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Both heterogeneous grain structure and dual nanoprecipitates (B2 and L1,) have been designed and obtained in a
FCC-based Alg 5Crg gFeNis 5V 2 high entropy alloy (HEA). The volume fraction of B2 phase is nearly unchanged,
while the average size and volume fraction for L1, particles become larger after aging, resulting in a more severe

Is)trre;;lrll)l}t:rzsenin heterogeneity. The aged samples display a better synergy of strength and ductility than the corresponding
Strengthening & unaged samples. The aged samples show a transient up-turn strain hardening behavior and a higher hardening
Ductility rate as compared to the corresponding unaged samples. The hetero-deformation-induced hardening plays a more

important role in the aged samples than in the unaged samples, producing higher density of geometrically
necessary dislocations for better tensile properties. Orowan-type bowing hardening and shearing hardening
mechanisms are observed for B2 and L1, nano-particles, respectively. The size and interspacing of B2 and L1,
particles are at nanometer scale, which should be very effective on hardening and strengthening by accumulating
dislocations at phase interfaces. A theoretical analysis based on dislocation strengthening, grain boundary
strengthening, Orowan-type bowing strengthening of B2 nano-particles, shearing strengthening of L1 nano-
particles and strengthening of chemical short-range order has been found to provide well prediction on strength.

1. Introduction

High-entropy alloys (HEAs) [1-10] and medium-entropy alloys
(MEAs) [11-20] are generally solid-solution alloys consisting of multi-
ple principal elements with nearly equal molar fraction. HEAs and MEAs
have attracted extensive research interests due to their excellent me-
chanical properties and other physical properties [21-24]. For example,
single phase FCC FeCrMnCoNi HEA [1-4] and CoCrNi MEA [11-16]
have been reported recently to exhibit high tensile ductility and
exceptional fracture toughness under room temperature, and even better
mechanical properties under cryogenic temperature due to a transition
of the dominant deformation mechanism from dislocation behavior to
deformation twins [3,11].

Although HEAs and MEAs with coarse grains (CG) have excellent
tensile properties compared to the other metals and alloys, the structural
applications of them are still limited due to the relatively low yield
strength [3,11,12]. The strength of metals and alloys can generally be
elevated by increased dislocation density or grain refinement through

severe plastic deformation [25,26]. However, such elevation of strength
in homogeneous structures is usually accompanied by the loss of
ductility [27]. Such strength-ductility dilemma in homogeneous struc-
tures can be resolved by tailoring microstructures with heterogeneous
structures [28-33]. In heterogeneous structures, deformation in-
compatibility among different domains with dramatic difference in
mechanical properties can induce strain gradients and geometrically
necessary dislocations (GNDs) for extra strain hardening [34,35]. For
example, stress/strain partitioning, strain gradients and hetero-
deformation induced (HDI) hardening have been found to play impor-
tant roles during the tensile deformation in the CoCrNi MEA with het-
erogeneous grain structures, resulting in a superior combination of
strength and ductility [13-16,18].

Besides cold working and grain refinement, the yield strength of
alloys can also be enhanced by second-phase particles [36-39]. The
second phases with intermetallic particles were generally considered to
be detrimental to the ductility of alloys, due to the local stress-strain
concentration and the early crack initiation around the hard
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precipitates [38,39]. Thus, during the early stage of the development of
HEAs and MEAs, the single solid-solution phase without any interme-
tallic particles has been considered preferentially [1-3]. While, HEAs
with secondary phases have also been reported recently [5,40-43].
These second phases with intermetallic particles are generally the or-
dered B2 phase and L1, phase. In these studies [43-54], the type, shape,
size, volume fraction and distribution of precipitation phases have been
properly controlled and tailored for obtaining high strength while
retaining sufficient ductility.

Coherent nanoprecipitates have been proven to be an effective
strategy to achieve superior tensile properties in alloys due to the min-
imal lattice misfit and the enhanced strain hardening by accumulating
dislocations around coherent nanoprecipitates. In conventional alloys,
the coherent ordered L15 phases in FCC matrix have been considered as
one of important strengthening and toughening mechanisms in FCC-
based alloys [38,41,55,56], and this strategy in microstructure design
has also been found to be effective for resolving the strength-ductility
trade-off in HEAs [44,49,57-62]. Besides minimizing the misfit strain
for preventing stress concentration at phase interfaces, these coherent
nanoprecipitates can also provide precipitation strengthening/hard-
ening to achieve better tensile properties in HEAs and MEAs.

