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a b s t r a c t 

Suppressing the early strain localization at the nanostructured topmost layer is crucial for achieving bet- 

ter tensile ductility in the gradient structure. Thus, structures with combined gradient distributions along 

the depth for both grain size and volume fraction of precipitates were designed and introduced in a high 

entropy alloy by surface mechanical attrition treatment and aging. Yield strength and uniform elongation 

were observed to be simultaneously improved in the structures with combined gradients as compared to 

the corresponding structures with only grain size gradient. More severe strain gradients and higher den- 

sity of geometrically necessary dislocations were observed to be produced at various domain boundaries 

in the structures with combined gradients, resulting in stronger hetero-deformation-induced (HDI) extra 

hardening for better tensile properties. Shearing and bowing hardening mechanisms were observed for 

L1 2 and B2 precipitates, respectively. Higher volume fractions of B2 and L1 2 phases at the topmost layer 

induce stronger precipitation hardening, which compensates the diminished strain hardening due to the 

reduced grain size at the topmost layer for better tensile ductility in the structures with combined gradi- 

ents. The observed higher yield strength in the structures with combined gradients have been discussed 

based on mechanisms of dislocation strengthening, precipitation strengthening and HDI strengthening. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

High-entropy alloys (HEAs) [1–8] and medium-entropy alloys 

MEAs) [9–16] , defined as alloys consisting of multiple principal el- 

ments with equal or nearly equal molar fraction, have drawn ex- 

ensive attentions due to their extraordinary tensile properties. For 

xample, FCC single phase HEAs [1–3] and MEAs [ 9–13 , 17 ] gen-

rally show high ductility and fracture toughness at room tem- 

erature, and even better tensile properties and damage toler- 

nce at cryogenic temperature, which can be attributed to a tran- 

ition of the dominant deformation mechanism from dislocation 

lip to deformation twins. More interestingly, some unusual defor- 

ation mechanisms have been found in HEAs and MEAs due to 

he atomic inhomogeneity with chemical short-range order (CSRO) 

18–23] and the spatially varied stacking fault energy (SFE) at 
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anoscale [15] . These unusual deformation mechanisms have been 

dentified to be the changing dislocations slip modes, the en- 

anced friction resistance for dislocation slip and the accumula- 

ion of dislocations around the CSROs. While, the relative low yield 

trength for FCC HEAs and MEAs with coarse grains (CG) can re- 

trict their structural applications. Cold working or grain refine- 

ent through severe plastic deformation can significantly increase 

he yield strength for metals and alloys, while such enhanced 

ield strength in homogeneous structures is generally accompa- 

ied with loss of ductility [ 24 , 25 ] and the long-lasting strength-

uctility paradox for conventional alloys still exists for most HEAs 

nd MEAs. 

Recently, it has been reported that superior synergy of strength 

nd ductility can be achieved and the strength-ductility trade-off

an be resolved by gradient structures, in which the grain sizes, 

win fraction, phase fraction or texture are gradually changed from 

he surface to the center [26–30] . Geometrically necessary disloca- 

ions (GNDs) can be induced in gradient structures during uniaxial 

ensile loading due to the strain gradients among different layers 

nd the stress-state change for each layer, which thus results in 

https://doi.org/10.1016/j.actamat.2022.117847
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2022.117847&domain=pdf
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xtra strengthening and strain hardening [ 28 , 31 ]. Strain partition- 

ng and stress transfer between various layers at different depths 

an also be induced due to the dramatically different mechanical 

roperties for layers at varying depths, which can produce hetero- 

eformation-induced (HDI) hardening for better tensile properties 

 32 , 33 ]. 

Precipitation strengthen/hardening can also be considered as 

ne efficient strategy for obtaining excellent tensile properties and 

or resolving the strength-ductility trade-off in metals and alloys 

34–37] , especially when the precipitates are at nanoscale and co- 

erent with the matrix. Such strategy has been utilized to HEAs 

nd MEAs with intermetallic particles, such as the ordered B2 and 

1 2 particles, and the size, shape, volume fraction, type and dis- 

ribution of precipitates have been carefully controlled and tai- 

ored to obtain excellent synergy of strength and ductility in such 

EAs and MEAs [38–46] . Coherent nanoprecipitates are beneficial 

or mechanical properties, which can be attributed to the enhanced 

trength by blocking dislocations, and the improved strain harden- 

ng by the minimal lattice misfit at phase interfaces and by accu- 

ulating dislocations around coherent nanoprecipitates. 

