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ABSTRACT
We report that gradient-structured twinning-induced plasticity steels have much superior dynamic
shear properties over homogeneous nanostructured (NS) counterparts. The gradient structure was
found to delay the nucleation of adiabatic shear bands (ASBs) at the NS surface layers and to reduce
the propagation speed of ASB by an order ofmagnitude as comparedwith homogeneousNSmateri-
als. The conventionalmaximumstress criteriononASB initiation for homogeneousmaterials is found
not valid for gradient structure. These findings may provide insights for designing impact-tolerant
gradient structures with excellent dynamic properties.

IMPACT STATEMENT
Gradient structures were found to produce superior dynamic shear properties that are not accessi-
ble to their homogeneous counterparts due to the suppression of nucleation and propagation of
adiabatic shear bands.
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Metals and alloys with both high strength and ductility
have been pursued by scientists and engineers for several
decades [1–11]. Gradient structure, where the grain/sub-
grain-structure size changes gradually from the surface
to the interior [12–19], shows superior ductility–strength
combination under quasi-static tensile loading, which
was attributed to eithermechanically driven grain growth
for unstable nanostructured (NS) surface layer [15] or
extra strain hardening by the presence of strain gradient
together with the stress state change for the mechanically
stable gradient structure [13,17]. Back stress hardening
has been reported to play a significant role in themechan-
ical behavior and properties of gradient structures [12],
similar to what occurs in other heterogeneous structures
[10,20,21].
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The flow behaviors of structural materials are strongly
affected by the applied strain rate [22–25]. At high strain
rates the adiabatic heating results in substantial temper-
ature rise, thermal softening and formation of adiabatic
shear band (ASB), which triggers fracture [25–29]. The
dynamic shear response and evolution mechanisms of
ASB in homogeneous materials with coarse grains (CG),
ultra-fine grains (UFG) and nanograins (NG) have been
extensively investigated [25–36]. Typically, CG materi-
als have low yield strength, high critical strain for onset
of ASB and high impact toughness, while UFG and NG
materials possess high yield strength, low uniform strain
and low impact toughness. In other words, there exists
a strength–toughness trade-off for homogeneous met-
als under dynamic shear loading. A question arises on
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Figure 1. (a) EBSD image for the untreated CG sample; (b) Vickers microhardness along the depth in a sample processed by SMAT for
20min; (c) EBSD image for the treated surface; (d) EBSD image for the center part; (e) TEM micrograph at the depth of 50μm; (f ) X-ray
diffraction patterns; (g) the set-up of Hopkinson bar experiments with hat-shaped specimens; (h) schematics of sample extractions for
microstructural examination.

if the superior strength–ductility combination of gradi-
ent structures under quasi-static strain rates can translate
into superior strength–toughness under high strain rates.

Here, we report that the gradient-structured metals
can produce extraordinary strength–toughness combi-
nation that is not accessible to homogeneous materials.
The underlying mechanisms were revealed and will be
discussed.

Hot-rolled twinning-induced plasticity (TWIP) steel
with (wt%) 0.6C, 23Mn, 0.035Nb, 0.035Ti, and the bal-
ance Fe was annealed at 700°C for 1 h, followed by
immediate water quenching, to obtain CG austenite sam-
ples with average grain size of 20 μm (Figure 1(a)).
Disks 3-mm thick were sliced from the CG samples
and processed by surface mechanical attrition treat-
ment (SMAT) [13,37] for 10–20min on both surfaces
of the disks to produce gradient structures. For com-
parison, homogeneous samples were processed by cold
rolling (CR) the CG samples with thickness reduction
of 20%, 30%, and 70%, which produces different yield
strengths.

Microhardness along the depth for a sample processed
by SMAT for 20min is shown in Figure 1(b). The sam-
ple consists of a 1.5mm CG core, sandwiched between
two 0.6mm gradient layers. The microhardness is about
355Hv in the core and 600Hv near the surface. The hard-
ness decreases almost linearly along the depth, which is

different from the gradient structure in IF steel [13]. The
electron back-scattered diffraction images for the treated
surface and the center part are displayed in Figure 1(c,
d), which show that the grains at the treated surface are
not refined and their sizes are comparable to those in
the center part (about 20 μm), while very small sub-grain
structures are formed at the treated surface. Transmission
electron microscope micrograph in Figure 1(e) reveals
these sub-grain structures as parallel deformation twins
along two {111} planes (primary twins and secondary
twins) with inter-twin spacing of 100–300 nm, and inter-
secting each other. High density of dislocations are also
observed in the interior of grains, especially near the
twin boundaries. The high microhardness in the surface
layer can be attributed to the reduction of the dislocation
mean free path by intersecting twins [7] and disloca-
tion entanglements. X-ray diffraction analysis did not
detect any phase transformation from the SMAT process
(Figure 1(f)).

