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Gradient structure (GS), as a typical heterostructure, is arousing great interest for an improved synergy between
the strength and ductility which are mutually conflicting. Recently, a novel design of GS is proposed by taking
the density of twins in grains, instead of common grain size, as a gradient variable, showing the key role in strain
hardening by the nano-scale twin boundaries. Following this idea, here, a deformation twin-density GS was
produced by means of the technique of surface mechanical attrition treatment in a S31254 super austenitic
stainless steel. To be specific, the GS consisted of a central coarse-grained (CG) core, with two sides sandwiched
by the gradient-structured layer (GL), where the density of deformation twins appears gradient in grains along
the depth towards the CG core. The tensile tests show that as compared to CG counterpart, yield strength in GS
increases 80% to 0.5 GPa, along with comparable ductility of 36%. The interrupted tensile tests show the
presence of mechanical hysteresis loops during each unload-reload cycle, indicative of the generation of hetero-
deformation-induced (HDI) stress during tensile deformation. Furthermore, both the HDI stress and HDI strain
hardening account for a large proportion of global flow stress and forest hardening. The deformation twins and
their evolutions, with the emphasis on their interaction with the dislocations, are investigated in detail by means
of EBSD and TEM observations to correlate the mechanical properties. The present results shed light on the
crucial role of deformation twins in the twin-density gradient for the synergistic enhancement of both strength
and ductility.

1. Introduction to be brief, the combination of soft and strong grains of various flow

behaviors such that the hetero-deformation induced (HDI) stress will be

Both yield strength and ductility (i.e., uniform elongation under
tensile loading) are two important mechanical properties in metals and
alloys for engineering application [1,2]. However, strength and ductility
are usually conflicting mutually with an insurmountable trade-off [3-5].
Namely, an increase in strength by either grain refinement or cold work
is always accompanied at the loss of ductility [5-7]. The reason behind it
is the diminishing strain hardening by traditional dislocation plasticity
[1,5,6], which cannot catch up with the increase in flow stress during
plastic deformation according to the Considere criterion. To enhance the
balance between strength and ductility, the heterostructure-oriented
strategy is advocated recently [8-11]. By comparison with the conven-
tional homogeneous microstructure, the heterostructure (HS) features,

produced at the hetero-boundaries between soft and strong grains in
response to straining [9]. This HDI stress facilitates an extra
HDI-hardening not only to reinforce global strain hardenability but also
to provide compatible deformation at the hetero-boundaries, otherwise
plastic instability will occur at first. The HDI hardening is ascribed from
the geometrically-necessary dislocations (GNDs) to accommodate strain
gradient as a result of the locally non-uniform deformation to occur at
the hetero-boundaries [9,10]. The GNDs, usually in the initial form of
dislocation pile-up [12], are the origin of HDI stresses. So far, the het-
erostructures of varying kinds are designed, aiming at the synergistic
effect for strain hardening, typical heterostructures including the
gradient structure [13,14], lamellar structure [8], multi-level grain
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[15], and core-shell structure [16] etc.,, all typical of the
hetero-boundaries of high density for HDI hardening to take effect
during tensile deformation [9,17,18].

The gradient structure (GS) is shown to be able to effectively enhance
yield strength and ductility balance [2,13,14,17,18]. The earlier GS is
focused on the grain size gradient [13,14,18], typical of the trans-scale
grain hierarchy. This GS consists of the nanograins/nanostructures (NS)
in the surface layer and CG counterpart in the center layer, in-between
with a continuous increase in grain size. The GS demonstrates a syner-
gistic effect due to the additional HDI hardening [19,20]. However, this
kind of GS still suffers from poor strain hardening particularly in the NS
layer where the dislocations of high density generated during the
fabrication of GS play a strong constraint in the further storage of dis-
locations to harden these grains during subsequent tensile deformation
[13,14].