Enlighted by the benefits of heterogeneous grain structures and
nanoprecipitates, one can image that better mechanical properties could
be obtained by architecting a complex heterogeneous microstructure
with both heterogeneous grain structures and nanoprecipitates. While,
only complex heterogeneous microstructures with heterogeneous grain
structures and one type of nanoprecipitate were considered in previous
research. The deformation behaviors and the strain hardening/
strengthening mechanisms for HEAs with heterogeneous grain struc-
tures and dual nanoprecipitates (B2 and L1,) have not been explored
yet. In this regard, a non-equiatomic HEA (Al 5Crg gFeNip 5V 2) with a
high Ni concentration of ~50% and a high Ni/Al ratio of ~5 has been
selected as a model system, and the samples with both heterogeneous
grain structures and dual nanoprecipitates (B2 and L13) have been
designed and fabricated by cold rolling followed by different heat
treatments (partial-recrystallized annealing and aging). Then, the effects
of heterogeneous grain structures and dual nanoprecipitates on the
tensile behaviors, and the corresponding strain hardening/strength-
ening mechanisms have been revealed.

2. Materials and experimental techniques

The Al 5Crg oFeNiy 5V o (in molar ratio) HEA was first prepared by
arc-melting under a high-purity argon atmosphere, and then cast into
ingots, the ingots were re-melted at least four times to insure the
chemical homogeneity. The non-equiatomic system AlgsCrggFe-
Nip 5Vo.2 was designed to generate a near-equiatomic FCC matrix with
high content L1, phase by increasing the Ni/Al ratio, moreover, about
4% V (in at.%) was added to stabilize and strengthen L1, phase [60].
The as-casted ingots were hot-forged into plates with a thickness of
about 8 mm at a starting temperature of 1100 °C. The hot-forged plates
were then homogenized at 1200 °C for 24 h in a vacuum environment
followed by water quenching, and subsequently were cold-rolled at
room temperature with a total thickness reduction of 85%. The as-rolled
samples were annealed first at 825, 835, 850, 875, 900, 950 °C for 1 h, or
at 1000, 1050, 1100, 1150 °C for 20 min, or at 1200 °C for 2 h followed
by water quenching (these samples are named as AN825, AN835, ...),
and then the annealed samples are aged at 600 °C or 700 °C for 1 h
followed by water quenching (these samples are named as
AN850_AG600, AN850_AG700, ...).

The specimens for quasi-static tensile testing have a plated dog-bone
shape, and the gauge section has dimensions of 18 x 2.5 x 1.2 mm®. An
Instron 5565 testing machine has been used to conduct the quasi-static
uniaxial tensile tests and load-unload-reload (LUR) tests at a strain rate
of 5 x 10~* /s and at room temperature under displacement control. The
data repeatability has been checked by conducting three tests for each
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specimen. The tensile direction was designed to be parallel to the rolling
direction. During LUR tests, the specimens were first stretched to various
pre-determined strains at a strain rate of 5 x 10~* /s, then the specimens
were unloaded to 20 N at the unloading rate of 200 N/min under the
stress-control mode, followed by reloading at a strain rate of 5 x 10™4 /s.
The displacement and strain were accurately measured and controlled
by an extensometer during both tensile and LUR tests.

Prior to and after tensile testing, X-ray diffraction (XRD), energy
disperse spectroscopy (EDS), electron back-scattered diffraction (EBSD),
transmission electron microscopy (TEM) and high-resolution electron
microscopy (HREM) were used to characterize the microstructures. The
surfaces for EBSD were first grinded by sandpapers, and then polished by
a 0.05 pm SiO, aqueous suspension. Thin foils with dimensions of 10 x
4 x 0.3 mm® were mechanically polished down to about 50 um thickness
using sandpapers, and then thin disks with a diameter of 3 mm were
punched by the perforating machine, followed by a twin-jet polishing
using a solution of 5% perchloric acid and 95% ethanol at —30 °C and
30 V for TEM observations. A minimum scanning step of 25 nm was used
for EBSD acquisition. Grain boundaries (GBs) were defined by misori-
entation larger than 15 degrees. Kernel average misorientation (KAM)
was calculated against the first nearest neighbor ignoring the misori-
entation larger than 3 degrees.

