetrated to the CG interior to connect
with the band emitted from opposite side, as indicated by double-
arrowed lines in Figs. 3B1 and C1. Taking the 0.34-mm-wide
specimen as an example (Figs. 3C1 and C2), five stout SBs even
quickly penetrated through the thickness to form a zigzag mor-
phology before a global tensile strain of 3%, although the strain
concentration in them was not extremely serious to cause imme-
diate fracture. The SBs density, i.e., the average total number of
SBs per unit gauge length, for specimens with varying width was
statistically calculated from these strain maps. As shown in Fig. 4,
the uniform elongation decreases almost linearly with SBs density
as the specimen width becomes small. These results demonstrate
that (i) the drop of uniform elongation with decreasing specimen
width is due to the reduced SB density and stability, and (ii)
the arrest/constraint efficiency of CG matrix on SBs propagation
largely depends on specimen width.

The arrest of SBs propagation by the CG matrix was realized
by the mutual constraint with NGL [7,29]. Since all gradient spec-
imens have exactly the same microstructure gradient and there is
no heterogeneity in width direction, it is interesting to find how

specimen width: . %.9p
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Fig. 4. SBs density vs. uniform elongation. The SBs density was statistically
calculated from the strain maps in Fig. 3.

the specimen width affects the mutual constraint between CG
matrix and NGL. To reveal the physics behind this, we analyzed
the constraint stress state in gradient specimens with varying
width by means of the finite element method (FEM, ABAQUS 6.14
package).
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Fig. 5. FEM modeling of the variation of mutual constraint between NGL and CG layers with decreasing specimen width. (A) Stress-strain properties used for the
NGL and CG parts in FEM. (B-E) Contours of the lateral constraint stress oy in the 1/4 model of gradient specimens in widths (w) of 4.90 mm, 1.5 mm, 0.75 mm and
0.34 mm, at a tensile strain of 0.4%. White arrows in (B) mark the central path and the path at !/4 width. (F) Comparison of the linear distribution of the constraint

stress oy.

Since both gradient and laminate structures share the same
deformation mechanisms in mechanical incompatibility-induced
mutual constraint between layers, gradient structure can be ap-
proximately regarded as a special heterostructured laminate with
multiple interfaces [8]. To simplify the analysis model and quali-
tatively assess the intensity of constraint between CG matrix and
NGL, we consider the NGL as an isotropic homogeneous layer
and simplify the gradient sample as a laminate with a CG core
sandwiched by two NGLs. The true stress—strain responses under
uniaxial tension (Fig. 5A) are used as the constitutive property of
model parts.

Figs. 5B-F present the analysis results at a uniaxial tensile
strain of 0.4%, i.e., a strain stage soon after yielding. As shown
in Figs. 5B-E, componential layers are subjected to extra normal
stresses in the width direction X, oy. oy is negative in the NGL, but
positive in the CG core, indicating that the NGL is subjected to a
lateral compressive constraint from CG core at this strain stage.
This mutual constraint is caused by the incompatibility of lateral
shrinking strain &, that induced by the difference in elastic limit
between layers [8,30]. Interestingly, for the models with varying
width, both the magnitude and distribution of o, along thickness
are obviously different. Fig. 5F plots the linear distribution of oy
across the interface between NGL and CG core. As comparison,
oy is lower and its distribution region across interface is thinner
as the sample gets narrower. For example, o, in 4.90-mm-wide
sample is much higher and distributed over much thicker region
than that in the narrow samples (0.75 mm and 0.34 mm in
widths). Note that there is no other significant normal or shear
constraint between layers. These results suggest that reducing

the width of gradient specimen can lead to weaker constraint
intensity and thinner constraint zone.

It was revealed that the fast multiplication of SBs in NGL is
at the low-strain stage soon after yielding [22]. At this stage, the
compressive constraint from CG interior plays a role in increasing
the propagation resistance of SBs in NGL by closing and shield-
ing the SB tip. This effect is similar to the impeding effect of
ductile reinforcements on propagating plastic damages [21,31].
In addition, the extra stress o, makes the applied uniaxial stress
to a multiaxial state, which promotes the strain hardening of
NGL layer by activating more slip systems [7,32], thereby helping
with stabilizing the propagating SBs. These stabilization effects
on SBs propagation should be not significant if the constraint
stress oy is weak. This is the reason why SBs in the narrower
specimen with weaker constraint intensity exhibit lower stability
(Fig. 3). The global stress will be released if the early SBs penetrate
through whole cross-section, which obliterates the opportunity to
nucleate new SBs in the less optimal regions. This is the primary
reason for the low SB density (Figs. 3 and 4) and the slightly
reduced flow stress (Fig. 1D) in narrow specimens.

The SB stability may be also affected by the mechanical gra-
dient, the volume fraction of component layers and the materials
properties such as stacking fault energy, which implies that the
critical width at which uniform elongation begins to drop may
be varied depending on the detailed microstructure gradient and
material. This demands more experimental and theoretical ex-
plorations. It was suggested that nucleating multiple SBs in the
harder domain (with low strain hardening efficiency) might be
a universal plastic response for the hetero-deformation induced
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high internal stress in heterostructures [16,19,33]. Although for
the heterostructures with different microstructure architecture
the SBs morphologies are different, the fundamental in all of them
should be that the stronger the constraint between domains, the
more stable the SBs and the larger uniform elongation can be
achieved.

4. Conclusion

In summary, our observations revealed that SBs play a dom-
inant role in the uniform elongation of gradient structure. The
uniform elongation is determined by SB stability, and SB stability
depends on the mutual constraint between NGL and CG matrix.
Specifically, in the wide specimen strong constraint led to the for-
mation of dense dispersed SBs in the NGL, which remained stable
during the entire tension and thus resulted in a superior uniform
elongation comparable to that of homogeneous CG. SB stability
was significantly reduced as the constraint became weaker with
decreasing specimen width. Such unstable SBs quickly penetrated
through the cross-section, leading to early fracture and limited
uniform elongation. These findings demonstrate that SBs can
be stabilized to improve the uniform elongation of NS materi-
als by designing optimal heterogeneous architecture with strong
constraint between component domains.
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