Recently, an ingenious strategy has been proposed of a pioneer GS
design for extraordinary strain hardening with the density of twin
boundary of nano-twins (NT) acting as the gradient variable [21]. The
distinctive advantage in this NT-density GS lies in the superior strength
and ductility synergy especially at an enhanced yield strength [21]. This
is ascribed to the crucial effect of nano-scale twin boundaries (TBs). On
one hand, TBs facilitate strain hardening in terms of strong interactions
with gliding dislocations especially when spacing of TBs is at nano-scale
[22,23]. On the other hand, the nano-scale TBs are mechanically stable
to play a similar role to grain boundaries to refine the grains [2,21],
which leads to an extra strengthening [21]. Note that these NTs are
either growth or annealing ones usually formed during electrodeposition
and annealing [21,22].

The popular plastic-deformation-based technique is also an appro-
priate method to fabricate the NT-density GS [24-27], typical methods
including surface mechanical attrition treatment (SMAT) [28], surface
mechanical grinding [29], surface sliding [30], and surface rotation [31]
etc. As for all these techniques, the feature in common is to exert
accumulative plastic deformation on the surface of bulk specimens. The
applied strains, along with strain rate, are gradient-distributed along the
depth in the surface layer, which makes the microstructure refine to
form the gradient [28]. For a metal/alloy of low stacking fault energy
(SFE), deformation twinning is the dominant response to accommodate
plastic deformation and resultantly, the density of deformation twins
(DTs) will be produced in the form of a gradient. The closer distance to
the top surface, the high density of DTs will be. Yet, it is worthy to note
that in this DT-density gradient, the grains are full of the dislocations of
high density.

The super austenitic stainless steels (SASS) have recently attracted
great attention for the superior combination of mechanical properties
and corrosion resistance. The typical SASS is S31254 [32,33], with the
additions of alloying elements, e.g., molybdenum and nickel etc., by
comparison to the traditional austenitic stainless steels. Unfortunately,
the glaring drawback is the low yield strength of only 280 MPa in this
S$31254 SASS. In this regard, the GS is proposed as a preferred strategy to
strengthen and strain harden the S31254 SASS without compromising
the corrosion resistance. In the present investigation, the DT-density GS
was fabricated by using the SMAT processing. Both the tensile property
and microstructural evolution are experimentally investigated to show
an enhanced combination between strength and ductility in GS, along
with an enhanced strength.

2. Experimental procedures
2.1. Materials and SMAT processing

The thin plate of 1.3 mm thick was used in a S31254 SASS for the
present investigation. The chemical composition (weight percent) was
0.009C, 19.79Cr, 17.88Ni, 0.81Mn, 0.75Cu, 5.83Mo, 0.63Si, 0.21 N,
0.01Nb, 0.01Al, balance Fe. The initial coarse-grained (CG) micro-
structure was the face-centered-cubic (fcc)-structured single phase after
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high temperature annealing at 1497 K for 2 h.

The GS specimens were fabricated in the annealed CG plate by using
the SMAT technique [28]. During SMAT processing, the steel shots were
accelerated in a closed container by a high-power ultrasonic device
operated at high system frequency (20 kHz). This caused the surface of
plate specimen in the container to be randomly peened at extremely
high strain rates. In other words, the layer was severely deformed from
the surface to certain depth. In consideration of both the deformed layer
depth and surface roughness during SMAT processing, the processing
parameters were determined after a series of experiments as the shots of
2 mm in diameter and the processing period of 45 min for each side of
the plate sample. Finally, the GS specimen was obtained with the
gradient layers (GLs) on both surfaces sandwiching the central CG layer.

2.2. Mechanical property tests

All tensile specimens were dog-bone shaped, with a gauge cross-
section of 4 x 1.3 mm? and 18 mm length. Tensile specimens were cut
from the SMAT-processed plate with the longitudinal axis along original
rolling direction. The tensile specimens of varying thickness were also
prepared in GS specimens to test the tensile properties at the specific
depth. These thin specimens were obtained by polishing away the initial
GS specimen from one side, leaving behind the specimen of desired
thickness for tensile testing.