The set-up of Hopkinson bar experiments, the geom-
etry and dimensions of the hat-shaped specimens and
the specimen holders are displayed in Figure 1(g). The
extraction of samples for microstructure observations
are illustrated in Figure 1(h). Hat-shaped Hopkinson
bar experiments have been widely used to study ASB in
metals and alloys [25,26,30–32,34,35]. Strong cylindri-
cal maraging steel specimen holders were used to ensure
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Figure 2. (a) Shear stress vs. shear displacement curves of various samples; (b) impact shear toughness vs. dynamic shear yield strength
of the TWIP steel samples with different microstructures. The ASB initiation points are marked as ‘×’ in Figure 2(a).

an approximate pure shear deformation by constraining
the lateral expansion of two legs for the hat-shaped
specimens and to freeze the microstructure at specific
shear displacements by varying the height of the speci-
men holders. Other experimental details can be found in
[25,26,34]. The impact velocity is around 20m/s for all
experiments, and the resultant shear strain rate is around
6× 104 /s.

The dynamic shear properties for the gradient, CG,
and deformed samples (one sample was annealed at
500°C for 1 h) are shown in Figure 2. The shear
stress–shear displacement curves are shown inFigure 2(a).
The deformed sample with 70% thickness reduction has
a dynamic shear yield strength of 1300MPa, but stress
drops quickly after yielding. The maximum stress point
is considered as the initiation point of the strain local-
ization according to the conventional maximum stress

criterion for homogeneousmaterials [25–30], afterwhich
ASB begins to form and propagate. Thus, the uniform
dynamic plastic shear strain after yielding for this sam-
ple is almost zero, indicating a very low strain hardening
capability under dynamic shear loading. In contrast, a
two-stage dynamic shear flow behavior is visible for the
CG sample before the stress drop: a strong linear strain
hardening stage followed by a short plateau stage. The
CG structure has a low dynamic shear yield strength
(∼320MPa), with a very high uniform shear strain
of ∼4.5.

The dynamic shear toughness can be calculated from
the area under the shear stress–shear displacement
curves in Figure 2(a), which is an important parameter
for structural components serving under dynamic load-
ing. As shown in Figure 2(b), the strength and dynamic
shear toughness of homogeneous materials shows a

Figure 3. SEMmicrographs under BSEmode for themicrostructural evolution of the NS surface of a gradient-structured sample at shear
displacements of (a) 0.18, (b) 0.26, (c) 0.31mm. SEM micrographs under BSE mode for the microstructural evolution of the CG center of
a gradient-structured sample at shear displacements of (d) 0.34mm, (e) 0.53mm.
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typical trade-off. In contrast, the gradient structures
show an excellent combination of strength and impact
dynamic toughness that is out of reach of homogeneous
structure (CG sample and deformed samples with var-
ious CR thickness reductions). The dynamic properties
might be further optimized by optimizing the gradient
structure [19].

In order to understand the corresponding defor-
mation mechanisms under the dynamic shear loading
for the gradient structures, dynamic shear experiments
with controlled shear deformation at five different inter-
rupted displacements (0.18, 0.26, 0.31, 0.35, 0.53mm), as
marked as ‘A, B, C, D, E’ in the curve of Figure 2(a), were
conducted on samples processed by SMAT for 20min to
investigate the microstructural evolution. Figure 3(a–c)
shows the SEM micrographs taken under back-scattered
electron mode for the microstructural evolution of the
treated surface at the three different interrupted shear
displacements. The hat is on the top, and the base ends
of hat-shaped specimens are at the bottom. As shown,
although the grains are severely sheared, shear band
did not form at the shear displacements smaller than
0.26mm. ASB started to form at the shear displace-
ment of 0.26mm and propagated across the whole shear
zone for the treated surface at the shear displacement of
0.31mm.

The microhardness of the homogeneously deformed
sample with 70% CR thickness reduction is about
600Hv, which is close to the surface microhardness of
the gradient-structured sample. However, as shown in
Figure 2(a), ASB formed right after yielding in this sam-
ple basing on the maximum stress criterion for homo-
geneous materials [25–30]. This is much lower than the
ASB onset shear displacement (0.26mm) at the surface
of the gradient-structured sample. The delayed initiation
of ASB in the NS surface layer under dynamic shear load-
ing could also be attributed to the strain gradients and the
strain partitioning [10,12,13,17], the interaction between
different layers, and the strong strain hardening for the
CG center.

Figure 3(d, e) shows the SEM micrographs of the
microstructural evolutions of the CG center at two differ-
ent shear displacements (0.34, 0.53mm). The shear band
is not formed at the shear displacement of 0.34mm,while
a thin shear band is clearly observed at the shear displace-
ment of 0.53mm. Thus, the critical shear displacement
for the initiation of ASB at the CG center is larger than
that of the NS surface layer. This is due to the fact that
the CG center has much higher strain hardening capa-
bility for preserving longer uniform shear deformation
than the NS surface layer. This also indicates that ASB
first nucleated in the nanostructrued surface and then
propagated to the CG center.

