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ARTICLE INFO ABSTRACT

Keywords:

Heterogeneous structures with dual gradients of grain size and coherent L1, nanoprecipitation have been
designed and fabricated in a Co34.46Cr32.12Niz7 42Al3Tis medium entropy alloy. These heterogeneous structures
with dual gradients show improved tensile properties over both the single grain-size gradient structure and the
coarse grained structures with homogeneously distributed L1, nanoprecipitates. Hetero-deformation-induced
hardening rate was observed to be higher and the strain hardening capacities at each depth were also found
to be higher in the structures with dual gradients, as compared to the single grain-size gradient structure.
Deformation twins and stacking faults were observed at both the topmost and center layers, while deformation
bands at two directions were only found at the topmost layer after tensile deformation in the single grain-size
gradient structure. Strong interactions between defects and coherent L1, nanoprecipitates can be observed at
all depths after tensile deformation in the structures with dual gradients, resulting in strong precipitation
hardening. While, stronger precipitation hardening was achieved at the topmost layer due to the higher volume
fraction and smaller spacing of coherent L1, nanoprecipitates, which could delay the early necking trend at the
topmost layer for better tensile ductility in the structures with dual gradients.

High/medium entropy alloys
Heterogeneous structures
Gradient structure
Precipitation hardening
Strengthening
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1. Introduction

Metals and alloys with both high strength and large ductility are the
perpetual pursuit for the communities of materials science and me-
chanical engineering [1-11]. While, it is well known that strength and
ductility are mutually exclusive, and an elevation in strength is always
accompanied with a loss in tensile ductility in metal and alloys with
homogeneous structures [3,4,8,12-16].

Precipitates, especially coherent nanoprecipitates, can be an effec-
tive way for improving yield strength while maintaining appreciable
tensile ductility in metal and alloys due to the shearing or bypassing
precipitation strengthening/hardening mechanisms [17-25]. However,
the enhancement in strength by nanoprecipitates in coarse grains (CGs)
is limited, and the ductility by precipitation in ultrafine grains (UFGs) is
inevitable sacrificed [21,23-25]. Moreover, the increase of volume
fraction of nanoprecipitates can give rise to an elevation in strength,
while could be accompanied with a loss of tensile ductility [23-25]. The

strength-ductility trade-off has not been fully resolved although excel-
lent synergy of strength and ductility can be achieved in the metals and
alloys with homogeneous structures with coherent nanoprecipitates. In
the previous research [24], superior synergy of strength and ductility
was achieved in a Co-Cr-Ni-based medium-entropy alloy (MEA) with
dual heterogeneous structures (heterogeneous grain structure and
coherent nanoprecipitates). Thus, combination of heterogeneous struc-
tures and coherent nanoprecipitates is an effective strategy to evade the
strength-ductility dilemma.

In last decade, gradient structures have been shown to be another
effective strategy to evade the strength-ductility dilemma [26-30]. In
the gradient structures, strain gradients and geometrically necessary
dislocations (GNDs) can be generated at layer boundaries due to the
strain/stress partitioning during tensile loading, resulting in extra
hetero-deformation-induced (HDI) hardening for superior tensile prop-
erties [16,31-33]. The strategies of gradient structures and nano-
precipitates have also been applied to high-entropy alloys (HEAs) and
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Fig. 1. Microstructures characterizations along the depth for the SMGT sample and the SMGT-Aged-30 m sample before tensile testing. The SMGT sample: (a) IPF
image; (b) KAM map; (c) Image with various boundaries. The SMGT-Aged-30 m sample: (d) IPF image; (e) KAM map; (f) Image with various boundaries.
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Fig. 2. (a) Grain size distributions along the depth for the SMGT sample and the SMGT-Aged-30 m sample. (b) Distributions of GND density along the depth the
SMGT sample and the SMGT-Aged-30 m sample. (c¢) Micro-hardness distributions along the depth the SMGT sample and the SMGT-Aged-30 m sample.
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Fig. 3. (a) XRD spectra for the SMGT sample and the SMGT-aged-30 m sample at both the topmost and center layers. (b) The close-up views of (111) peaks for the
SMGT sample at both the topmost and center layers. (c) The close-up views of (111) peaks for the SMGT-aged-30 m sample at both the topmost and center layers.
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Fig. 4. (a) (b) Bright-field TEM images at the topmost layer for the SMGT sample. (c) (d) Bright-field TEM images at the center layer for the SMGT sample.