In general, the nanostructured topmost layer in the gradient 

tructure has higher propensity for plastic instability, thus cer- 

ain mechanism is needed for maintaining uniform deformation 

t topmost layer. For example, the grain boundary (GB) migra- 

ion with concomitant grain coarsening at the topmost layer upon 

ensile loading provides significant contribution to uniform elon- 

ation for the pure copper with gradient structure, while such 

tructural coarsening should sacrifice the strength and mechani- 

al/thermal stability in some extent [29] . Enlighted by the benefits 

f gradient grain structures and nanoprecipitates, superior tensile 

roperties could be achieved by deploying heterogeneous struc- 

ures with combined gradients in HEAs and MEAs, in which both 

radients from grain size (including substructures, such as dislo- 

ation cells) and volume fraction of nanoprecipitates exist. It is 

ossible that the designed higher volume fractions of nanoprecipi- 

ates could provide stronger precipitation hardening at the topmost 

ayer, which compensates the diminished strain hardening due to 

he reduced grain size at the topmost layer and prevents the early 

lastic deformation localization at the topmost layer, resulting in 

etter tensile ductility in the structures with combined gradients. 

hile such microstructures are rarely deployed in HEAs and MEAs, 

nd the corresponding strain hardening/strengthening mechanisms 

or HEAs and MEAs with such structures with combined gradi- 

nts have not been explored yet. Thus, we propose and design 

 structure with combined gradients in a non-equiatomic HEA 

Al 0.5 Cr 0.9 FeNi 2.5 V 0.2 ) with a high Ni concentration of ∼ 50% and 

 high Ni/Al ratio of ∼ 5, and the structures with combined gra- 

ients have been fabricated by surface mechanical attrition treat- 

ent (SMAT) followed by different heat treatments (annealing and 

ging). Moreover, the effects of the combined gradients on the 

echanical properties and the corresponding deformation mech- 

nisms have been revealed. 

. Materials and experimental techniques 

The Al 0.5 Cr 0.9 FeNi 2.5 V 0.2 (in atomic ratio) HEA was obtained by 

rc-melting under argon atmosphere, and were re-melted multiple 

imes to insure chemical homogeneity. Then the ingots were hot- 

orged at 1100 °C followed by annealing at 1200 °C for 24 h and

ater quenching. The samples after annealing are referred to as- 

nnealed samples here. The annealing plates were then processed 

y SMAT. The disks for SMAT were cut from the annealed plates 

y wire saw into dimensions of 70 × 60 × 1.1 mm 

3 . Both sides 

f the sample plates were SMAT-processed by high velocity steel 

alls (1 mm in diameter), and the impact velocity (80 ± 10 m/s) 

nd the processing time (5–10 min) are varied to produced several 
2 
ifferent as-SMATed samples. More information on SMAT can be 

ound elsewhere [31] . After SMAT, the thickness of the specimens 

s reduced to about 1 mm. After SMAT, the specimens are annealed 

n a short time (at 900 °C for 5 min) and aged at 700 °C for 1 h.

he samples after short-time annealing and aging are referred as 

he SMAT-Aged samples here. 

The quasi-static tensile tests and load-unload-reload (LUR) tests 

ere conducted at room temperature and at a strain rate of 

 × 10 −4 /s using displacement control. The specimens were cut 

rom the SMATed disks and have dimensions of 10 × 2.5 × 1 mm 

3 

according to the ISO6892-1998 standard). An extensometer was 

tilized to accurately measure and control the displacement during 

oth tensile and LUR tests. The other details for LUR tests can be 

ound in our previous research [ 28 , 32 ]. The distributions of micro- 

ardness along the depth for the gradient samples prior to and 

fter tensile tests were obtained using a Vickers diamond inden- 

er under a load of 25 g for 15 s dwell time. For each point, five

roups of indentations were conducted, the average hardness value 

as taken and the error bar was provided. Prior to and after ten- 

ile tests, electron back-scattered diffraction (EBSD), transmission 

lectron microscopy (TEM) and high-resolution TEM (HRTEM) were 

tilized to characterize the microstructures. The sample prepara- 

ion and the other details for EBSD, TEM and HREM can be found 

lsewhere [13] . 

