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ABSTRACT  Gradient structure (GS) possesses a typical
trans-scale grain hierarchy with varying internal plastic sta-
bility, and the mutual plastic accommodation plays a crucial
role in its superior strength-ductility combination. Using the
in-situ synchrotron X-ray diffraction (XRD) during tensile
loading, we measured lattice strains sequentially from the
nanostructured (NS) surface layer to the central coarse-
grained (CG) layer to elucidate when and how plastic accom-
modation occurs and evolves within the GS, along with their
roles in plastic deformation and strain hardening. Through-
out the tensile deformation, two types of plastic incompat-
ibility occur in the GS. One is an extended elastoplastic
transition due to layer-by-layer yielding. The other is strain
localization and softening in the NS layer, in contrast with the
stable plastic deformation in the CG layer. Plastic accom-
modation thus occurs concurrently and manifests as both an
inter-layer and intra-layer change of stress state throughout
tensile deformation. This produces different micromechanical
responses between layers. Specifically, the NS layer initially
experiences strain hardening followed by an elastoplastic de-
formation. The hetero-deformation induced hardening, along
with forest hardening, facilitates a sustainable tensile strain in
the NS layer, comparable to that in the CG layer.

Keywords: gradient structure, plastic accommodation, strain
hardening, nanostructure, ductility

INTRODUCTION

Gradient structure (GS) is attracting ever-increasing at-
tention as an effective strategy for achieving superior
combination of strength and ductility in metallic mate-
rials [1-5]. The GS is usually composed of a nano-

structured (NS) surface layers sandwiching a central
coarse-grained (CG) layer, with gradient grain size dis-
tribution in-between [3,4]. Therefore, the GS can also be
regarded as an integration of individual layers, with an
outer-inner arrangement from the NS layer to CG layer
[6]. Hence, the GS is a typical trans-scale grain hierarchy,
usually spanning grain sizes of 3-4 orders of magnitude
[3,4].

The GS displays microscopically heterogeneous tensile
deformation [3,4,7,8], due to the significant difference
between the two plastic responses of individual layers. In
one response, the CG layer yields first followed by the
remaining layers, depending on the grain size according
to the classic Hall-Petch relationship [9,10]. This leads to
gradual elastoplastic (e-p) transition [11-13]. Therefore,
yielding in the GS should result in heterogeneous e-p co-
deformation, which has not been directly observed [14].
The other response is plastic localization in the NS layer,
which promotes early necking due to strain localization
[3,4], while the CG layer remains stable. Accordingly,
plastic incompatibility between individual layers is in-
herent to the GS and the origin of heterogeneous tensile
deformation [4,7,14].

Plastic accommodation occurs concurrently with het-
erogeneous deformation in the GS. Geometrically neces-
sary dislocations (GNDs) [15-17] are generated to
accommodate the strain difference across hetero-inter-
faces. The GNDs produce additional long-range internal
stress and internal strain hardening [18-23], initially
termed back stress hardening [7,19,24] and now known as
hetero-deformation induced (HDI) hardening [8,14]. The
strain gradient, as a way for plastic accommodation of the
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GS, was measured [4,25] and the HDI hardening was
revealed at the hetero-interfaces between ductile CG
layers and hard NS layers [4,25]. However, heterogeneous
deformation and plastic accommodation are often cou-
pled in the GS [25]. In fact, plastic accommodation occurs
soon after yielding and continues through tensile de-
formation.

Plastic accommodation, therefore, plays a crucial role in
producing superior mechanical properties [3-6,26-35], as
an inevitable reflection of heterogeneous deformation in
response to strengthening (yield strength, o,) and sub-
sequent strain hardening [36]. It remains unclear how
heterogeneous tensile deformation proceeds in the GS.
More specifically, some may wonder when and how
plastic accommodation occurs and evolves in the in-
dividual layers. The details of inter-layer and intra-layer
interaction together with the micromechanical response
of each layer are the focus of this study. In the present
investigation, the synchrotron-based X-ray diffraction
(XRD) in situ tensile loading was performed. Based on the
layer-by-layer measurements, as a function of applied
stress in the GS, the change of lattice strains was obtained
to demonstrate the formation and evolution of plastic
accommodation and inter-layer and intra-layer interac-
tion during tensile deformation.