3. Results and discussions
3.1. Microstructure characterization prior to tensile testing

In order to identify the phases and the corresponding volume frac-
tions for various phases prior to tensile testing, the XRD spectra for the
samples annealed at varying temperatures (referred as unaged samples)
and for the samples after aging at 600 °C (referred as aged samples) are
shown in Fig. 1a. Since the L1, precipitates are coherent with the FCC
matrix, each of the FCC diffraction peak is actually an overlap of those
two phases. Specifically, in this work, the (311) fundamental peaks are
used to differentiate the contributions of the FCC and L1; phases. Fig. 1b
displays the close-up view of the overlapped (311) asymmetric peak of
FCC phase and L1 phase for the typical sample. Peak fitting using Gauss
function has been applied to the curve, the deconvoluted high-intensity
red peak represents the L1 phase while the relatively low-intensity peak
with green color is for the FCC phase. The integrated peak area can be
used to estimate the relative volume fraction of each phase [63]. Hence,
the relative volume fractions of various phases (FCC, B2 and L15) for
three unaged samples and three corresponding aged samples are given
in Fig. 1c. It is observed that the volume fraction of B2 phase decreases
with increasing annealing temperature, and B2 phase disappears after
annealing at 1200 °C. It is also interesting to note that the volume
fraction of B2 phase is nearly unchanged, while the volume fraction of
L1, phase dramatically increases after aging at 600 °C as compared to
the corresponding unaged samples.

The EBSD observations for various samples prior to tensile testing are
shown in Fig. 2. The inverse pole figures (IPF) for the unaged samples
are shown in Fig. 2a, b and c, respectively. The IPF for the corresponding
aged samples are displayed in Fig. 2d, e and f, respectively. In Fig. 2a and
d, only the distributions of recrystallized CGs are shown by blacking out
the area for ultrafine grains (UFGs). Thus, the samples of AN850 and
AN850_AG600 clearly show a heterogeneous grain structure consisting
of both UFGs and CGs, and the average grain size of recrystallized CGs
for these two samples is about 1.3 pm. The corresponding phase maps for
the recrystallized CG area are also displayed in the insets of Fig. 2a and
d, in which the red color represents the BCC phase (B2) and the yellow
color is for the FCC phase (FCC matrix and L15). It is clearly indicated
that B2 particle is much more likely to precipitate at both GBs and triple
junctions of FCC grains, instead of their interiors. Based on these two
phase maps, the area fraction of B2 phase for these two samples is about
17% and 13% respectively, which is consistent with the results from the
XRD measurements (Fig. 1). For the samples of AN1000 and
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Fig. 1. Phase measurements by XRD for various samples. (a) The XRD spectra for various samples. (b) The overlapped (311) asymmetric peaks of FCC phase and L1,
phase for the AN1000 sample. (c) The relative volume fractions of various phases (FCC, B2 and L15) for three unaged samples and three corresponding aged samples.

Fig. 2. EBSD observations for various samples prior to tensile testing. IPF images for the unaged samples: (a) the AN850 sample; (b) the AN1000 sample; (c) the
AN1200 sample. IPF images for the aged samples: (d) the AN850_AG600 sample; (e) the AN1000_AG600 sample; (f) the AN1200_AG600 sample.

AN1000_AG600, the whole area is observed to be fully recrystallized
while the microstructures still clearly show a heterogeneous grain
structure. In these two samples, the average grain size for the big grains
is over 10 pm, while the average grain size for the small grains is about 3
pm. The samples of AN1200 and AN1200_AG600 show a relatively ho-
mogeneous structure, and the average grain sizes for these two samples
are about 412.3 and 287.9 pum, respectively. A few of annealing twins
can also be observed in these two samples.