. Results and discussions 

.1. Microstructure characterization prior to tensile testing 

The microstructures along the depth for one typical as-SMATed 

ample and the corresponding SMAT-Aged sample are character- 

zed and revealed in Figs. 1 and 2 , respectively. The relative vol- 

me fractions of L1 2 phase in the FCC matrix at the topmost layer 

nd at the core for these two samples are also estimated by XRD 

pectra, as shown in Fig. 3 . L1 2 precipitates are coherent with the 

CC matrix, thus the (311) fundamental overlap peaks are used to 

ifferentiate the contributions of the FCC and L1 2 phases by Gauss 

unction fitting (as indicated in the Fig. 3 b). In Figs. 1 and 2 , the

ap of kernel average misorientation (KAM) values, the distribu- 

ions of low-angle and high-angle GBs, the inverse pole figure (IPF) 

nd phase maps, are given. The density of GNDs can generally be 

eflected by the KAM value [ 28 , 32 ]. 

For the as-SMATed sample, the KAM values and the density 

f low-angle GBs show a similar gradient distribution along the 

epth, indicating the gradient structure for substructures (disloca- 

ion walls and cells). Moreover, the densities of high-angle GBs are 

lso observed to display a gradient along the depth, indicating a 

rain size gradient along the depth. The distributions of the vol- 

me fraction of B2 phase along the depth were measured based 

n the EBSD phase maps. First, we divided the phase map into fine 

ins only along the depth direction, and each bin had a height of 

5 μm and a width of 200 μm. Then, the average volume frac- 

ion of B2 phase was calculated in each bin with a certain depth. 

he volume fraction of B2 phase for each certain depth is plotted 

long the depth, and the B2 phase is found to be homogeneously 

istributed along the depth ( Fig. 1 f). Moreover, the relative volume 

ractions of L1 2 phase in the FCC matrix for the topmost layer and 

or the core layers in the as-SMATed sample are estimated to be 

bout 27% and 25 %, respectively, which indicates that the dis- 

ribution of L1 2 phase along the depth is also relatively homoge- 

eous. Thus, the as-SMATed sample can be considered as a gradi- 

nt structure only for defects (GBs, including high-angle and low- 

ngle GBs), resulting in a hardness gradient along the depth for 

he as-SMATed sample ( Fig. 1 g). It should be noted that the hard- 

ess of the core layer is higher than the un-SMATed CG sample, 
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Fig. 1. Typical gradient microstructure for the as-SMATed sample. (a) The KAM map along the depth. (b) The IPF map along the depth. (c) The image with low-angle and 

high-angle GBs. (d) The phase map along the depth. (e) The distributions for density of low-angle GBs, KAM value and grain size along the depth. (f) The volume fraction of 

B2 phase with respect to the depth. (g) The microhardness distribution along the depth. 
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ndicating that the influenced region by SMAT is across the whole 

ample. 

For the SMAT-Aged sample ( Fig. 2 ), the distributions of KAM 

alues and the density of low-angle GBs show a peak at the depth 

f about 100 μm, while the grain size shows a similar gradient 

long the depth. Moreover, the volume fraction of B2 phase also 

isplays a decreasing gradient from the surface to the core. Based 

n XRD spectra ( Fig. 3 a and b), the relative volume fraction of L1 2 
hase in the FCC matrix for the topmost layer (69%) is observed 

o be much higher than that for the core layer (34%) in the SMAT- 

ged sample. Thus, the volume fraction of L1 2 phase also shows 

 gradient along the depth for the SMAT-Aged sample, besides 

he gradient distribution for the B2 phase. The formation of phase 

olume fractions (B2 and L1 2 phases) along the depth should be 

ue to the graded magnitude for plastic deformation during SMAT 

nd the subsequent aging. The stored plastic deformation energy 

hould show a gradient distribution along the depth after SMAT, 

hus the topmost layer with highest energy state and highest de- 

ects (short-circuit diffusion) should have the greatest potential for 

ormation of B2 and L1 2 phases during the subsequent aging, re- 

ulting in phase gradients along the depth. 

