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Coherent cuboidal B2 nanoprecipitation in body-centered cubic (BCC)-based high-entropy alloys
(HEAs) is important for the improvement of mechanical strength. The present work primarily
investigated the effect of Ti substitution for Al on the cuboidal B2 nanoprecipitates in BCC
Al0.7NiCoFeCr2 HEAs. A series of (Al,Ti)0.7NiCoFeCr2 HEAs with different Al/Ti ratios were
prepared by suction-cast processing, and their microstructures and mechanical properties were
then characterized comprehensively. It was found that the substitution of Ti for Al can change the
phase structures of ordered precipitation, from the B2-AlNi to a highly ordered L21-Ni2AlTi
phase. Especially, a small amount addition of Ti (#4.2 at.%, Al/Ti ratio $2/1) renders the HEAs
with cuboidal L21 nanoparticles coherently precipitated into the BCC matrix, which is attributed
to the moderate lattice misfit (e 5 0.5–0.6%) between BCC and L21 phases. HEAs with such
coherent microstructures exhibit high compressive yield strength of about 1700–1800 MPa. When
the Ti content reaches up to 6.25 at.%, the matrix of the alloy will be turned into the r phase,
rather than BCC, leading to a heavy brittleness.

I. INTRODUCTION

Recently, high-entropy alloys (HEAs) have attracted
more attention due to their unique properties caused by
simple crystalline structures and multiple-component
mixing.1–5 They generally possess simple crystalline
structures, such as face-centered-cubic (FCC),6,7 body-
centered-cubic (BCC),8–10 and hexagonal close-packed
(HCP) solid solution structures.11–13 For instance, the
single-phase FCC CoCrFeNiMn (in equimolar fraction)
HEA displays outstanding damage tolerance with higher
tensile strength and fracture toughness than traditional
engineering stainless steels at cryogenic temperatures.6

Refractory high-entropy alloys with a single-phase BCC
structure exhibit good oxidation- and corrosion-
resistances at high temperatures (HTs) besides their high

strengths.8–10 To further improve the strength of HEAs,
some kinds of intermetallic compounds, such as Laves
phase and coherent ordered phases (L12-Ni3Al, B2-NiAl,
and L21-Ni2AlTi), are expected to be precipitated in the
FCC or BCC solid solution matrix.14–17

High strength and good ductility of engineering alloys at
elevated temperatures are mainly dependent on the mor-
phologies (shape and size) and distribution of precipi-
tates.18,19 Specially, the coherent precipitation of cuboidal
L12-Ni3Al nanoparticles from the parent FCC matrix is
expected in Ni-based superalloys since this kind of micro-
structure can contribute to the prominent high-temperature
creep-resistant properties.20,21 Such a phenomenon also
occurred in HEAs.15,22,23 The dispersion of spherical L12-
Ni3(Al,Ti) nanoparticles in the FCC matrix renders the
(FeCoNiCr)94Al4Ti2 (at.%) HEA with high strength and
good ductility.15,22 Similarly, the BCC Al0.7NiCoFe2Cr
HEA possesses an excellent combination of higher strength
and good ductility at room- and elevated-temperatures,
which is resulted from the coherent precipitation of
cuboidal B2 nanoparticles in the BCC matrix.23

It is difficult to achieve cuboidal or spherical shapes of
coherent B2 precipitates in BCC-based HEAs due to the
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large composition difference between BCC and B2
phases that can induce a large lattice misfit.24 The
weave-like microstructure caused by spinodal decompo-
sition between these two phases is always existed in
BCC/B2 Al-contained HEAs, like AlNiCoFeCr,25,26

resulting in a serious brittleness. Further addition of
a small amount of Ti into AlNiCoFeCrTix (x , 0.5, Ti
, 9.1 at.%) HEAs does not change the morphology of
alloys, still keeping the spinodal decomposition of BCC
and B2 phases.27,28 However, a large amount of Ti
addition (16.7–23 at.%) in this HEA series could change
the phase constitutions, in which the L21-Ni2AlTi and
Fe2Ti-type Laves phases replaced the B2 to be as the
secondary strengthening phases on the BCC matrix.28,29