The quasi-static uniaxial tensile tests were carried out at a strain rate
of 5 x 10~ s~ and at ambient temperature in an MTS Landmark testing
machine. The extensometer was attached on the gauge section of tensile
specimen to measure applied strain during tensile deformation. The
interrupted load-unload- reload (LUR) tensile testing was performed
under the similar tensile conditions to the monotonic one. During LUR
testing, once straining to certain value at strain rate of 5 x 10~%s71, the
specimen was unloaded by the stress-control mode to 20 N, followed by
reloading at a strain rate of 5 x 10~ s™! to the next unload strain. For
reproducibility, both monotonic and LUR tensile tests were carried out
at least three times on average. The method to calculate HDI stress (cgpr)
can be found in Ref. [19] in which the measured back stress is actually
OHDI-

The Vickers micro-hardness (Hy) were measured on the cross-section
of GS specimen before and after tensile testing. Each testing was main-
tained with a dwelling time of 15 s under a loading of 25 g.

2.3. Microstructural characterization

The microstructure was characterized by using an electron back-
scattered diffraction (EBSD) attached on a Zeiss Gemini SEM 300 scan-
ning electron microscope (SEM). Before EBSD observation, the cross-
sections of GS samples were mechanically polished. The measure-
ments by X-ray diffraction (XRD) were performed to characterize the
phase structure by using a Rigaku Smart lab X-ray diffractometer with
Cu Ka radiation. The microstructures and specifically, deformation
twins and dislocations were also investigated in a FEI TECNAI G2 20 S
transmission electron microscope (TEM) operated at a voltage of 200 kV.
TEM specimens were cut from the gauge section of tensile samples. Thin
foils for TEM observations were mechanically polished to ~50 pm thick,
then punched to disks 3 mm in diameter. Perforation by twin-jet electro-
polishing was carried out using a solution of 8% perchloric acid and 92%
ethanol at —28 °C and 38V.

3. Results
3.1. As-processed microstructure

Fig. 1a is the EBSD inverse pole figure (IPF), showing the homoge-
neous coarse-grained (CG) microstructure after recrystallization

annealing. The statistic average grain size is 200 pm. Fig. 1b shows the
distribution of Vickers micro-hardness (Hy) values along the depth of
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Fig. 1. Microstructural characterization of gradient-structured (GS) specimen. (a) EBSD IPF of as-annealed coarse-grains (CG). (b) Distribution of Hy values
across the depth of GS specimen before and after tensile testing. GL: gradient-structured layer. (c) XRD spectra of CG and treated top surface of GS specimen. (d)—(f)
Superimposed IPF and IQ map at the depth of ~50 and 100 pm in GL and of ~600 pm in CG core. Arrows in (d): deformation twins in grain A and twin B.