MEAs for achieving extraordinary mechanical properties [24,26,29].
HEAs and MEAs have drawn extensive attentions recently as a new class
of materials due to their outstanding mechanical properties
[7,10,13,15,18,23]. Particularly, extensive research interests have been
focused on the FeCrMnCoNi HEA [25,34-36], the CoCrNi MEA
[22-24,29,37-42] and their based-HEAs/MEAs due to their extraordi-
nary mechanical properties under room temperature and even better
mechanical properties under cryogenic temperature [4,21,43].

It is reasonable to propose that even better tensile properties can be
obtained by deploying dual gradients of grain size and volume fraction
of coherent nanoprecipitates in HEAs/MEAs due to both the benefits
from these two microstructures and the possible extra coupling effect.
Moreover, the topmost layer in the gradient structures is generally the
“brittle” layer with high propensity for plastic deformation localization,
thus certain extra hardening mechanism should be induced for sup-
pressing the plastic flow instability in the topmost layer. In the “pure”
gradient structures (with only grain size gradients), the mechanically-
induced grain growth at the topmost layer and the HDI extra hard-
ening by strain gradients and GNDs have been found to play important
roles on delaying the strain localization and sustaining large uniform
elongation in the topmost layer [31-33,44,45].

It can be imaged that stronger precipitating hardening can be
induced in the topmost layer due to the higher volume fraction of
nanoprecipitates, thus the reduced strain hardening capacity by the
nanostructured topmost layer can be compensated due to this stronger
precipitating hardening. As a result, the early plastic flow instability in
the topmost layer can be prevented, and better tensile ductility could be
achieved in the structures with dual gradients. However, such structures
with dual gradients of grain size and volume fraction of coherent
nanoprecipitation have been rarely built in metals and alloys, especially

in HEAs/MEAs [17-25,46]. Moreover, the detailed strengthening/strain
hardening mechanisms for such structures with dual gradients are still
unclear. In this perspective, the structures with dual gradients were
designed and fabricated in a Co-Cr-Ni-based MEA (Co34.46Cr32.12-
Nigy 40Al3Ti3, in at.%) by surface mechanical grinding treatment
(SMGT) and aging treatment. The chemical composition of our materials
is the same as that for a Co-Cr-Ni-based MEA in the previous research
[24], while the microstructures (structures with dual gradients) in the
present study are dramatically different from those (bi-modal grain
structure and coherent nanoprecipitates) in the previous research [24].
Thus, the tensile behaviors and the corresponding hardening mecha-
nisms should be different and need to be revealed. In this regard, the
tensile behaviors and the corresponding deformation mechanisms for
such structures with dual gradients have been studied and compared
with those for structures with single gradient and for structures with
homogeneous CGs and homogeneously distributed coherent
nanoprecipitates.

2. Materials and experimental techniques

The materials were prepared by induction melting furnace. The Co-
Cr-Ni-based MEA (Co34.46Cr32.12Nio7 42Al3Tis, in at.%) was prepared
by melting for several times with an argon atmosphere. The homoge-
nized ingots were heated to 1423 K and then hot-forged into 18 mm
thick plates. The hot-forged plates were annealed at 1473 K under
vacuum environment for 2 h, followed by water quenching. The thick-
ness of the annealed plates was reduced from about 18 mm to about 1.8
mm by a multi-pass cold rolling process. The cold rolled plates were
annealed again at 1273 K for 1 h followed by water quenching, and the
samples under this conditions are named as the CG samples. Some CG
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Fig. 5. (a) (b) Bright-field TEM images at the topmost layer for the SMGT-aged-30 m sample. (c) Dark-field TEM image at the topmost layer for the SMGT-aged-30 m
sample. (d) (e) Bright-field TEM images at the center layer for the SMGT-aged-30 m sample. (f) Dark-field TEM image at the center layer for the SMGT-aged-30 m
sample. (g) EDS mapping for an area with numerous L1, precipitates. (h) Element distributions along the mark line in (g). (i) HRTEM image showing the coherent

interface between a L1, precipitate and FCC matrix.