TEM images for the sample of AN850 are displayed in Fig. 3. In
Fig. 3a, both recrystallized CG area and UFG area can be identified, with
a clear boundary for these two areas. Fig. 3b shows the close-up view for
the un-recrystallized UFG area, B2 particles can be found in this area and
be identified by the selected area diffraction (SAD) pattern, and the
average size of B2 particles is at sub-micron level. Moreover, high
density of dislocations is also observed in this un-recrystallized UFG
area, which is in sharp contrast with the clear interior for the recrys-
tallized CG area. In the close-up view for the recrystallized CG area

(Fig. 3c), B2 particle can also be clearly identified by the selected area
diffraction (SAD) pattern. It is shown that the grains for the recrystal-
lized CG area are nearly free of dislocations due to annealing at 850 °C.
Moreover, annealing twins are seen in the FCC CG grains. The B2 par-
ticles are also observed to be mostly at sub-micron level. The EDS
mapping for an area with a B2 particle is shown in Fig. 3d, in which the
element distributions along the marked yellow line are also given. As
indicated, Al and Ni elements are enriched in the B2 particle. Previous
research [60] has also indicated that the Ni element is highly enriched
(about 63%) and the Al element is slightly enriched in the L15 phase.
Bright-field and Dark-field TEM images for characterizing the size,
the interspacing and the relative volume fraction of L15 phase in the FCC
matrix for the samples of AN850 and AN850_AG600 are shown in Fig. 4.
Fig. 4a and c display the bright-field TEM images for the samples of
AN850 and AN850_AG600, respectively. In Fig. 4a and c, both the FCC
phase and the L1; phase can be identified by SAD patterns in the insets.
The Dark-field TEM images for the samples of AN850 and AN850_AG600
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Fig. 3. (a) Bright-field TEM image for the AN850 sample prior to tensile testing. (b) Close-up view for the un-recrystallized UFG area in the AN850 sample. (c) Close-
up view for the recrystallized CG area in the AN850 sample. (d) EDS mapping for an area with a B2 particle and the element distributions along the marked

white line.

are displayed in Fig. 4b and d respectively, in which bright points
represent the L1, particles. The volume fraction of L1, phase was
determined by XRD measurements, and was confirmed by numerous
dark-field TEM images. Based on the information for volume fraction,
the interspacing and the size of L1, particles were determined by
numerous HRTEM images (Fig. 5). The average size of L1, particles is
estimated to be about 8.5 and 18.4 nm, the average interspacing of L1,
particles is estimated to be about 12.5 and 3.1 nm, and the relative
volume fraction of L1, particles in the FCC matrix is estimated to be
about 15% and 55% for the samples of AN850 and AN850_AG600,
respectively. It is clearly indicated that the average size becomes larger,
the interspacing becomes smaller and the relative volume fraction be-
comes higher for L1, particles after aging at 600 °C. Thus, both samples
of AN850 and AN850_AG600 have dual heterogeneous structures, but
the heterogeneity becomes more severe after aging.

The HREM images and the corresponding images after fast Fourier
transform (FFT) and inverse FFT for characterizing the size, the shape
and the interspacing of L15 phase in more details for the samples of
AN850 and AN850_AG600 are shown in Fig. 5. Fig. 5a and b show the
HREM images for the samples of AN850 and AN850_AG600 respec-
tively, in which the corresponding images of the marked rectangle areas

after FFT and inverse FFT are also displayed. In Fig. 5a and b, the FFT
images with electron beams closely parallel to the [001] zone axis and
the [001] zone axis for the marked rectangle areas clearly indicate that
these two nano-domains represent the FCC matrix and the L1, phase
respectively, which are consistent with the atomic packing rules for the
corresponding images after FFT and inverse FFT. The large-area images
after FFT and inverse FFT for the samples of AN850 and AN850_AG600
are displayed in Fig. 5c and d respectively, in which the L1 nano-
particles are marked and circled by yellow lines. It is clearly indicated
that the average size and the relative volume fraction increase, while the
average interspacing decreases for the L1, nano-particles after aging at
600 °C.