EXPERIMENTAL SECTION

Materials and sample preparation

The material used in this investigation was a body-cen-
tered-cubic (bcc) structured interstitial-free (IF) steel with
a chemical composition (wt%) of 0.003% C, 0.08% Mn,
0.009% Si, 0.008% S, 0.011% P, 0.037% Al, 0.063% Ti,
38 ppm N, and the balance Fe. An original 1-mm-thick
sheet was annealed at 1123 K for 1 h to form a homo-
geneous single-phase CG microstructure with a mean
grain size of 26 um.

The GS samples were processed using the surface me-
chanical attrition treatment (SMAT), see Refs [37,38] for
details. Briefly, the SMAT technique involves ultra-high
strain-rate impacts of spherical shots (diameter of 4 mm)
on the sheet surface under high-power ultrasound waves
(20 kHz). The entire sheet surface was peened with many
impacts over a short period of time. The gradient dis-
tribution appeared in both the strain and strain rate in the
depth direction. This leads to an outer-inner grain re-
finement through progressive plastic deformation. A GS
is thus generated consisting of various grain sizes from
the NS surface layer towards the central CG layer. Each
side of the sheet was subjected to SMAT processing for
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8 min.

In-situ synchrotron-based XRD during tensile loading

The in situ synchrotron XRD during tensile loading was
carried out on the beam-line 11-ID-C at the Advanced
Photon Source (APS), Argonne National Laboratory,
USA. Fig. la shows a schematic of the experimental set-
up. The details can be found in the Refs [39,40]. A
monochromatic X-ray beam, with an energy of 105.1 keV
at a wavelength of 0.117418 A, was used to map the
structural characteristics. The X-ray beam was oriented
perpendicular to the side of GS sheet, as indicated in
Fig. la. A two-dimensional (2D) detector was placed
1800 mm behind the tensile sample to collect the in-
tensity data of the diffraction rings. The slit size (i.e.,
beam size) was 500 pum by 100 pm. XRD measurements
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Figure 1 In-situ synchrotron-based XRD during tensile loading of GS.
(a) Schematic set-up for layer-by-layer XRD measurements from NS
surface layer to central CG layer. (b) Tensile engineering stress-strain
(0.-¢.) curve, tested in situ. Inset: an enlargement of the curve segment.
Each circle indicates a single measurement. Layer 1 is the NS layer, while
layer 8 is the CG layer. A total of eight measurements were performed at
each strain level.
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were conducted as the GS sample was subjected to in-
creasing strain. The crystallographic plane was de-
termined from the diffraction patterns and then lattice
strains were calculated based on the change in the mea-

sured inter-planar spacing, using (d"k’—dohk’)/do"k’,

where d ' is the d-spacing of the (hkl) grain family be-
fore initial applied stress. Therein, d, was determined
from an annealed CG sample before tensile deformation.

The GS sample used for tensile testing was dog-bone
shaped. Its gauge section was 16.15 mm long, 1.13 mm
wide, and ~0.9 mm thick. The engineering strain was
measured from cross-head displacement. Synchrotron
XRD was conducted layer-by-layer in the depth direction
of the GS sample (i.e., gradient direction) to determine
the change in lattice strain of each individual layer during
tensile loading. The in-situ loading was strain-controlled,
conducted from the outside inwards, and repeated eight
times in the depth direction, with a scanning step of
100 pm, loading step of 50 um, and exposure time of 1 s.
The in situ measured tensile engineering stress-en-
gineering strain (o.-¢.) curve is shown in Fig. 1b. The
inset shows the loading detail. Each circle represents one
measurement during which straining is on hold. Layer 1
is the NS layer, while layer 8 is the CG layer. The width of

each layer, i.e., slit width, is 100 pm, with an overlapping
width of 50 pm. The interval of strain level was 0.5% for
each measurement. A total drop in flow stress of ~5 MPa
appears during the eight measurements, with little effect
on plastic deformation.

Transmission electron microscopy observations

The microstructural characterizations of GS samples were
conducted using transmission electron microscopy
(TEM). The cross-sectional TEM films were cut at vary-
ing depths from a gauge section of the tensile samples.