samples were then processed by SMGT, in which both sides of samples
were impacted by 4 mm diameter steel balls with an impact velocity of
about 20 m/s and a processing time of 15 min for each side. The samples
after SMGT are named as the SMGT samples. More details about SMGT
can be found elsewhere [30,47-50]. Some CG samples were aged at 973
K for various times (10, 20, 30, 60, 120, 240 min), and these samples are
called as the CG-Aged samples (CG-aged-10 m, CG-aged-20 m, CG-aged-
30 m, CG-aged-60 m, CG-aged-120 m, CG-aged-240 m). Some SMGT
samples were also aged at 973 K for various times (10, 20, 30, 60, 120,
240 min), and these samples are named as the SMGT-Aged samples
(SMGT-aged-10 m, SMGT-aged-20 m, SMGT-aged-30 m, SMGT-aged-60
m, SMGT-aged-120 m, SMGT-aged-240 m). The tensile properties and
the microstructural mechanisms for the SMGT-Aged samples were then
investigated and compared with those for the SMGT sample and the CG-
Aged samples.

The specimens for quasi-static tensile and load-unload-reload (LUR)
experiments have a dog-bone shape with a thickness of about 1.8 mm, a
gauge length of 10 mm and a gauge width of 2.5 mm. The tensile and
LUR experiments were conducted at a strain rate of 5 x 10-4 /s and

under room temperature, and the displacement in these tests was care-
fully controlled and measured by an extensometer. Three repeated ex-
periments were conducted for each sample, and the error bars were
provided. The details for LUR experiments can be referred to our pre-
vious paper [16,31-33]. The micro-hardness distributions for the SMGT
samples and the SMGT-Aged samples prior to and after tensile testing
were characterized using a Vickers diamond indenter with a load of 100
g for 15 s dwell time. Ten groups of indentations for each depth were
applied, and the average value was provided with an error bar. Energy
disperse spectroscopy (EDS), X-ray diffraction (XRD), electron back-
scattered diffraction (EBSD), transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) were used to reveal the micro-
structures prior to and after tensile tests. The detailed procedures for
these techniques can be found in previous research [22,43,46].

3. Results and discussions

The microstructure characterizations for the SMGT sample and one
selected SMGT-aged sample (SMGT-aged-30 m) prior to tensile tests are



Z. Zhang et al.

(a)

1500

2

S 12001

o

| —— CG-aged-10m

gﬂ — CG-aged-60m

£ 300¢ ——— CG-aged-120m
— CG-aged-240m

0 1 1 1 1 1

0 10 20 30 40 50 60

Engineering strain (%)

(c)

15000
= —— SMGT

3 12000 | —— SMGT-aged-30m
g} —— CG-aged-240m

=

5 9000

<

=

T 60001

£ 3000

Q

=

= = : SR

0 ) 10 15 20 25 30
True Strain (%)

Materials Characterization 205 (2023) 113372

(b)

1500

£

S 1200F

o 600 — SMGT

§ I —— SMGT-aged-10m

gﬂ —— SMGT-aged-30m

= 300¢ —— SMGT-aged-120m
—— SMGT-aged-240m

0 1 1 1 1 1

0 10 20 30 40 50 60

Engineering strain (%)

(d)

1400
® CG-aged

- B SMGT
= 1200 | Y SMGT-aged
et *
21000 - * *
2 o)
= 0) *
] L
2 800 ol

600 " | ; | ; . )

15 20 25 30 35

Uniform strain (%)

Fig. 6. Tensile properties for various samples. (a) Engineering stress-strain curves for the CG sample and the CG-Aged samples. (b) Engineering stress-strain curves
for the SMGT sample and the SMGT-aged samples. (c) The curves of hardening rate and true stress as a function of true strain for the SMGT sample, the SMGT-aged-
30 m sample and the CG-Aged-240 m sample. (d) Yield strength vs. uniform elongation for all samples tested in the present study.

displayed in Figs.1 and 2. The images of inverse pole figure (IPF) for
these two samples are given in Figs.1a and 1d, the corresponding kernel
average misorientation (KAM) maps are shown in Figs.1b and le, and
the corresponding images with high-angle grain boundaries (HAGBs),
low-angle grain boundaries (LAGBs) and > 3 twin boundaries (TBs) are
displayed in Figs.1c and 1f. Then, the distributions of grain size and GND
density along the depth for these two samples are given in Figs. 2a-2b.
The GND density is calculated from the KAM value based on the method
from the previous research [22,31-33,43]. It is interesting to note that
both samples display gradients for grain size and GND density along the
depth. The gradient of GND density can reflect the gradient for the sub-
structures, such as dislocation cells, dislocation walls, and LAGBs.
Moreover, it is shown that the magnitudes of both grain size and GND
density gradients are weaker for the SMGT-aged sample, indicating
dynamic recovery and grain growth after aging treatment. The micro-

hardness distributions for these two samples are given in Fig. 2c.