3.2. Tensile properties and HDI hardening

In order to illustrate the aging effect on the tensile properties, a series
of tensile tests have been conducted on the unaged samples and the aged
samples. The selected engineering stress-strain curves for the unaged
samples and the aged samples are shown in Fig. 6a and b, respectively.
In Fig. 6a and b, the yield strength points are marked by circles while the
ultimate strength points are indicated by squares. The strain hardening
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Fig. 4. Bright-field (a,c) and dark-field TEM (b,d) images for characterizing the size, the interspacing and the relative volume fraction of L1, phase in the FCC matrix

for the samples of AN850 (a,b) and AN850_AG600 (c,d).

rate @ are plotted as a function of true strain for typical samples in
Fig. 6¢c. Two interesting observations should be noted: (i) The hardening
rates for the samples after aging display a transient up-turn phenome-
non; (ii) The samples after aging are observed to have a higher hard-
ening rate as compared to the corresponding unaged samples. This
transient up-turn hardening behavior is typically thought to be induced
by the HDI hardening and the heterogeneous elasto-plastic deformation
among various domains with dramatic different mechanical properties,
resulting in better tensile properties [13]. The higher strain hardening
rate for the aged samples can be attributed to the more severe hetero-
geneity after aging. Then, yield strength is plotted as a function of uni-
form elongation for the present results in Fig. 6d. It is interesting to note
that the samples after aging show a better synergy of strength and
ductility than the corresponding unaged samples, and the corresponding
deformation and microstructural mechanisms would be revealed next.

It has been reported [13,28,31-35] that excellent tensile properties
can be achieved by heterogeneous structures due to the HDI hardening,
which can be attributed to the back stress that arises from plastic
deformation incompatibility between hard and soft domains. In the dual
heterogeneous structure, the smaller UFG grains can be considered as
hard domains as compared to the larger CG grains (soft domains), while
the B2 and L1, particles can be considered as even harder domains as
compared to the FCC matrix. Thus, the HDI hardening should play an
important role in such a dual heterogeneous structure, and the effect of
HDI hardening should be more obvious with increasing heterogeneity.
In this regard, in order to illustrate and compare the HDI hardening
effects on the tensile properties for the aged and unaged samples, the
corresponding LUR tests have been conducted and the true stress-strain
curves for LUR tests are shown in Fig. 7a.

The typical hysteresis loops at selected unloading strains are dis-
played in Fig. 7b. The back stress (HDI stress) can be calculated by the
average value of the unloading yield stress and the reloading yield stress
(marked red and blue circles in Fig. 7b, ogp; = (64 + 61)/2) from the
hysteresis loops of LUR tests, based on the method proposed in our
previous paper [34]. Then, oyp; and increment of oyp; after yielding

(oupr — oupi, 0.2) are plotted as a function of true strain for these four
samples in Fig. 7c. As shown in Fig. 7c, the slopes of the curves for the
aged samples are larger than those for the unaged samples. Finally, the
HDI hardening rate is plotted as a function of true strain for these four
samples in Fig. 7d. It is clearly indicated that the HDI hardening rates for
the aged samples are much higher than those for the unaged samples.
These observations confirm that the HDI hardening plays a more
important role in the aged samples than in the unaged samples, which
could be the origin of the better tensile properties in the aged samples.

3.3. The microstructural mechanisms for strain hardening

In general, the HDI hardening is accommodated by the GNDs at the
boundaries of hard and soft domains [13,34,35,64]. In the present dual
heterogeneous structures, GNDs can be produced at the boundaries of
UFG grains and CG grains, as well as at the boundaries of different
phases (FCC, B2, L15). The density of GNDs can be estimated by the KAM
value using a method based on the strain gradient theory, which was
proposed by Gao and Kubin [65,66]: pgnp = 26/1b. Where, pgnp is the
GND density at local points, 6 represents the misorientation at local
points, [ is the unit length (10 pm in the present study) for the local
points, and b is the Burger’s vector for the materials (0.254 nm for the
current HEA). Thus, the microstructures prior to and after tensile testing
for the AN850 and AN850_AG600 samples have been characterized by
EBSD, and are displayed in Fig. 8. Fig. 8a and b show the KAM mappings
for the sample of AN850 prior to and after tensile testing, respectively.
Fig. 8d and e display the KAM mappings for the sample of AN850_AG600
prior to and after tensile testing, respectively. Then, the histogram dis-
tributions of GND density prior to and after tensile testing for the sample
of AN850 and for the sample of AN850_AG600 are displayed in Fig. 8c
and f, respectively. Moreover, the average GND densities prior to and
after tensile testing for these two samples are also calculated and indi-
cated in Fig. 8c and f. Thus, the increment of GND density after tensile
deformation for the sample of AN850 is estimated to be about 1.064 x
10 m_z, while that for the sample of AN850_AG600 is observed to be
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Fig. 5. HREM images for characterizing the size, the shape and the interspacing of L1, phase in the FCC matrix for the samples of (a) AN850 and (b) AN850_AG600.
The corresponding images after FFT and inverse FFT for the samples of (c) AN850 and (d) AN850_AG600.
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Fig. 6. Tensile properties for various samples. (a) Engineering stress-strain curves for the unaged samples. (b) Engineering stress-strain curves for the aged samples
(the corresponding curves for the unaged samples are also shown for comparison with faded dash lines). (c) © as a function of true strain for selected samples. (d)
Yield strength as a function of uniform elongation for all tested samples in the present study.