RESULTS

Microstructure of the GS

Fig. 2a shows the cross-sectional morphology of nearly
half of the thickness of the GS sample. The NS surface
layer and CG layer are located on the left and right sides,
respectively. The electron backscatter diffraction (EBSD)
image (inset) shows the recrystallized CG layer with an
average grain size of 26 um. TEM images reveal the mi-
crostructures at varying depths, i.e., nano-grains (Fig. 2b)
and ultrafine-grains (Fig. 2c) in the NS layer, elongated
sub-grains (Fig. 2d) and dislocation cells and tangles
(Fig. 2e) in the deformed layer. Both the grain size and
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Figure 2 Microstructure of the GS. (a) Transverse optical morphology nearly half the thickness of the GS sample. Arrows: top NS surface layer. Inset
displays the electron back scatter diffraction image of the central CG layer. (b-e) Typical bright-field TEM images taken from depths of 22, 45, 165,
and 280 pm below the sample surface, showing nano-grains (b), ultrafine grains and subgrains (c), elongated slip bands (d), and dislocation tangles
and cells (e), respectively. Inset in (b): the selected area electron diffraction pattern. (f) Gradient grain size distribution. The numbers indicate the
positions of the individual layers that were subjected to XRD analysis. Note that the thicknesses of all the layers were 100 um, except for the NS layer
of 50 um. (g) H, distribution of GS sample in the depth direction from the treated surface. (h) Grain size distribution in the top 22-um-deep layer.
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microhardness (H,) appear graded toward the center, see
Fig. 2f, g, respectively. The surface NS layer is ~50 um
thick with a mean grain size of 110 nm (Fig. 2h), without
any detectable growth during tensile loading [25]. Ob-
viously, this GS is trans-scale grained, with grain sizes
spanning three orders of magnitude.

Tensile deformation in GS

Fig. 3a, b show the change in XRD intensity with applied
strain, &, in the NS and CG layers, respectively. Clearly,
the diffraction intensity of the (110) grain family is at
least an order of magnitude higher than that of the (200)
and (211) grain families in both layers. This is probably
due to the SMAT processing of bcc grains [37]. Next,
comparative analysis of lattice strain evolution in two
representative layers was conducted, i.e., the strongest NS
and softest CG layers, to reveal inter-layer and intra-layer
plastic accommodation during tensile deformation of the
GS.

Layer-by-layer yielding

Based on the synchrotron XRD measurements, the vo-
lume-averaged axial (i.e., parallel to tensile axis) and
transverse elastic lattice strain, labeled ¢;; and ¢,,, re-
spectively, were calculated for the (hkl) grain families of
each layer as a function of applied stress, 0,,, or &,
together with the full width at half maximum (FWHM)
values of the diffraction peaks.

Fig. 4a shows the change of both ¢, and ¢,, of the (110)
grain family with o,,, in the NS and CG layers, respec-
tively. Several ¢,,, values corresponding to characteristic
plastic responses are labeled, see Y-axis on the right side.
Two stages, namely yielding and uniform deformation,
can be identified in terms of o, of 280 MPa, from the o.-
&, curve (Fig. 1b).

"o NS layer

~
Intensity (x10%, a.u.)

4
26 (%)

The CG layer yields first. This micro-yielding in the CG
layer is the starting point of deviation from the initial
linearity of &,. The micro-yield stress (o,,,) is thus de-
termined to be 145 MPa at ¢,,, of 1%. Once micro-
yielding occurs, two kinds of plastic accommodation
immediately start. One is a change of stress state
[4,6,7,41], evidenced by the reversal of the sign of the
slope of €5, in the CG layer, see the line segment indicated
by an arrow in Fig. 4a. This reversal signals a redirection
of lateral compressive stress, instead of a decrease in
magnitude of &,, [41]. It is the result of inter-layer in-
teraction due to the e-p incompatibility by the difference
in apparent Poisson’s ratio between the plastically de-
formed CG layer (v=0.5) and still elastic NS layer [6,42—-
44]. The second is load partitioning, an inevitable result
of the change of stress state. The rate of increase of ¢,
decreases in the CG layer, deviating from the initially
linear ¢, to the left, while this rate increases in the NS
layer, tilting from the linear &, to the right, see curved
arrows in Fig. 4a. Accordingly, the CG layer bears less
0,pp» While the NS layer bears a proportionally increasing
fraction of g,,,. Load partitioning is the typical plastic
response of composite-like structures, often occurring in
composites, dual-phase structures, and grain hierarchies
[41,45-48]. Hence, both the stress state change and load
partitioning are ascribed to the plastic incompatibility
between individual layers with different yield strengths.