In order to characterize the detailed microstructures, TEM ob- 

ervations at the topmost layer (within 100 μm from the sur- 

ace) and at the core for the SMAT-aged sample are presented in 

ig. 3 c–f. Both the FCC phase and the L1 2 phase can be identified

y selected area diffraction (SAD) patterns in the insets of Fig. 3 c 

nd d. The dislocation structure at the topmost layer is shown in 

ig. 3 b, numerous equiaxed dislocation cells and cell walls (with 

ize of several hundred of nm) are observed, corresponding to the 

bserved massive low-angle GBs in Fig. 2 c. Every cell wall has a 

hickness of several tens of nm, and is decorated with a high den- 
3 
ity of dislocations. As a contrast, no dislocation cells and cell walls 

re observed at the core, only some isolated dislocations can be 

bserved in the grain interior and the dislocation density is much 

ower at the core ( Fig. 3 d). Dark-field TEM images for characteriz- 

ng the size, the morphology and the relative volume fraction of 

1 2 phase in the FCC matrix for the topmost layer and the core 

ayer are displayed in Fig. 3 e and f, in which the brighter particles

epresent L1 2 phase. The average sizes of L1 2 particles at the top- 

ost and the core layers are both estimated to be about 7 nm, 

nd the relative volume fractions of L1 2 phase in the FCC ma- 

rix obtained from these dark-field TEM images are in consistent 

ith the XRD results. Thus, the hardness gradient (as indicated in 

ig. 2 g) is induced by a heterogeneous structure with combined 

radients (density of GBs, phase volume fractions for both B2 and 

1 2 phases) along the depth. 

The EDS mappings for an area with a B2 particle are displayed 

n Fig. 4 a, while the element distributions along the marked line 

n Fig. 4 a are displayed in Fig. 4 b. As indicated, both Al and Ni

lements are enriched in the B2 particle [45] . The EDS mappings 

or the FCC matrix with L1 2 nano-precipitates are shown in Fig. 4 c, 

hile the element distributions along the marked line in Fig. 4 c are 

isplayed in Fig. 4 d. It is shown that Ni element is highly enriched

about 63%) and Al element is slightly enriched in the L1 2 phase in 

his HEA [45] . In general, Al atoms most likely occupy the corner 

osition while Ni atoms most likely occupy the face center position 

or the L1 2 phase [45] . Generally, Al atoms most likely occupy the 

orner position while Ni atoms most likely occupy the body center 

osition for the B2 phase [47] . The coherent L1 2 nanoprecipitates 

hould be significantly beneficial to both strength and ductility, the 

2 nanoprecipitates should have strong positive influence on the 

trength while have less influence on the ductility. 
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Fig. 2. Microstructure with combined gradients for the SMAT-Aged sample. (a) The KAM map along the depth. (b) The IPF map along the depth. (c) The image with low- 

angle and high-angle GBs. (d) The phase map along the depth. (e) The distributions for density of low-angle GBs, KAM value and grain size along the depth. (f) The volume 

fraction of B2 phase as a function of depth. (g) The microhardness distribution along the depth. 

3

H

S

p

s

r

a

s

F

a

t

%

s

s

a

o

p

t

i

t

f

a

t

t

b

p

m

r

o

d

t

a

a

t

t

s

s

i

e

m

a

h

i

d

t

e

g

l

.2. Tensile properties, hardness distributions after deformation and 

DI hardening 

In order to illustrate the effects of the defect gradient (as- 

MATed samples) and the combined gradients (SMAT-Aged sam- 

les) on the tensile properties (as compared to the as-annealed 

ample), a series of tensile tests have been conducted and the cor- 

esponding engineering stress-strain curves on the typical samples 

re displayed in Fig. 5 a. The strain hardening rate � and the true 

tress are plotted as a function of true strain for these samples in 

ig. 5 b. After SMAT, the yield strength is elevated to about 890 MPa 

s compared to about 340 MPa for the as-annealed sample, while 

he uniform elongation is reduced to about 10 % from about 43 

 for the as-annealed samples. Although the as-SMATed sample 

hows a good synergy of strength and ductility, the high yield 

trength is still obtained at the expense of the ductility. Remark- 

bly, the SMAT-Aged sample shows a simultaneously improvement 

n the strength (about 960 MPa) and ductility (about 16%), as com- 

ared to the as-SMATed sample (about 890 MPa, 10%). Moreover, 

he strain hardening ability is also observed to be much higher 

n the SMAT-Aged sample compared to the as-SMATed sample. A 

ransient up-turn phenomenon for hardening rate is also observed 

or the SMAT-Aged sample. Moreover, the yield strength is plotted 

s a function of uniform elongation for all as-SMATed samples and 

he corresponding SMAT-Aged samples in Fig. 5 c. It is shown that 

he SMAT-Aged samples with combined gradients always have a 
4 
etter synergy of strength and ductility over the as-SMATed sam- 

les with a single gradient, and the corresponding deformation and 

icrostructural mechanisms would be revealed next. 