cross-section of the GS specimen before and after tensile deformation. value reaches 3.4 GPa at the treated surface, which is much larger than
Hy shows an obvious gradient of ~300 pm thick on both sides, which are 2 GPa in the central CG core. Both the CG layer and GL are the fcc single
considered as the gradient layer (GL). In total, 45% of the total thickness phase, as evidenced by the XRD spectra as shown in Fig. 1c. This in-
of the GS specimen is accounted for by the two gradient layers. By dicates that no phase transformation happens during the SMAT
comparison, the central CG layer shows a smooth Hy. The maximum Hy processing.
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Fig. 2. Bright-field TEM micrographs showing initial microstructures at various depths in the GS. (a)-(c) Deformation twins at the depth of ~5, 50 and, 200
pm deep, respectively, below the treated surface. Inset in each map: the corresponding selected area electron diffraction (SAED) pattern of twin, all with the [011]
zone axis. Red arrows: twin boundaries. Blue arrows: dislocation tangles in (a, b) and cells in (c). (d) Slip micro-bands in CG core. Green arrow: an annealing twin
boundary. (e)-(f) Statistical distribution of both width w and spacing A of nanotwins at different depths. (g) Statistical density of nanotwins at different depth of as-
SMATed sample.
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Fig. 1d-f are a set of EBSD images by superimposing image quality
(IQ) map on inverse pole figure (IPF) taken at varying depths of GS
specimen. Fig. 1d shows DTs of high density at ~50 pm deep. Interest-
ingly, at least four successively activated twin systems are visible in the
grain labeled by A, see red arrows parallel to TB. DTs are also observed
in a thick annealing twin, labeled by B. Some DTs are bended to
accommodate large local strains during SMAT. Importantly, the density
of DTs decreases towards the interior of GL, see Fig. 1e taken at ~100 pm
deep, and become hardly visible in the CG layer, see Fig. 1f at ~600 pm
deep. Accordingly, the DT-density gradient, instead of the conventional
grain-size one [13,14], is induced in the GS. This is due to applied high
strain rates during SMAT which facilitates deformation twinning to
happen preferentially in this SASS of low SFE. Further, EBSD observa-
tions do not show any sign of grain refinement to happen in GL.

The DTs are further studied at different depths in GL by TEM ob-
servations. Fig. 2a shows a bundle of DTs of high density at the depth of
5 pm, much near the treated surface. These DTs are much thin, along
with dislocation tangles. The statistic average twin width (W) and
spacing (1) is 6.3 nm and 12.4 nm, respectively, along with the number
density (p) of 4.22 pm_z, see Fig. 2e, f and 2g. These twin lamellae and
dislocations of high density is the reason of high Hy in the treated sur-
face. As the depth increases to 50 and 200 pm respectively, the density of
NTs and dislocations decreases, see Fig. 2b and c. Accordingly, w and A
for DTs slightly increase, along with a decreased p, see Fig. 2e, f and 2g.
By comparison, the slip micro-bands (MBs) are the dominant sub-
structure to accommodate plastic deformation in the CG layer at
~600 pm deep, see Fig. 2d; while DTs are absent. These MBs nucleates
and glides on the {111} planes [26], with the planar arrays dislocation
in the interiors.

3.2. Tensile property

Fig. 3a is a set of tensile engineering stress-strain (6, — &) curves in
various specimens. The GS specimen exhibits the combination of yield
strength (oy) of 0.5 GPa and ductility (e,) of 36%. 6, in GS is almost
twice that in CG, only with a slight drop in ¢,. For other thin samples of
0.14 and 0.32 mm thick (keeping one treated surface, labeled as GLg 14
and GLg3, respectively), the thinner sample, the higher o, and
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accordingly, the less &, will be. o, is as high as 1.75 GPa in the free-
standing GLg o4 of 40 pm thick. Fig. 3b shows the strain hardening rate
® = a—f) versus true strain (e7) curves. All curves can be approximately
divided to three stages, except for GLg 4. © fall dawn steeply at first,
followed by the moderate rise and final slow drop. The steep drop of © in
standalone GLg o4 is in contrast to that in GS where GLg o4 is attached.
This indicates a special mechanism in GS to work which changes plastic
deformation in GLg 4.

The HDI stress and HDI strain hardening were investigated by con-
ducting LUR tensile tests. The mechanical hysteresis loops appear during
each unload-reload cycle in both GS and CG. Fig. 3c shows loops at two
typical unload strains. This indicates the onset of reverse plastic flows
upon unload even though the applied stress is still in tension [8,15]. The
presence of hysteresis loops is an unambiguous sign to indicate that the
HDI stress (ogpr) begins to take effect [9,10,19]. The residual plastic
strain (g,), defined as loop width [19], is used to characterize the HDI
effect. Interestingly, &, in GS is larger than that in CG at strain less than
~18%, see Fig. 3d, beyond which ® begins to drop, see Fig. 3b. HDI
stress (oppr) is can be estimated as [19],