The release of residual stress begins as o,,, increases.
Residual stress was introduced in the GS during SMAT
processing [37] and was determined, in this GS sample, to
be tensile in the CG layer and compressive in the NS layer
[49]. Within the o,,, range of 235 to 290 MPa, corre-
sponding to &,,, range of 1.5% to 3%, all layers demon-
strate irregular changes in ¢, see Fig. 4a. For example,
the initial change in ¢, of the CG layer is insignificant

CBIayer i8

Intensity (x10°%, a.u.)

Figure 3 Change of XRD intensities of (110), (200), and (211) grain families with applied strain in the NS (a) and CG (b) layers.
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Figure 4 Evolution of lattice strains. (a) Change of both axial (¢;;) and transverse lattice strain (g,,) in (110) grain family with applied stress (left Y-
axis) and strain (right Y-axis) in both the NS and CG layers. Ultimate tensile strength (oyrs) and oy are of 296 and 280 MPa in GS sample. (b) The
details of the lattice strains below o,, along with those of three more layers.

before dropping dramatically from point a to b. This
indicates the release of in-plane, axial residual stress
[50,51]. The NS layer also shows little change in ¢;. In-
terestingly, ¢, increases again in all layers when g, ex-
ceeds 290 MPa, slightly higher than o,. This represents
the point at which the release of residual stress is essen-
tially complete, consistent with previous results where the
release of residual stress ends soon after yielding occurs
[50].

Yielding in a GS is progressive micro-yielding in in-
dividual layers. Fig. 4b shows the details of &, and ¢,,
during the yielding stage, including the results of three
more layers. Refer to Fig. 2f for the specific location of
each layer. Layer 6, close to the CG layer, demonstrates a
lower rate of increase in &, than the CG layer, even with
micro-yielding seemingly still at ¢,,, of 1%. This suggests
a later onset of micro-yielding compared with the CG
layer. Layer 2 looks like the NS layer (layer 1), i.e., it has
similar load distribution. Yet, the middle layer (layer 4)
maintains a linear ¢;;, even without the involvement of
load distribution. Hence, the GS yields layer-by-layer,
even if micro-yielding is hardly definitive in the NS layer
and layer 2 due to the interference of residual stress re-
lease. Accordingly, a conservative estimate of oy, is
240 MPa at ¢, of 1.5%, see Fig. 4b, corresponding to the
onset of stress release. Therefore, the GS experiences an
extended e-p co-deformation, as large as 1% arising from
the micro-yielding in the CG layer, at ¢,,, of 1%, to
universal yielding at ¢,,, of 2%.

Three grain families in each layer show varying re-
sponses during yielding in the GS. Fig. 5 shows the
change of both ¢, and &,, in (110), (200), and (211) grain
families with o,,,, respectively, of the NS and CG layer.
Clearly, the responses of both &, and &,, differ greatly
between the three grain families. The NS layer shows the
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Figure 5 Change of both ¢, (left) and &, (right) with o,,, in the (110),
(200), and (211) grain families in the NS (a) and CG (b) layers, re-
spectively. All arrows in &y-0,,, curves indicate the reversal of the sign
of the slope.

fastest rate of increase in ¢, for the (200) grain family,
followed by the (211) and the (110) grain families
(Fig. 5al). It is, therefore, the (200) grain family that bears
the greatest load in the NS layer and, thus, will yield last.
In comparison, micro-yielding in CG layer occurs
(Fig. 5b1), in the (110) grain family first, then in the (211)
grain family at o,,, of 225 MPa (g, of 1.5%), and finally
in the (200) grain family at o,;,, of 280 MPa (g,, of 2%).
Both the CG and NS layers, therefore, show extended
micro-yielding due to elastic anisotropy of different grain

June 2021 | Vol.64 No.6
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families. Moreover, the reversal of the sign of the slope of
&5, is unique to the (211) grain family in both the NS and
CG layers during micro-yielding, as indicated by arrows
in Fig. 5a2, b2. This indicates an intra-layer change of
stress state. Both inter-layer and intra-layer changes of
stress state accompany the load re-distribution as soon as
micro-yielding occurs.