The strong strain hardening behavior for the SMAT-Aged sample 

aises a critical question: How does each layer contribute to the 

verall strain hardening? To resolve this issue, the microhardness 

istributions and the distributions of hardness increments ( � H ) af- 

er tensile deformation for the as-annealed sample, the as-SMATed 

nd the SMAT-Aged samples are obtained and displayed in Fig. 6 a 

nd b, respectively. � H can generally be considered as an indica- 

or on the magnitude of retained hardening after tensile deforma- 

ion. For the as-SMATed sample, the topmost layer shows nearly no 

train hardening and the strain hardening behavior of the whole 

ample is mostly accommodated by the core. However, each layer 

n the SMAT-Aged sample makes a contribution to the strain hard- 

ning. It is amazingly observed that the strain hardening ability for 

ost part of the SMAT-Aged sample is even higher than that of the 

s-annealed sample with CGs. 

In the heterogeneous structures, such as gradient structures and 

eterogeneous grain structures [ 28 , 29 , 31–33 ], back stress can be 

nduced among different layers at various depths or grains with 

ifferent sizes due to the plastic deformation incompatibility be- 

ween theses hard and soft domains, resulting in strong HDI hard- 

ning. In the SMAT-Aged samples with structures with combined 

radients, various layers at different depths can be considered as 

arger hard/soft domains, while different phases at each layer can 
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Fig. 3. (a) The XRD spectra at the topmost and central layers for the typical As-SMATed and SMAT-Aged samples. (b) The overlapped (311) asymmetric peaks and the 

corresponding Gauss function fittings of FCC phase and L1 2 phase. Bright-field (c,d) and dark-field TEM (e,f) images for characterizing the size and the relative volume 

fraction of L1 2 phase in the FCC matrix for the SMAT-Aged sample: (c,e) at the topmost layer; (d,f) at the core layer. 
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e considered as smaller hard/soft domains. Thus, the HDI hard- 

ning should plan a more important role in such a dual heteroge- 

eous structure. Thus, LUR tests were conducted on the as-SMATed 

nd the SMAT-Aged samples to reveal and compared the effect of 

he structures with combined gradients on the HDI hardening. The 

rue stress-strain curves of LUR tests for these two samples are 

hown in Fig. 7 a. The HDI stress ( σ ) and the HDI hardening
HDI 

5 
ate are plotted as a function of true strain for these two sam- 

les in Fig. 7 b. The back stress (HDI stress) were calculated based 

n the method proposed in our previous paper [28] . As indicated 

n Fig. 7 b, the SMAT-Aged sample show a higher HDI stress and 

 higher HDI hardening rate than the as-SMATed sample. These 

bservations confirm that the HDI hardening has a higher influ- 

nce on the structures with combined gradients than the struc- 
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Fig. 4. (a) EDS mappings for an area with a B2 particle. (b) The element distributions along the marked line in (a). (c) EDS mappings for the FCC matrix with L1 2 nano- 

precipitates. (d) The element distributions along the marked line in the inset. 

Fig. 5. Tensile properties for various samples. (a) Engineering stress-strain curves. (b) Hardening rate and true stress as a function of true strain. (c) Yield strength as a 

function of uniform elongation for all tested samples in the present study. 

6 
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Fig. 6. (a) The microhardness distributions along the depth prior to and after tensile deformation for the as-annealed sample, the as-SMATed and the SMAT-Aged samples. 

(b) The distributions of hardness increments after tensile deformation for all three samples. 

Fig. 7. HDI hardening for the as-SMATed and the SMAT-Aged samples. (a) True stress-strain curves for LUR tests. (b) σHDI and HDI hardening rate as a function of true strain. 

Fig. 8. KAM mappings for (a) the as-SMATed sample; (b) the SMAT-Aged sample. Close-up views of (c) phase mapping and (d) KAM mapping for the topmost layer of the 

SMAT-Aged sample. The distributions of the average KAM value along the depth prior to and after tensile testing for (e) the as-SMATed sample; (f) the SMAT-Aged sample. 

7 
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Fig. 9. TEM and HRTEM observations after tensile testing for the SMAT-Aged sample. Bright-field TEM images (a, c) for the topmost layer; (b, d) for the central layer. HRTEM 

images showing interaction and accumulation of dislocations with L1 2 nano-particles in the SMAT-Aged sample (e) for the topmost layer; (f) for the central layer. (e) and (f) 

are obtained after fast Fourier transformation (FFT) and inverse FFT, and L1 2 nano precipitates are also circled by red lines in these two images. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article). 