The XRD spectra for the SMGT sample and the SMGT-aged-30 m
sample at both the topmost and center layers are given in Fig. 3a. As
indicted in the close-up views (Fig. 3c), the (111) peaks for the SMGT-
aged-30 m sample at both the topmost and center layers are asymmetric
due to the superimposition of peaks for the FCC phase and the coherent
L1, phase. Thus Gauss function fitting has been utilized to obtain the
individual peaks for the FCC phase and the coherent L1, phase, and then
the relative volume fractions of the L1, precipitates in the FCC matrix at
both the topmost and center layers are estimated to be 14.6% for the
topmost layer and 7.7% for the center layer by the integrated areas of
the separated (111) peaks. While, the (111) peaks for the SMGT sample
at both the topmost and center layers (Fig. 3b) are both shown to be
symmetric, indicating a single FCC phase without L12 precipitates for
the SMGT sample.
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Fig. 7. HDI hardening for the SMGT sample and the SMGT-aged-30 m sample. (a) True stress-true strain curves of LUR tests. (b) Close-up views of typical hysteresis
loops. (c) HDI stress, and ratio of HDI stress and flow stress as a function of true strain. (d) HDI hardening rate vs. true strain.

The characterizations for the microstructures and the Ll pre-
cipitates in the SMGT sample and the SMGT-aged-30 m sample at both
the topmost and center layers are further revealed and confirmed by
TEM and HRTEM observations, as shown in Figs. 4 and 5. Bright-field
TEM images at the topmost layer for the SMGT sample are shown in
Figs. 4a and 4b, while bright-field TEM images at the center layer for the
SMGT sample are displayed in Figs. 4c and 4d. High density of dislo-
cations can be observed at the topmost layer, and numerous sub-
structures (dislocation cells and dislocation walls by planar slip) are also
found to be formed in the grain interiors. As a contrast, the dislocation
density is found to be much lower at the center layer. These observations
are consistent with the results in Fig. 1b.

Bright-field TEM images at the topmost layer for the SMGT-aged-30
m sample are shown in Figs. 5a and 5b, while bright-field TEM images at
the center layer for the SMGT-aged-30 m sample are displayed in
Figs. 5d and 5e. Similar to the SMGT sample, the dislocation density is
much higher at the topmost layer, as compared to the center layer in the
SMGT-aged-30 m sample. The selected diffraction electron patterns

(SAEDs) in the insets of Figs. 5a and 5d indicate the co-existence of FCC
matrix and L1, precipitates, while the L1, precipitates can't be observed
in these bright-field images. In this regard, the dark-field TEM images at
the topmost layer and at the center layer are displayed in Figs. 5c and 5f,
respectively. In these two figures, the brighter particles are L1, pre-
cipitates. The average size of L1, precipitates at the topmost layer is
observed to be much smaller than that at the center layer (0.84 nm vs.
7.8 nm), while the volume fraction of L12 precipitates at the topmost
layer is found to be much higher at the topmost layer as compared to
that at the center layer (12.0% vs. 7.1%). EDS mapping for an area with
numerous L12 precipitates is given in Fig. 5 g, and the element distri-
butions along the mark line in Fig. 5 g is shown in Fig. 5 h. It is indicated
that Ni and Ti elements are highly enriched and Al element is slightly
enriched, while Co and Cr elements are deprived in the L1, precipitates.
HRTEM image with a L1, precipitate is displayed in Fig. 5i, in which the
coherent interface between the L1 precipitate and FCC matrix can be
clearly identified. The gradients for GND density are more obvious than
those for grain size for both SMGT and SMGT-aged-30 m samples. The
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Fig. 8. (a) Micro-hardness distributions along the depth for the SMGT sample and the SMGT-aged-30 m sample prior to and after tensile deformation. The corre-
sponding micro-hardness for the CG-Aged-240 m sample prior to and after tensile deformation are also given by an orange solid line and an orange dash line,
respectively. (b) Distributions of hardness increment along the depth after tensile deformation for the SMGT sample and the SMGT-aged-30 m sample. The corre-
sponding micro-hardness increment for the CG-Aged-240 m sample is also given by an orange dash line.