much higher (about 2.108 x 104 m’z). These results indicated that the
strain gradient is more severe in the aged samples as compared to the
unaged samples, producing higher density of GNDs, and resulting in
stronger HDI hardening for better tensile properties.

TEM observations after tensile testing for the sample of AN850 are
displayed in Fig. 9. Extended dislocation pile-ups against two B2 parti-
cles can be clearly observed in Fig. 9a, in which leading and trailing
partial dislocations are blocked by two B2 nano-particles, leaving SFs
between them. Lines of SFs are not clean any more due to the in-
teractions of dislocations from other slip systems with SFs. High density
of extended dislocations on two inter-crossing (111) planes are also
observed in the FCC matrix, accompanied with formation of Lomer-
Cottrell (L-C) locks (Fig. 9a). Dislocation accumulation around the B2
particle is also observed in Fig. 9b, in which high density of bowing full
dislocations are blocked and ends of bowing dislocations are pinned by
B2 particles. The bulging dislocation lines around B2 nano-particles
indicate that dislocations are pushed by the externally applied stress
to bow around B2 particles. Hence, the B2 particles act as strengthening/
strain hardening agents to block dislocations, resulting in Orowan-type
by-pass strengthening/hardening for excellent tensile properties. The
size and interspacing of B2 particles is hundreds of nm, which should be
very effective on the Orowan-type strengthening/hardening.

It is clearly indicated earlier that the average size is larger, the
interspacing is smaller and the relative volume fraction is higher for the
L1, phase in the aged samples. Thus, HREM observations after tensile
testing for the sample of AN850_AG600 are displayed in Fig. 10 to show

the interaction mechanisms between dislocations and Ll; nano-
particles. It is interesting to note that dislocation density is consider-
ably higher near/inside L1, nano-particles than that away from L1,
nano-particles (Fig. 10a). High density of dislocations are also observed
inside L1, nano-particles in Fig. 10b, indicating in a shearing mechanism
of L1, nano-particles by dislocations. In Fig. 10c, extended dislocations
on two inter-crossing (111) planes are observed to be nucleated in the
FCC matrix and propagate toward and across the boundary between FCC
phase and L1; phase, leading to formation of L-C lock inside the L1,
nano-particle. Unlike the harder B2 particles, the softer L1, nano-
particles can be sheared by dislocations, resulting in shearing
strengthening/hardening for extraordinary tensile properties. The size
and interspacing of L1, nano-particles are both at nanometer scale and
the interspacing is even smaller for the aged samples as compared to the
unaged samples, which should also be very effective on the shearing
strengthening/hardening, resulting in better tensile properties in the
aged samples as compared to the unaged samples.

3.4. Strengthening mechanisms

In general, the total yield strength traditionally has attributions from
several aspects: the solid-solution strengthening og, the dislocation
strengthening og;s, the grain-boundary strengthening ogp, and the pre-
cipitation hardening ops.

Since the dislocation density is very low in the recrystallized grains,
dislocation strengthening can be evaluated by the Taylor hardening law:
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Fig. 7. HDI hardening for the typical unaged samples and aged samples. (a) True stress-strain curves for LUR tests. (b) Typical hysteresis loops at selected unloading
strains. (¢) oypr and increment of oypy after yielding (6upr — oupy, 0.2) as a function of true strain. (d) HDI hardening rate as a function of true strain.