It was noted that the precipitation of the Fe2Ti phase in
the BCC-based AlNiCoFeCrTi1.5 HEA reduced the
plasticity seriously although the strength was enhanced.28

Occasionally, there also exist other kinds of brittle
phases, such as chi-phase (cI-Mn type), R-phase (hR-
Ni2Ti type), r phase (tP-CrFe type), etc., all of which
will deteriorate mechanical properties of HEAs.30,31

It was found that the coherent spherical B2 nano-
precipitation in the BCC matrix of the Fe–10Cr–10Ni–
6.5Al–3.4Mo (in weight percent, wt%) ferritic steel,
designated as the FBB8 alloy, can enhance the mechan-
ical properties at both room- and high-temperatures.32,33

Intriguingly, further addition of 2 wt% Ti into FBB8
renders the alloy with cuboidal L21/B2 hierarchical
nanoprecipitates, resulting in a significant improvement
of the creep-resistant property at a HT of 700 °C.33–36 In
addition, cuboidal L21 nanoparticles were also precipi-
tated in a newly designed light-weight BCC-based
Al1.5CrFeMnTi HEA, which exhibits a high microstruc-
tural stability.37 In our recent work, we designed a series
of HEAs23,38 with a composition of Al2M14 (M repre-
sents different combinations of Ni, Co, Fe, and Cr) with
the guide of the cluster formula approach,39 in which the
cuboidal B2 nanoparticles are found to be precipitated
coherently into the BCC matrix.23,38 Among them, the
typical BCC Al0.7NiCoFeCr2 HEA, derived from the
composition of Al2M14 with M5 Ni1Co1Fe1Cr2, exhibits
a higher yield strength of above 1700 MPa due to the

special coherent microstructure.38 Similar to Al, Ti also
interacts strongly with Ni, Co, Fe, and Cr, which can be
characterized by the enthalpy of mixing, DH, between Al
and Ti with these transition metals.40 Actually, the
influence of Ti, as a replacer of Al, on the microstructure
of HEAs has seldom been reported. Therefore, the
present work will aim primarily at investigating the phase
constitution and particle morphology in (Al,Ti)0.7NiCo-
FeCr2 HEAs by the Ti substitution for Al, in which the
Al/Ti ratios are changed, while the combination of
transition metals is fixed. The microstructure evolution
induced by the Ti substitution for Al in this HEA series
will be discussed from the viewpoint of the lattice misfit
between the coherent phases and matrix. The mechanical
properties of the designed HEAs will also be discussed.

II. EXPERIMENTAL

Four alloys of (Al,Ti)0.7NiCoFeCr2 with different
Al/Ti ratios were prepared by means of arc melting and
suction cast into a 3 mm-diameter cylindrical copper
mold under an argon atmosphere. Purities of the raw
elemental metals are 99.99% for Al, Ti, Co, Fe, and Ni,
and 99.9% for Cr. Mixtures of raw materials with
appropriate compositions and a total weight of about
5 g were remelted at least five times to ensure the
chemical homogeneity before suction casting. The basic
Al0.7NiCoFeCr2 alloy without Ti is denoted as T0, and
the alloys with different Al/Ti ratios of 3/1, 2/1, and 1/1
are denoted as T1, T2, and T3, respectively. Table I lists
the chemical compositions in atomic percent (at.%) of
these designed HEAs.

The crystalline structures of these as-cast alloys were
identified, using a Bruker D8 X-ray diffractometer (XRD;
Bruker, Ettlingen, Germany) with a Cu Ka radiation (k 5
0.15406 nm) and a scanning speed of 2°/min, in which an
external standard method was applied to calculate the lattice
constants of phases.41 The microstructure was examined
using an Olympus optical microscope (OM; Olympus
Corporation, Tokyo, Japan), Zeiss Supra 55 scanning
electron microscope (SEM; Carl Zeiss, Oberkochen, Ger-
many), and JEOL-JEM-2100F field emission transmission

TABLE I. Data summary for the designed HEAs with different Ti contents, including nominal formula and compositions in atomic percent, phase
constitutions and their volume fraction (f), lattice constant (a), lattice misfit (e), average particle size (r) of L21 and B2 phases, compressive yield
strength (ry), and microhardness (HV).