grain size was calculated based on the HAGBs. While, the gradient of
GND density can reflect a gradient on the density of substructures (such
as dislocation walls, dislocation cells, LAGBs). Thus, an obvious gradient
in various boundaries was induced after SMGT, especially at the surface
layer. As shown in Figs. 1-5, the microstructure in the SMGT sample
shows a single gradient on defect density (densities of LAGBs and
HAGB:s), while the dual gradients (defect density and volume fraction of
L1, precipitates) along the depth are observed in the SMGT-aged-30 m
sample. The formation of phase volume fraction (L1, nanoprecipitates)
along the depth should be due to the graded magnitude for plastic
deformation during SMGT and the subsequent aging. The stored plastic
deformation energy should show a gradient distribution along the depth
after SMGT, thus the topmost layer with highest energy state and highest
defects (short-circuit diffusion) should have the greatest potential for
formation of L1, phases during the subsequent aging, resulting in a
phase gradient along the depth.

The tensile properties for various samples are displayed in Fig. 6. The
engineering stress-strain curves for the CG sample and the CG-Aged
samples are shown in Fig. 6a, while the engineering stress-strain
curves for the SMGT sample and the SMGT-aged samples are given in
Fig. 6b. The curves of hardening rate and true stress as a function of true
strain for the SMGT sample, one selected SMGT-aged sample (SMGT-
aged-30 m) and one selected CG-Aged sample (CG-Aged-240 m) are
displayed in Fig. 6¢. Then, the yield strength is plotted as a function of
the uniform elongation for all samples tested in the present study in
Fig. 6d. It is observed that the yield strengths of the CG-Aged samples are
higher while the uniform elongations are lower than those of the CG
sample. Moreover, the yield strength is found to increase with aging
time, while the uniform elongation is observed to decrease with aging
time for the CG-Aged samples. These observations indicate that the
precipitation on the CG sample can induce a good combination of
strength and ductility, but the yield strength-tensile ductility trade-off
still exists. However, the yield strength and the uniform elongation are
observed to be simultaneously elevated for the SMGT-aged samples with
short aging time, as compared to those of the SMGT sample. With further
increasing aging time, and the yield strength of the SMGT-aged samples
can be further improved, while the uniform elongation is observed to be
reduced. The synergy of yield strength and tensile ductility of the SMGT-
aged samples is observed to be better than those for the SMAT sample,
the CG sample and the CG-Aged samples. These observations indicate
that the structures with dual gradients have advantages on tensile
properties not only over the structures with single gradient, but also over

the structures with CGs and homogeneously distributed coherent
nanoprecipitates. It is clearly observed (Fig. 6¢) that the hardening rate
is higher in the SMGT-aged-30 m sample as compared to the SMGT
sample, while are lower than that for the CG-Aged-240 m sample. While,
the hardening rate in the CG-Aged-240 m sample decreases more quickly
than that for the SMGT-aged-30 m sample. Thus, the high hardening
capacity sustaining in a longer tensile strain range could be one of ori-
gins for the better tensile properties in the structures with dual
gradients.