Gais = furxMaGb/p g (&)

Where fyry is the relative volume fractions of un-recrystallized part
(45% for AN850 sample and 30% for AN850_AG600 sample), a =0.2isa
constant, M = 3.06 is the Taylor factor for FCC matrix, G = 77 GPa is the
shear modulus, and b = 0.254 nm is the Burgers vector. Moreover, the
dislocation density can be estimated by the KAM value. In the present
study, the dislocation strengthening effect mainly results from the GNDs
since the density of retained statistically stored dislocations is very low
due to the recovery upon annealing [41]. Thus, the contributions of
dislocation strengthening are calculated as 87 MPa for AN850 sample
and 58 MPa for AN850_AG600 sample.

According to the Hall-Petch relation [67], the contribution of grain-
boundary strengthening can be estimated by:

Ogp = Kyod 't )

where d is the mean grain diameter, and Ky is the coefficient
parameter (Ky = 378.6 MPa-pml/ 2 for our alloy [60]). For the hetero-
geneous grained samples (AN850 and AN850_AG600), the average grain
size can be estimated by:

d = drx+frx + durx *furx 3

where f gx is the relative volume fraction of recrystallized part, drx

and durx are the mean grain sizes of recrystallized part and un-
recrystallized part. For AN850 sample: dxx=1.47 pm, dyrx= 0.60 pm,

frx = 55%. For AN850_AG600 sample: dgx= 1.07 pm, dyrx= 0.60 pm,
frx = 70%. Thus, the contributions of grain-boundary strengthening are

364 and 393 MPa for the AN850 sample and the AN850_AG600 sample,
respectively. Additionally, the contribution of solid-solution strength-
ening og can be determined as 196 MPa by the intercept point with the

ordinate through linear fitting for the relationship of o4}, and d.

In the precipitation-hardened alloys, the interaction between dislo-
cation and precipitate can be classified into two types: bypassing pre-
cipitates or shearing precipitates by dislocations. In this work, for the
highly ordered, coherent and nanoscale L1, precipitates, the shearing
strengthening is the dominant mechanism. However, for the relatively
large and hard B2 particles, the strengthening contribution is mainly
determined by the bypassing strengthening (Orowan-type bowing
strengthening) effect.

For the estimation of shearing contribution, the modulus mismatch
oms, the coherency o5 and the atomic ordering o, between matrix and
particle should be simultaneously considered [68-70]. The sum of
former two factors estimate the contribution prior to the shearing, and
the latter one estimates the contribution during the shearing process. In
principle, the larger one determines the final contribution. These con-
tributions can be expressed as:

3 2f 1 d 3m_p
= . . 2l — 2 — | 2
Gms = M+0.0055+(AG) (G> (Zb) 4
O = Meao(Ge6)} (%) t )
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Fig. 9. TEM observations after tensile testing for the sample of AN850. (a) Interactions of extended dislocations with B2 particles. (b) Interactions of full dislocations
with B2 particles.

o = M+0.81720 (3—”f) 5

2b \ '8 ©

Where AG = 4 GPa is the modulus mismatch between the matrix and
precipitates, f is the volume fraction of the ordered L1, precipitates, d is
the average diameter of precipitate, a,.= 2.6 for FCC structure [71]. § is

the constrained lattice misfit, the lattice constant can be derived from
XRD patterns, yapb= 0.2 J/m? is the antiphase boundary free energy of
the NisAl precipitate phase [60]. Consequently, the contributions of
shearing precipitation for the AN850 sample are 335 MPa (o5 + 0cs=

96 MPa, 6,5= 335 MPa). Similarly, for the AN850_AG600 sample, the
resultant contribution is 791 MPa (65 + 0cs= 563 MPa, 6,s= 791 MPa).
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Fig. 10. HREM observations after tensile testing for the sample of AN850_AG600. (a) Dislocation accumulation around L1, nano-particles, in which the FCC phase
and the L1, phase are indicated by the image after FFT and the dislocations (marked by T) can be clearly seen in the corresponding image after FFT and IFFT. (b)
Shearing of L1, nano-particles by dislocations, in which high density of dislocations can be clearly observed inside L1, nano-particles in the corresponding images
after FFT and IFFT. (c) Extended dislocations on two inter-crossing (111) planes across the boundary between FCC phase and L1, phase, leading to formation of L-C

lock inside L1, phase.