8 
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ures with single gradient, resulting in a better tensile property in 

tructures with combined gradients. 

.3. The deformation and microstructural mechanisms during tensile 

oading 

In the structures with combined gradients, GNDs can be pro- 

uced at the boundaries of each layer or at various phase bound- 

ries, and these GNDs generated between hard and soft domains 

an result in strong HDI hardening for excellent tensile proper- 

ies [31–33] . In this regard, the KAM mappings after tensile defor- 

ation for the as-SMATed sample and the SMAT-Aged sample are 

hown in Fig. 8 a and b, respectively. The close-up views of phase 

nd KAM value mappings for the topmost layer of the SMAT-Aged 

ample is shown in Fig. 8 c and d. In Fig. 8 d, B2 phase is high-

ighted by white color. It is interesting to note that much higher 

AM value is observed at the adjacent area of phase boundaries of 

2 and FCC matrix. The KAM value is averaged at each depth, then 

he distributions of the average KAM value along the depth prior 

o and after tensile testing are displayed for the as-SMATed sample 

nd the SMAT-Aged sample in Fig. 8 e and f, respectively. The incre- 

ent of the average KAM value after tensile deformation for the 

hole as-SMATed sample is estimated to be about 0.108 0 , which is 

uch smaller than that for the SMAT-Aged sample (0.378 0 ). These 

bservations indicate that the structures with combined gradients 

an induce more severe strain gradients and produce higher incre- 

ent for GND density at various domain boundaries, resulting in 

tronger HDI hardening for better tensile properties. 

TEM and HRTEM images after tensile deformation for the top- 

ost layer and the central layer in the SMAT-Aged sample are 

hown in Fig. 9 . Higher volume fraction of B2 phase is observed 

t the topmost layer, as compared to the central layer. Massive 

islocations are observed to be accumulated around the B2 par- 

icles. Dislocation pile-ups against B2 particles can also be clearly 

bserved. High density of bowing full dislocations are observed to 

e blocked and ends of bowing dislocations are pinned by B2 par- 

icles. Higher externally stress should be applied to bow-out B2 

articles due to the observed bulging dislocation lines around B2 

ano-particles. Thus, B2 particles with hundreds of nm at size and 

nterspacing should be effective on the bowing (by-pass) strength- 

ning/hardening. 

It is indicated earlier that the relative volume fraction of L1 2 
hase also has a gradient along the depth, and the topmost layer 

as the highest volume fraction of L1 2 phase. HRTEM observations 

fter tensile deformation (based on numerous HRTEM images) con- 

rm this. Moreover, the interaction mechanisms between disloca- 

ions and L1 2 nanoprecipitates can be identified by these HRTEM 

mages ( Fig. 9 e and f). It should be interestingly noted that dislo-

ations are mostly accumulated either near or inside L1 2 nanopre- 

ipitates, resulting in higher density of dislocations at these areas. 

t is also observed that higher density of dislocations can be accu- 

ulated around L1 2 nanoprecipitates at the topmost layer ( Fig. 9 e) 

s compared to the center layer ( Fig. 9 f). We can rationalize that

he L1 2 nanoprecipitates are deformable due to the observed nu- 

erous dislocations in the interior of L1 2 nanoprecipitates and the 

longated shape, thus the shearing mechanism should be primarily 

esponsible for the strengthening/hardening of L1 2 phase. The size 

nd interspacing of L1 2 nanoprecipitates at the central layer are 

everal nm and tens of nm, and the interspacing is even smaller 

t the topmost layer, which should be very effective on accumulat- 

ng dislocations around L1 2 nanoprecipitates and on the shearing 

trengthening/hardening, resulting in better synergy of strength 

nd ductility in the structures with combined gradients than in the 

tructures with single gradient. The topmost layer has the high- 

st volume fractions of B2 and L1 2 phases, thus B2 and L1 2 nano- 

recipitates should provide the strongest precipitation strengthen- 
9 
ng at the topmost layer, which compensates the diminished strain 

ardening due to the reduced grain size at the topmost layer and 

esults in better tensile ductility in the structures with combined 

radients. 