Plastic accommodation

The GS starts to uniformly deform after the residual stress
has been released. Fig. 6 details the changes in both ¢,
and ¢,, of the (110) grain family with o,,,, together with
the FWHM value (as a measure of dislocation density p),
from o, to ultimate tensile strength (oyrs) in both the NS
and CG layers. The simultaneous rises in &;; and p with
O,pp OCCUr from &, of 3% (point A) to 9% (point B) in the
NS layer, see Fig. 6al. This corresponds to uniform strain
(e,) of 6% under conventional forest dislocation hard-
ening. In the CG layer, the steady rise also occurs until
Ours at &, of 18% (Fig. 6b1). Therefore, ¢, is 15% in CG
layer. Note the drastic decrease in ¢, from point B to oyrs
in the NS layer, lasting a strain interval of 9%. This drop
indicates softening due to strain localization by shear
banding in the NS layer [25]. The final random change of
&, is probably due to the severe plastic instability. Plastic
strain, therefore, consists of ¢, of 6% and unstable strain

of 9% in the NS layer.

Several features of plastic accommodation are apparent.
First, the slope, i.e., the rate of increase of ¢;; in the NS
layer, is 2.5 times that in the CG layer during uniform
deformation of both layers. This is still the result of load
distribution. Second, this rate in the NS layer accelerates,
much faster in the (200) grain family than in both the
(110) and (211) families, see Fig. 5al. This indicates intra-
layer heterogeneous deformation within the NS layer. The
same happens in the CG layer, see Fig. 5bl. The (200)
grain family bears the greatest load, while the (110) family
bears the largest plastic strain. Both the inter-layer and
intra-layer plastic accommodation continues until uni-
form tensile deformation.

Strain localization is noteworthy in the NS layer. In-situ
digital-image-correlation (DIC) during tensile testing of
the same GS sample [25] revealed that a shear band nu-
cleated soon after yielding in the NS layer and later ex-
panded to the entire gauge section. In the present in situ
test, the 0.5 mm long slit is very small, compared with the
gauge length of ~16 mm in the tested GS sample. The
chance is too small for the beam to target the exact lo-
cation where the shear-band nucleated. Here it was cer-
tainly not the case. Otherwise, strain softening would
have occurred first [25].

The present result offers an opportunity to demonstrate
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Figure 6 The details of lattice strain changes, along with the FWHM value, of (110) grain family from 0y, to oyrs in the NS (al-a3) and CG (b1-b3)

layers.
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the entire process of heterogeneous tensile response at the
different locations within the NS layer. Importantly,
specific plastic accommodation corresponds with strain
localization. At this point, the reversal of the sign of the
slope of ¢,, reoccurs in the CG layer, see arrows in
Fig. 6b2, in contrast to the trend observed in the NS layer
(Fig. 6a2). This still indicates the change of stress state,
similar to that previously observed during the e-p tran-
sitions, see Fig. 4a. Further, both the (200) and (211)
grain families in the NS layer (Fig. 5a2), together with all
three families in CG layer (Fig. 5b2), show the change of
stress state, see arrows which indicate the reversal of the
sign of the slope of &,,. The origin of the stress state
change is due to either the inter-layer plastic incompat-
ibility between layers or intra-layer plastic incompatibility
between three grain families. Strain localization leads to
lateral shrinkage in the NS layer, much faster than in the
CG layer [4,25]. For plastic accommodation, the CG layer
will thus exert lateral tensile stress on the NS layer and as
a result, the CG layer bears a balanced tensile stress. The
intra-layer change of stress state occurred due to plastic
incompatibility between grain families for the same rea-
son.

Evolution of dislocation density

The change of FWHM value (equivalent to dislocation
density p) offers further insight into plastic accom-
modation. In the CG layer, p rises monotonously during
tensile deformation, see Fig. 6b3. By comparison, p drops
twice in the NS layer. The first drop occurred during the
e-p transition [49], and the second during the strain lo-
calization, see Fig. 6a3.

The change of stress state is assumed to be responsible
for the initial drop of p [4,25]. The change of stress state is
equivalent to the transition of the strain route during
multiple plastic deformation [52,53]. Upon changing the
strain route, new slip systems are activated and the pre-
viously formed dislocations may disentangle and get an-
nihilated [4,25,52,53]. As a result, p decreases. During
tensile deformation, the drop in p in the NS layer re-
sponds to the change of stress state. Further, the propa-
gating shear band also leads to the local change of stress
state at the band front [54]. This explains the presence of
a few intermittent drops in p, labeled by arrows in
Fig. 6a3. It is argued that these intermittent drops of p are
the immediate response to the change of stress state.
Moreover, the shear band develops at a high local strain
rate, which expedites dislocation annihilation and leads to
strain softening corresponding to a drastic drop in p [25].
Further, this trend of p in the NS layer agrees with pre-
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vious TEM observations [4]. Recently, the initial annihi-
lation and subsequent generation of dislocations is
evidenced in the shear band of NS layer through site-
specific TEM observations [25]. The drop in p accom-
modates the newly formed dislocations. This is the reason
for the rise of p even to an ¢,,, of 11%, see Fig. 6a3. This
also indicates effective forest dislocation hardening in the
NS layer during tensile deformation.