In order to probe the physical reason for the observed
ASB nucleation at the NS surface layer, we polished away
half of the original gradient-structured sample so that
one sample surface is NS while the other surface is coarse
grained. The dynamic shear test on this new sample
was interrupted at the shear displacement of 0.34mm
for scanning electron microscope (SEM) observation. As
shown in Figure 4, ASB nucleated in the NS surface but
not in the CG surface at this shear displacement. This
indicates that the initiation of ASB at the NS layer was
caused by the nanostructure.

In order to probe the ASB propagation from the
NS surface to the center, the cross-section along the
depth in the concentrated shear zone was examined, and
the images at three shear displacements (0.31, 0.34 and
0.53mm) are displayed in Figure 5. It is well known
that once an ASB is initiated in a specific location in
homogeneous materials, it can propagate with a speed
determined by a number of material parameters and the
applied shear impact velocity [38–40]. The propagation

Figure 4. SEM micrograph under BSE mode for the microstruc-
ture of a sample with SMAT-produced nanostructure on one side
and CG on the other side at the shear displacement of 0.34mm:
(a) the NS surface side; (b) the CG surface side.
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Figure 5. SEM micrographs under BSE mode for the microstructural evolution of the cross-section at three different interrupted shear
displacements: (a) 0.31mm, (b) 0.34mm, and (c) 0.53mm.

speed was estimated to be about 600m/s for a CRS 1018
steel when the applied shear impact velocity is about
20m/s (similar to the shear impact velocity applied in
the present study) [39]. Two ASBs nucleated at the shear
displacement of 0.26 (at the time of about 51 μs after
impact) on the two NS surfaces. At the shear displace-
ment of 0.31mm (at the time of about 55 μs after impact),
two ASBs propagated for a distance about 0.2mm from
the two surfaces towards the center. The ASB propagated
another 0.3mm when the shear displacement increased
to 0.34mm (at the time of about 59 μs after impact). The
two ASB tips joined coalesced when the shear displace-
ment increases to 0.53mm, forming a large ASB across
thewhole sample thickness. The propagation speed of the
ASBs along the thickness in the gradient structures can
be estimated by dividing the propagation distance by the
time interval, which is about 60m/s and is an order of
magnitude slower than that in the homogeneous materi-
als [38,39]. This could be attributed to the strain gradients
and the strain partitioning [10,12,13,17], the interaction
between different layers, and the strong strain hardening
for the CG center.

Moreover, the maximum stress criterion in which the
shear stress should start to drop once ASB is initiated in
the homogeneous materials [25–30] is no longer appli-
cable to gradient structures. As indicated from Figures
2 and 3, the ASB nucleated on the NS surface at the
shear displacement of 0.26mm, while the shear stress

did not start to drop until a larger shear displacement
of 0.31mm. The gradient structures can be considered
as consisting of numerous thin layers with systematically
varying grain sizes/substructure sizes. Therefore, their
global average dynamic shear flow stress should be at least
the sum of the shear flow stress of different layers [17], as
calculated using the rule of mixture (ROM), and might
be even higher than what is calculated by ROM due to
synergetic extra strengthening caused by the strain gra-
dient associated with the gradient structure, which need
to be accommodated by geometrically necessary dislo-
cations (GNDs) and consequently produces back stress
hardening [12,13,17].

When the shear displacement is in between 0.26 and
0.31mm, the NS surface layer is under strain softening
due to the formation of ASB, while the CG center is still
under strain hardening due to the absence of ASB and
the high strain hardening capability of the CG structure.
The competition between the softening of surface layers
and the hardening of center layers would determine the
trend of the flow stress of the overall gradient structures
with increasing applied shear displacement. At the early
stage of ASB propagation from the surface to the cen-
ter, the overall flow stress of the gradient structures can
still increase with increasing shear displacement. How-
ever, when ASB propagates toward the center layers, the
fraction of strain softening partwould increase. The over-
all flow stress would start to drop with increasing shear
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displacement at a critical shear displacement. Apparently,
this critical shear displacement should be larger than that
for onset of ASB at the NS surface layer, making the well-
known maximum stress criterion invalid for gradient
structures.

In summary, the gradient TWIP steels behave very
differently from the homogeneous counterparts under
dynamic loading. It has a combination of strength
and dynamic shear toughness that is not accessible to
their homogeneous counterparts. The gradient structure
delayed the initiation of ASBs on the NS surface and
dramatically slowed down the ASB propagation by an
order of magnitude, which renders the gradient struc-
ture higher in dynamic shear toughness. The superior
dynamic properties of the gradient structure are derived
from its strain gradient during dynamic shear deforma-
tion, which produces GNDs and strong back stress hard-
ening [10,12,13,17]. Our findings here provide insights
for designing strong and tough metals and alloys for
dynamic applications.
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