.4. Discussions on the strengthening and strain hardening of 

tructures with combined gradients 

Generally, the followed aspects should be considered for the 

ield strength of metals and alloys: the solid-solution strengthen- 

ng part ( σss ) , the dislocation strengthening part ( σdis ) , the grain-

oundary strengthening part ( σgb ) , the precipitation strengthen- 

ng part ( σps ) and the HDI strengthening part ( σHDI ) . As indi-

ated in the microstructure characterizations prior to tensile test- 

ng ( Figs. 1–3 ), the solid-solution strengthening and the grain- 

oundary strengthening should have similar contributions to the 

tructures with combined gradients and the structures with single 

radient. Although the structures with combined gradients have 

ess contribution from dislocation strengthening than the struc- 

ures with single gradient (as indicated by the lower average KAM 

alue in Fig. 8 for the structures with combined gradients prior 

o tensile testing), the precipitation strengthening and the HDI 

trengthening should play much more important role in the struc- 

ures with combined gradients, resulting in higher yield strength. 

n the precipitation-hardened alloys, the strengthening by the by- 

assing precipitates and the shearing precipitates is highly depen- 

ent on the volume fraction and the interspacing of precipitates. 

he volume fractions of both B2 and L1 2 phases are much higher, 

nd the interspacings of these two kinds of precipitates are much 

maller in the structures with combined gradients, resulting in 

igher contribution of precipitation strengthening in the structures 

ith combined gradients. Moreover, the structures with combined 

radients have a more severe heterogeneity, thus has higher HDI 

trengthening contribution than the structures with single gradient 

 33 , 35 ]. Thus, the observed higher yield strength in the structures 

ith combined gradients can be attributed to the higher contribu- 

ions from both precipitation strengthening and HDI strengthening. 

The better uniform elongation in the structures with combined 

radients can be due to the following three aspects: (i) the lower 

etained dislocation density after short-time annealing and aging; 

ii) the higher bowing (by-pass) hardening for B2 nanoprecipi- 

ates and the shearing hardening for L1 2 nanoprecipitates; (iii) and 

he higher HDI hardening. The dismantlement of original disloca- 

ion substructure by annealing and aging will leave more room in 

he grain interiors of the structures with combined gradients for 

he formation of new dislocations and dislocation networks. More- 

ver, stronger HDI hardening and precipitation hardening should 

lso help on accumulating dislocations in the grain interiors of the 

tructures with combined gradients for better tensile ductility. 

. Summary and concluding remarks 

In the present study, the structures with single gradient and 

ombined gradients have been architected and fabricated in a 

l 0.5 Cr 0.9 FeNi 2.5 V 0.2 HEA utilizing SMAT and heat-treatment. Then, 

he tensile properties and the corresponding deformation mecha- 

isms have been investigated and revealed, and the findings are 

ummarized as follows: 

1) Both grain size (high-angle and low angle GBs) and volume 

fraction of precipitates (L1 2 and B2) are observed to show gra- 

dient distributions along the depth after short-time annealing 

and aging, forming structures with combined gradients with a 

more severe heterogeneity. The structures with combined gra- 

dients are observed to have both higher yield strength and 

larger uniform elongation, as compared to the corresponding 

structures with single gradient. 
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2) The topmost layer of the structure with single gradient shows 

nearly no strain hardening, while each layer in the structure 

with combined gradients has a contribution to the overall strain 

hardening and the strain hardening ability for most part of the 

structure with combined gradients is even higher than that of 

the homogeneous structure with CGs. More severe strain gradi- 

ent and higher density of GNDs are found to be induced at var- 

ious domain boundaries in the structures with combined gradi- 

ents, resulting in stronger HDI strengthening/hardening for bet- 

ter tensile properties. 

3) Bowing hardening and shearing hardening mechanisms are ob- 

served for L1 2 and B2 precipitates, respectively. The interspac- 

ing of L1 2 and B2 nanoprecipitates are at tens or hundreds 

of nm, which should be very effective on the precipitation 

strengthening/hardening by accumulating dislocations at phase 

interfaces. 

4) The observed higher yield strength in the structures with 

combined gradients can be attributed to the higher contribu- 

tions from both precipitation strengthening and HDI strength- 

ening, which overwhelm the less contribution from dislocation 

strengthening. The better uniform elongation in the structures 

with combined gradients can be due to the lower retained dis- 

location density after heat-treatment, higher HDI hardening and 

precipitation hardening. The present results should provide in- 

sights for achieving extraordinary tensile properties in HEAs by 

deploying structures with combined gradients. 
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