Strain hardening in NS layer

Microscopically, each layer in the GS is in a multi-axial
stress state due to the change of stress state, even under
applied uniaxial tensile loading. The stress-strain re-
sponse in each layer was thus analyzed using Equations
(1-3), where stress is the equivalent von Mises stress (g,y,)
[55]:

_ 2 2 _
O~ 40T 00n =010, (1

E
Ullzm(&‘n*"’gzz)» 2

E
O~ m(%z*‘"gu)» 3)

where 0, and 0,, are the principal axial and transverse
stresses, E is the elastic modulus and v is Poisson’s ratio.
Here, 0;;~0 since 035 is much smaller than ¢, and o,, due
to the much less constraint for free surface in the depth
direction.

Fig. 7a shows the g,)-true ¢,,, curves of the NS and CG
layers. Several other curves are also shown for compar-
ison. The NS layer shows uniform strain up to 9% fol-
lowed by near-ideal e-p deformation [56]. This contrasts
sharply with the single NS layer which becomes unstable
soon after yielding. Further, the principal transverse
stress, 0y, rises during the e-p transition and strain lo-
calization, respectively, in the NS layer, due to the change
of stress state for plastic accommodation. The GS, along
with the CG layer, shows continuous strain hardening.
Fig. 7b shows the strain hardening rate (® = do/0¢)
versus true strain curves. © in the single NS layer plunges
due to stain localization (necking). Conversely, the NS
layer in the GS shows an up-turn in © soon after yielding,
peaking at ¢,,, of ~4% followed by a slow drop. Note that
O is lower than o, from e, of ~9%. In fact, plastic
instability occurs already in the NS layer in accordance
with the Consideré criterion. This implies the crucial role
of plastic accommodation. As a comprehensive response
of integrated layers, © in the GS shows an up-turn during
the e-p transition followed by a slow drop until final
necking. Fig. 7c compares the 0,)-0,,, curves in both the

app
NS and CG layers. Usually, o,y is equal to g,,, under
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uniaxial loading. The more o,y deviates from o, the
more complicated the stress state. Clearly, o,y begins to
deviate from g, in both the CG and NS layers when the
change of stress state occurs during micro-yielding and
strain localization. Further, the deviation of ¢, in the CG
layer is greater than that in the NS layer. This indicates a
more extreme change of stress state in CG layer, due to
much larger ¢y, than in the NS layer (Fig. 7a).

DISCUSSION

Tensile deformation in the GS is microscopically het-
erogeneous due to different plastic responses among
layers. The change of stress state, a crucial mechanical
response, is typical of plastic accommodation, which
plays a significant role in tensile deformation and strain
hardening.

Tensile deformation in GS
The GS exhibits unique tensile deformation. Firstly, the
GS yields layer-by-layer. The extended e-p strain is as
large as 1%, 5 times greater than conventional offset
strain, i.e., ~0.2%, at which yield stress is defined for a
uniform microstructure. Secondly, tensile responses differ
not only between layers but also between different loca-
tions within layers. In contrast to the plastically stable CG
layer, strain localization occurs in the NS layer and then
intensifies until necking occurs. Strain localization leads
to softening. Finally, both inter-layer and intra-layer
plastic incompatibilities exist during tensile deformation.
This is evidenced, respectively, by the reversal of the sign
of the slope in ¢,, in either the CG layer or varying grain
families (Figs 4a and 5a2, b2) as well as opposite change
in &), of the three grain families (Fig. 5al, a2). Plastic
accommodation thus occurs in response to these plastic
incompatibilities.

It has been long inferred from the stress-strain curve
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curves of the NS and CG layers, respectively.