o, + o,
2

Oup; =

where ¢, and o, are the unloading yield stress and the reloading yield
stress from the hysteresis respectively. The opp; — e curve was then
fitted. The hardening rate of HDI stress was obtained by taking deriva-
tive of the fitting curve, i.e., ® = "gTHTm The upper panel in Fig. 3e shows
the proportion of ogp; to or in both CG and GS, while the lower panel is
that of hardening rate by oxp; (@upy) to O7. It is visible that both opp;/
00w and Oppy/ Opey in GS almost keep a slight decrease (merely a little
bit higher) as compared to those in CG when strain is less than ~18%.
However, oy, in GS almost doubles that in CG, only with a little bit
decrease in ductility. Fig. 3f shows the (6, &,) combination in all sam-
ples. If roughly considering only a weak gradient of twin density in thin
GLy 14, it is seen that GS enhances the (o, &,) balance indeed.
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Fig. 3. Tensile mechanical behavior of GS $§31254. (a) o, — ¢, curves. CG: coarse grain. GS: the gradient structure. GLp,: gradient layer; subscript (no): sample
thickness in mm. (b) ® — er curves. (c) Mechanical hysteresis loops in GS and CG at unloading strain of 1% (upper panel) and 26.2% (lower panel). (d) &, — er curves
in GS and CG. (e) onpr/0gow — er (upper panel) and Opp;/Opoy — e (lower panel) curves in GS and CG. (f) (gy, &) balance.
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3.3. Microstructural evolution after tensile testing

The unique effect of TBs in GS and CG is investigated during tensile
deformation. The kernel average misorientation (KAM) is for displaying
small orientation changes on the map. Thus, the KAM value can quali-
tatively reflect the homogenization degree of plastic deformation,
highlighting regions of higher deformation or higher defect density. The
change of KAM values directly reflects the density of GNDs to accom-
modate strain gradient near GBs and TBs [34,35]. Usually, the larger
KAM values, the higher density of GNDs will be. Fig. 4a—c are the EBSD
KAM-value images at ~50 and 200 pm deep, respectively, in GL of GS
specimen and in CG core, all before tensile deformation. Fig. 4d—f shows
the KAM images at the same depths observed after tensile deformation.
The scanning step size of Fig. 4a—f is 0.3 pm, while that of insets in
Fig. 4d—fis 0.05 pm. The statistic KAM value distribution near GB and TB
before tensile deformation is shown in Fig. 4g, along with the average
KAM value (K). It is visible that K of 0.8° near GB in GL (upper panel) is
close to that of 0.6° near TB (lower panel) at 50 um deep. And, K near GB
in GL (blue curve, upper panel) is much larger than that of 0.2° in CG

a .‘ b

04y — S0um Before| gof  — S0um After
03[l _— CGcore ’ — CG core
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(orange curve). Fig. 4h is the corresponding analysis after tensile
deformation. Several key features are noted. First, for GL, two K near GB
(upper panel) and TB (lower panel) increase, respectively, from 0.8° to
1.4° and from 0.6° to 1.0°. Second, for CG layer, K near GB increase from
0.2° to 1.1°, while K near TB is 0.7° for newly-formed deformation twins
during tensile deformation. Finally, K near both GB (upper panel,
Fig. 4h) and TB (lower panel) is always higher in GL than that in CG,
together with an obvious increase in the proportion of large KAM values.
The detailed analysis is further made to reveal the key role of twin
boundaries, as illustrated in Fig. 4i, which shows the distribution of KAM
values across the twin plate, pointed by red arrow, see close-up view in
inset of Fig. 4d. Of interesting note is the larger KAM values near twin
boundaries than those inside twins. This means the key effect of twin
boundaries for an increased KAM values probably due to the blockage
and interaction with the gliding dislocations during plastic deformation
[36,37]. Fig. 4j is the statistic grain boundary misorientation in GL at 50
pm deep before and after tensile deformation. Meanwhile, the frequency
is almost unchangeable at least in GL of 50 pym deep before and after