As indicated in Fig. 6, the SMGT-aged-30 m sample shows a much
higher yield strength and a higher hardening rate, while a similar uni-
form elongation, as compared to the SMGT sample. In order to under-
stand the possible deformation mechanisms for the improved tensile
properties in the structures with dual gradients, the HDI hardening for
these two samples are characterized by LUR tests. It well known that HDI
extra hardening can be induced in the heterogeneous structures,
resulting in excellent mechanical properties [16,22,31-33]. Higher HDI
hardening might be induced with increasing heterogeneity (e.g., dual
gradients), resulting in even better tensile properties. Thus, the true
stress-true strain curves of LUR tests for these two samples are shown in
Fig. 7a, the close-up views of typical hysteresis loops for these two
curves are displayed in Fig. 7b. Based on the hysteresis loops and the
method proposed in our previous paper [22,32,43], the back stress (HDI
stress) can be calculated. The HDI stress, and the ratio of HDI stress and
flow stress are plotted as a function of true strain for these two samples
in Fig. 7c. The HDI hardening rate is plotted as a function of true strain
for these two samples in Fig. 7d. It is clearly observed that the HDI stress,
the ratio of HDI stress and flow stress and the HDI hardening rate are
higher in the structures with dual gradients as compared to the struc-
tures with single gradient. In the previous research [16,31], HDI extra
hardening has been found to play a crucial role on the tensile behaviors
and properties for structures with single grain-size gradient. However, it
is obvious that structures with dual gradients can induce even higher
HDI hardening rate, and this higher HDI hardening rate can provide
additional hardening origin for the nanostructured topmost layer and
prevent the early plastic flow instability in the topmost layer for better
tensile ductility. Thus, the higher HDI extra hardening sustaining in a
long tensile strain range could be one of origins for the better tensile
properties in the structures with dual gradients.

It is shown that the SMGT-aged-30 m sample shows stronger overall
hardening and HDI hardening than the SMGT sample. In order to un-
derstand how each depth contributes to the overall hardening, the
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Fig. 9. (a) XRD spectra for the SMGT sample and the SMGT-aged-30 m sample at both the topmost and center layers after tensile deformation. (b) The close-up views
of (111) peaks for the SMGT sample at both the topmost and center layers. (c) The close-up views of (111) peaks for the SMGT-aged-30 m sample at both the topmost

and center layers.

micro-hardness distributions along the depth prior to and after tensile
deformation for various samples are measured and displayed in Fig. 8a.
The corresponding distributions of hardness increment after tensile
deformation are shown in Fig. 8b. In general, the hardness increment
can be considered as the hardening capacity of materials after plastic
deformation. It is indicated that the hardening capacity is higher at the
center layer and lower at the surface layer for both the SMGT sample and
the SMGT-aged-30 m sample. Moreover, the hardening capacity of the
SMGT-aged-30 m sample at each depth is higher than that of the SMGT
sample. The average hardness increment of the SMGT-aged-30 m sample
is calculated to be about 98 HV, which is higher than that of the SMGT
sample (about 57 HV), while lower than that of the CG-Aged-240 m
sample (about 126 HV). These findings are consistent with the results in
Fig. 6c.

The XRD spectra for the SMGT sample and the SMGT-aged-30 m
sample at both the topmost and center layers after quasi-static tensile

testing are given in Fig. 9a. The close-up views of the (111) peaks at both
the topmost and center layers for the SMGT sample and the SMGT-aged-
30 m sample are shown in Fig. 9b and c. Single FCC phase is still
observed for the SMGT sample after tensile deformation, indicating no
phase transformation during quasi-static tensile loading. The relative
volume fractions of the L1, precipitates in the FCC matrix at the topmost
layer and at the center layer for the SMGT-aged-30 m sample are
calculated to be 10.5% and 4.4%, respectively. These two values are
lower than those prior to tensile testing, which might be due to the
shearing mechanisms of L1, precipitates by dislocations as indicated
later.

The microstructures for the SMGT sample at both the topmost and
the center layers are also characterized by TEM and HRTEM images, as
shown in Fig. 10. In previous research [22,43,51-53], it has been indi-
cated that stacking fault energy (SFE) can be locally varied in HEAs/
MEAs due to the inhomogeneous element distributions at the atomic
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Fig. 10. TEM and HRTEM images for the SMGT sample. (a) (c) (e) Bright-field TEM images at the topmost layer. (b) (d) (f) Bright-field TEM images at the center
layer. (g) HRTEM image at the topmost layer. (h) HRTEM image at the center layer.
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Fig. 11. TEM and HRTEM images for the SMGT-aged-30 m sample. (a) (b) Bright-field TEM images at the topmost layer. (c) (d) Bright-field TEM images at the center
layer. (c) HRTEM image at the topmost layer. (f) HRTEM image at the center layer.

level. Due to this inhomogeneous distributed SFE, the deformation
mechanisms can be dramatically different from point to point. It is
interesting to note that planar slip, deformation twins (DTs), stacking
faults (SFs) and non-planar dislocations are all observed in the SMGT
sample at both the topmost and center layers. Multiple deformation
mechanisms are observed due to the locally varied SFE in this MEA.
Deformation bands at two directions are formed due to extensive planar
slips at two slip systems at the topmost layer (Fig. 10a), while numerous
planar slips are observed without formation of deformation band at the
center layer (Fig. 10b). The density of DTs and SFs is observed to be
higher at the topmost layer than that at the center layer (Fig. 10c, d, g,
h). The observed higher density of defects at the topmost layer after
tensile deformation could be due to the higher initial density of defects
prior to deformation.