(Fig. 1b), that each layer in the GS bears an equal ¢, such
that tensile deformation is uniform in all layers [3,4]. This
is plausible under uniaxial tensile load with both an iso-
strain and iso-strain rate. This assumption is flawed. First,
g, differs in each layer, see Fig. 7a, and the apparent ¢, of
the GS (Fig. 1b), combines the real ¢, for each layer.
Second, the strain, together with the strain rate, is in-
homogeneous between locations within the NS layer [25].
This is ascribed to the generation of a localized strain
band and its subsequent propagation. The shear band
experiences more strain, together with a faster strain rate
[25]. Fig. 8 compares two curves to show the difference of
tensile deformation in both the GS and NS layers. One is
the 0,,,~¢€,,, curve of the GS layer (i.e., or—¢r (subscript T
stands for tensile) curve as shown in Fig. 7a), while the
other is the o,,,-€;, curve of the NS layer. For the GS,
tensile response begins at 0,,, corresponding to ¢, of 1%
in the CG layer, followed by o at ¢,,, of 1%. During this

extended yielding, residual stress is released until ¢,
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Figure 8 Comparison of ,,,~¢,,, and 0,,,-¢;, curves of the GS sample

and NS layer.
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reaches 3%. Later, the GS plastically deforms under strain
hardening until necking occurs at ¢,,, of 18% and ¢, of
15%. However, ¢, in the NS layer is only 6% between ¢,
of 3% (point A) and 9% (point B). Strain localization
happens at ¢,,, of 9% (i.e., point B), which continues until
necking occurs.

Strain hardening

Heterogeneous deformation causes HDI stress [8]. HDI
stress involves back stress in the soft layer and forward
stress in the hard layer [8,14], which jointly induce HDI
hardening [8]. The model of pile-up of GNDs against
interfaces was proposed for HDI hardening [8,57-59].
Several key features of HDI hardening in the GS are
noted. First, HDI hardening is associated with hetero-
interfaces, which has widespread distribution in the GS.
This is most effective in suppressing strain localization in
the entire NS layer. In comparison, HDI hardening locally
affects grain boundaries of discrete CG layers with a bi-
modal grain structure [60]. Second, back stress induces
strain hardening in the CG layer, with simultaneous rises
in ¢, and p with g,,,. In contrast, forward stress induces
softening in the NS layer, as shown by the decrease in ¢,
with 0,,,. Finally, HDI hardening stabilizes the NS layer
which already displays plastically instability prior to dif-
fuse necking. Therefore, HDI hardening is more effective
during the later stage of tensile deformation, especially
Stage-IIT hardening, when dynamic recovery weakens the
effect of forest hardening. Forest dislocation hardening
also affects the GS. This is due to the change of stress
state, which leads to the drop in initial dislocations of
high-density in the NS layer. In other words, the intra-
granular dislocation plasticity returns.

Moreover, the GS shows distinct synergistic strength-
ening [5,6]. Yield strength of the GS is greater than that
predicted by the rule-of-mixture [6]. Extra strengthening
was observed in varying GS [5,6]. The synergistic
strengthening is also ascribed to HDI hardening which
starts during the e-p co-deformation [61].

Plastic accommodation is an adaptive response which
coincides with heterogeneous tensile deformation. The
origin is the inter-layer and intra-layer plastic in-
compatibilities due to localized plastic stability in the
trans-scale GS. The particular role of plastic accom-
modation is reflected in large plastic strains in the NS
layer producing minimal strain hardening even under
iso-strain and iso-strain rate tensile deformations. Syn-
chrotron XRD analysis during in situ tensile loading en-
ables the demonstration of the micromechanical response
of individual layers to reveal the resultant inter-layer and
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intra-layer interactions and advance understanding of
plastic deformation and strain hardening in the GS. Here,
based on the in-situ measurements of layer-by-layer lat-
tice strains, when and how plastic accommodation occurs
and evolves in individual layers, together with the key
effects on strain hardening, are elucidated.

CONCLUSION

Several key conclusions are drawn. First, the GS shows
both inter-layer and intra-layer plastic incompatibilities
throughout the tensile deformation process, with the
change of stress state embodying plastic accommodation.
Second, the GS experiences successive layer-by-layer
micro-yielding. This leads to an extended elasto-plastic
transition at strains as large as 1%. Third, strain locali-
zation occurs in the NS layer soon after yielding, as
shown by the drastic decrease of ¢;;. Strain softening thus
occurs in the NS layer, in contrast to the long-held as-
sumption that strain hardening occurs in the NS layer.
Finally, plastic accommodation manifests as the change of
stress state and induces heterogeneous deformation-in-
duced hardening, which stabilizes an already unstable NS
layer allowing the GS to continue to deform uniformly.
The insights presented in this paper are helpful to tailor
the engineering GSs for the extraordinary synergy be-
tween strength and ductility.
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