Lot TB ™ | 0.8 FAfter 50 pm
§. § ~ 0.6
; = 04t
= I
>
{40 % S 0.2+
.:1:) g 0.8 FBefore
{20 8 = 0.6f
S 0.4+
: 0.2+
wen? . 0 00
0.4 45 50 55 60

Distance (pm) Misorientation (°)

Fig. 4. KAM evolution of GS before and after tensile testing. (a)-(c) KAM map at depth of ~50 and 200 pm and at CG core before tensile testing. (d)-(f) KAM map
at depth of ~50 and 200 pm and at CG core after tensile testing. Inset in each map: close-up view taken from white rectangle. Red arrow of inset in Fig. 4d:
deformation twin. (g) and (h) Statistical KAM distribution near boundaries before and after tensile testing at depth of ~50 pm and at CG core respectively. (i) KAM
values across the twin pointed by red arrow in Fig. 4d at depth of ~50 pm after tensile testing. (j) Statistical frequency of TBs at depth of ~50 pm before and after

tensile, respectively.
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deformation by analyzing a large number of EBSD and TEM images. In
other words, no twinning happens during tensile deformation. This in-
dicates that the deformation twins, even with the entangled high density
dislocations already, may still plastically deform to large strains in GS.
Such a high percentage of TBs proves again important effect of TBs on
strain hardening, which is even more efficient than that by GBs.

Fig. 5a and b are TEM images taken at ~170 and 330 pm deep in GL
after tensile deformation. The multiple DTs are visible, together with the
dislocation tangles inside DTs.

4. Discussion

The present DT-density GS almost doubles in yield strength by
comparison to the CG, along with comparable ductility (Fig. 3a). GS
exhibits an anti-banana-like strength and ductility relationship by
contrast to the homogeneous CG counterpart (Fig. 3f). Further, for any
layer in GS, e.g., GLo14, ductility is only 8% when testing standalone,
while increases to 36% only if attached on the surface of GS. The marked
feature is therefore the increase in ductility at the similar strength in GS.
This is, actually, a shared characteristics in GS as a result of the syner-
gistic effect in strain hardening [17]. Here, the change of KAM values at
TBs and GBs shows the conclusive role in HDI strain hardening partic-
ularly in GL of low ductility. On one hand, the increase in K near TBs in
GL is visible from 0.6° (before tensile deformation) to 1.0° (after), see
two blue curves in lower panels in Fig. 4g and h, together with the
simultaneous increase in the proportion of large KAM values. The closer
observation is the larger KAM values near TB than those inside DTs, see
Fig. 4i. These are the direct reflection for TBs acting as hetero-interfaces
to induce the GNDs during plastic deformation. These GNDs are
considered as the origin of HDI strain hardening [9-11]. In other words,
these DTs exhibit sustainable strain hardening, although they are formed
already during SMAT, together with the entangled dislocations of
high-density (Fig. 2a). On the other hand, K near GBs increases from 0.8°
(before tensile deformation) to 1.4° (after), see two blue curves in upper
panels in Fig. 4g and h, also with the concurrent rise in the proportion of
large KAM values. Even, the increment in K is a little bit larger near GBs
(0.6°) than that near DTs (0.4°). This indicates the similar role by GBs in
producing the GNDs. This is the reason of the presence of hysteresis
loops (Fig. 3c) and of comparable residual plastic strains in both GS and
standalone CG samples (Fig. 3d). In CG sample, different grains have
different orientations and Schmid factors. That is to say, a part of grains
have hard orientations and the left have soft ones. As a result, GBs in CG
microstructure serve as hetero-interfaces where GNDs are produced
during tensile deformation. These GNDs are exactly the origin of both
HDI stress and corresponding HDI strain hardening as well in standalone
CG samples. However, note that the much larger frequency of TBs than
that of GBs, see Fig. 4j. It is argued that TBs in GL will play a role in HDI
hardening larger than GBs do.