The microstructures after tensile deformation for the SMGT-aged-30
m sample are characterized and displayed in Figs. 11 and 12. As indi-
cated in Fig. 11, non-planar dislocations and SFs are observed at both the
topmost and the center layers, and the densities of defects are both high
at these two positions. It is interesting to note that Lomer-Cottrell (L-C)
locks are also formed at both the topmost and the center layers. The
dislocations, SFs and L-C locks can all contribute significantly to the
strain hardening for the SMGT-aged-30 m sample. The interactions be-
tween defects and L1, precipitates are revealed by bright-field and
corresponding dark-field images at the topmost layer (Fig. 12a and b)
and at the center layer (Fig. 12d and e), and also characterized by
HRTEM images for the topmost layer (Fig. 12c) and the center layer
(Fig. 12f). As indicated by dark-field images and HRTEM images, strong
interactions between dislocations/SFs and Ll precipitates can be
observed at both positions, resulting in strong precipitation hardening in
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the sample. Defects can be observed both in the interiors and at the
outside of L1, precipitates, indicating a shearing precipitation hard-
ening mechanism for L1, precipitates. The higher volume fraction and
smaller spacing of L1, precipitates at the topmost layer can give rise to
stronger precipitation hardening at the topmost layer, delaying the early
strain localization at the topmost layer for better tensile ductility.

4. Concluding remarks

Heterogeneous structures with dual gradients of grain size and
coherent L1 nanoprecipitation have been designed and fabricated in a
C034.46Cr32.12Nig7 42Al3Tis MEA by SMGT and subsequent aging treat-
ment. Then, the tensile properties and the corresponding deformation
mechanisms of the structures with dual gradients have been investigated
and compared with those of the single grain-size gradient structure and
the coarse grained structures with homogeneously distributed L1y
nanoprecipitates. The main concluding remarks are presented here.

(1) Synergy of yield strength and uniform elongation were observed
to be improved in the structures with dual gradients, as compared
to both the single grain-size gradient structure and the coarse
grained structures with homogeneously distributed L1y
nanoprecipitates.

(2) Structures with dual gradients show higher HDI hardening and
stronger hardening capacities at each depth, as compared to the
single grain-size gradient structure.

(3) Multiple deformation mechanisms, such as deformation twins
and stacking faults, were both observed at both the topmost and
center layers in the single grain-size gradient structure. However,
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Fig. 12. TEM and HRTEM images for the SMGT-aged-30 m sample showing interactions between defects and L1, precipitates. (a) Bright-field TEM images at the
topmost layer. (b) The corresponding dark-field image of (a), bright particles represent L1, precipitates. (c) HRTEM image at the topmost layer, indicating in-
teractions between defects and L1, precipitates. (d) Bright-field TEM images at the center layer. (e) The corresponding dark-file image of (d), bright particles
represent L1, precipitates. (f) HRTEM image at the center layer, showing interactions between defects and L1, precipitates.

deformation bands at two directions were only found at the
topmost layer after tensile deformation in the single grain-size
gradient structure. These formations of deformation bands at
the topmost layer could be due to the severe plastic deformation
magnitude during the SMGT process and the subsequent tensile
deformation.

(4) Strong precipitation hardening at all depths can be achieved due
to the interactions between defects and coherent L1, nano-
precipitates after tensile deformation in the structures with dual
gradients. While, even stronger precipitation hardening can be
induced at the topmost layer due to the higher volume fraction
and smaller spacing of coherent L1, nanoprecipitates, which
could retard the early strain localization trend at the topmost
layer for better tensile properties in the structures with dual
gradients. The present findings could provide the design strategy
for achieving superior tensile properties in advanced metals and
alloys.
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