The contribution of Orowan-type strengthening can be written as:

In| /244
 0.4MGb (ﬁ b)
T avl—v Ap

where v = 0.31 is the Poisson’s ratio and 4, is the average edge-to-
edge inter-distance of B2 precipitates [44,72]. Thus, the contributions
of bypassing mechanisms for the B2 particles are calculated as 46 MPa
for AN850 sample and 65 MPa for AN850_AG600 sample. Obviously, the
contribution of by-pass strengthening is relatively low compared to the
shearing strengthening, mainly due to the much larger interspacing of
B2 particles in both samples.

In summary, the theoretical calculation strength of the AN850
sample and AN850_AG600 sample are estimated as 1028 MPa and 1503
MPa, respectively. A discrepancy is observed between the predicted
results and the experimental data, which could be attributed to the other
unconsidered strengthening effects, such as extra HDI strengthening and
strengthening by chemical short-range order (CSRO) [35,73-78]. The

)

O bypass

10

dislocation strengthening is closely related to the existing GNDs prior to
tensile testing, according to the Taylor equation. While the yielding
process in the heterogeneous structure displays an elasto-plastic tran-
sition stage. The load transfer and strain partitioning can produce new
GNDs upon tensile loading, resulting in HDI strengthening. CSRO has
been found to have strong strengthening effect due to the interactions
between dislocations and CSRO domains. In general, the degree of CSRO
increases after long-time aging at low temperatures [73,76]. Thus, the
aged samples should have a higher degree of CSRO and have a higher
strengthening contribution from CSRO, which is consistent with the
larger discrepancy between the predicted results and the experimental
data for the aged samples, as shown in Fig. 11. The characterization of
CSRO and the estimation for the strengthening contribution of CSRO
will be studied in the future work.

4. Summary and concluding remarks

In the present study, a complex heterogeneous structure with both
heterogeneous grain structure and dual nanoprecipitates (B2 and L13)
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has been obtained in a Alg 5Crg oFeNis 5V 2 HEA utilizing cold rolling
followed by annealing and aging. Then, the tensile properties and the
corresponding deformation mechanisms have been investigated, and the
findings are summarized as follows:

(1) The volume fraction of B2 phase is nearly unchanged after aging.
While for L1, particles after aging, it is clearly observed that the
average size becomes larger (from 8.5 to 18.4 nm), the inter-
spacing becomes smaller (12.5 to 3.1 nm) and the relative volume
fraction (from 15% to 55%) becomes higher, resulting in a more
severe heterogeneity.

(2) The aged samples are found to display a better synergy of strength
and ductility than the corresponding unaged samples. The aged
samples show a transient up-turn strain hardening behavior and a
higher hardening rate as compared to the corresponding unaged
samples. The HDI hardening rates for the aged samples are
observed to be much higher than those for the unaged samples.
The HDI hardening plays a more important role in the aged
samples than in the unaged samples, which is the origin of the
better tensile properties in the aged samples.
(3) The strain gradient during tensile deformation is found to be
more severe in the aged samples as compared to the unaged
samples, producing higher density of GNDs, and resulting in
stronger HDI hardening for better tensile properties. B2 particles
are observed to block dislocations for dislocation accumulation,
resulting in Orowan-type bowing strengthening/hardening.
While, shearing strengthening/hardening mechanism has been
observed for L1, nano-particles. The size and interspacing of L1,
nano-particles are at nanometer scale for the unaged samples,
and the interspacing is even smaller for the aged samples as
compared to the unaged samples, which should be very effective
on hardening and strengthening by accumulating dislocations at
phase interfaces.

(4) A theoretical analysis based on dislocation strengthening, GB

strengthening, Orowan-type bowing strengthening of B2 parti-

cles, shearing strengthening of L1, nano-particles and strength-
ening of CSRO has been conducted to predict the strength of the
unaged and aged samples, the predicted results are in relatively
well agreement with experimental data. The present results
should provide insights for achieving extraordinary tensile
properties in HEAs by architecting dual heterogeneous structures.
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