Materials Science & Engineering A 837 (2022) 142727

The strain hardening in GS is further depicted in terms of the
increment of Hy as shown in Fig. 1b. Interestingly, a moderate increase
in Hy (blue curve), i.e., an increment of Hy (red curve), appears in the
top layer after tensile deformation. This is in sharp contrast to softening
due to the mechanically driven growth of tiny nano-grains during tensile
deformation [13]. Here, the increase in Hy is due mainly to the me-
chanically stable TBs [26]. Further, the GNDs near TBs interact with the
gliding dislocations to effectively restrain TBs to migrate, usually as a
softening mechanism during tensile deformation. By comparison, the CG
shows a significant rise in Hy, indicating strong hardenability as a result
of DTs, along with the conventional dislocation plasticity.

The strain hardening is further analyzed as a result of KAM evolution
in CG layer of GS. Note that DTs of high density are formed during
tensile deformation (Fig. 4f). K near TBs is 0.7°, see orange curve in
lower panel, Fig. 4h. This value is less than that (1.0°) in GL, along with a
less proportion of larger KAM values, lower panel in Fig. 4h. This in-
dicates that TBs in CG layer contribute to less HDI stress than those in GL
do. Further, K near GBs is 1.1° (see orange curve, upper panel in Fig. 4h),
a little bit larger than K near TBs (0.7°). Yet, this does not necessarily
mean the larger role by GBs than TBs. This is also due to the higher
density of TBs than GBs. Here TBs is again stressed for HDI hardening.
Finally, it is visible that the increment in K of 0.4° near TBs in GL is less
than that of 0.7° in CG layer. This is due to twinning to happen in large
CG grains within a large range of plastic strain. This is probably the
reason that three values, i.e., &, (Fig. 3d), oupr/0sow, and Orupr/Bfoy
(upper and lower panels in Fig. 3e), all show the similar trend: they
become larger in CG than those in GS during the later stage of tensile
deformation.

5. Conclusions

In the present study, the deformation twin-density gradient structure
was fabricated in an S31254 SASS by using the SMAT technology. Both
tensile properties as well as associated microstructural evolutions were
investigated, with the emphasis on the mechanism of strain hardening.
The main conclusions were drawn in the following.

(1) The GS consists of two gradient layers sandwiching the centered
coarse-grained core. In the gradient layer, the density of nano-
scale DTs appears gradient.

(2) Yield strength in GS has doubled to 0.5 GPa as compared to that
in coarse-grained counterpart, along with comparable ductility of
36%. The trade-off in strength and ductility is largely alleviated
in GS. The persistent presence of hysteresis loops during unload-
and-reload tensile deformation shows that both HDI stress and
HDI strain hardening account for, respectively, a large proportion
of flow stress and global strain hardening.

16 - o After tensile testing
o,
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Fig. 5. TEM images of GS after tensile testing. (a)-(b) Bright field images at depth of ~170 and 330 pm depth from the surface, respectively. Inset in each map: the
corresponding selected area electron diffraction (SAED) pattern of twin, all with the [011] zone axis. (c) Statistical density of nanotwins at different depth after

tensile testing.
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(3) An obviously increased kernel misorientation values are noted
near the twin boundaries of high density as a result of the for-
mation of the geometrically-necessary dislocations. Deformation
twins, already produced during previous plastic deformation, are
capable of further strain hardening. Twin boundaries can serve as
the origin for HDI hardening for the enhanced strength-ductility
combination at an elevated yield strength. TBs contribute more to
strain hardening than grain boundaries in the GS.
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