No. Nominal formula (composition in at.%) Phase constitution (f, %) a (nm) e (%) r (nm) ry (MPa) HV

T0
Al0.7NiCoFeCr2
(Al12.5Ni17.5Co17.5Fe17.5Cr35)

BCC 1 B2 (;55%)
aBCC 5 0.2856 6 0.0003

0.45 6 0.11 100 6 20 1705 6 34 626 6 6
aB2 5 0.2869 6 0.0006

T1
(Al3Ti)0.7NiCoFeCr2
(Al9.4Ti3.1Ni17.5Co17.5Fe17.5Cr35)

BCC 1 L21 (;46%)
aBCC 5 0.2875 6 0.0002

0.54 6 0.12 80 6 10 1791 6 18 641 6 6
aL21 5 0.5781 6 0.0003

T2
(Al2Ti)0.7NiCoFeCr2
(Al8.3Ti4.2Ni17.5Co17.5Fe17.5Cr35)

BCC 1 L21 (;49%)
aBCC 5 0.2893 6 0.0002

0.65 6 0.10 55 6 5 1826 6 42 634 6 7
aL21 5 0.5824 6 0.0002

T3
(AlTi)0.7NiCoFeCr2
(Al6.25Ti6.25Ni17.5Co17.5Fe17.5Cr35)

r 1 L21 1 BCC
ar 5 0.8817 6 0.0006

. . . . . . . . . 924 6 6
cr 5 0.4562 6 0.0004
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electron microscope (TEM; JEOL Ltd., Tokyo, Japan)
equipped with a JEM2100F FEG scanning transmission
electron microscope (STEM; JEOL Ltd., Tokyo, Japan).
The etching solution used for the sample preparation for
OM and SEM observations contains 5 g FeCl3�6H2O 1
25 mL HCl 1 25 mL C2H5OH, and the TEM samples
were prepared by twin-jet electropolishing in a solution of
10% HClO4 1 90% C2H5OH (volume fraction) at
a cryogenic temperature of �30 °C. Statistical analysis
on the volume fraction and the particle size of BCC, B2,
and L21 phases were performed with at least 3 SEM or
TEM morphology images. The elemental distributions and
chemical compositions in different regions of HEAs were
analyzed by using a SHIMADZU electron probe micro-
analyzer (EPMA; Shimadzu, Kyoto, Japan).

The uniaxial compressive tests were conducted on an
810 Material Test System (MTS, Cary, North Carolina) at
a nominal strain rate of 2 � 10�3/s at room temperature.
The machine stiffness was first evaluated to compensate
the true strain. It was measured by compressing a same-
size 310S stainless steel sample with a known Young’s
modulus of 205 GPa, from which the force–displacement
curve was obtained, and the machine stiffness was
deduced after subtracting the elastic contribution from
the 310S sample. The measured machine stiffness was
subsequently integrated in the compressive strain to
properly convert the engineering compression to true
compression. At least three cylindrical specimens with
a size of f 3 � 6 mm were tested for each alloy. Values
of microhardness of HEAs were measured using a HVS-
1000 Vickers hardness tester under a constant load of
500 g for 20 s, and at least 12 indents were taken.

III. RESULTS

A. Microstructural characteristics

The XRD patterns for the designed as-cast HEAs are
shown in Fig. 1, in which the basic Al0.7NiCoFeCr2 HEA
without Ti (T0) exhibits a single BCC/B2 phase, since it
contains a much more amount of BCC-stabilizers (Fe and
Cr).38 The substitutions of Ti for Al in T1 (Al/Ti 5 3/1)
and T2 (Al/Ti5 2/1) alloys widen the primary diffraction
peaks of (110) and (200) of the BCC phase strongly,

FIG. 1. XRD patterns of the designed HEAs with different Ti
contents.

FIG. 2. OM and SEM micrographs of HEAs: (a) and (b) for the basic
Al0.7NiCoFeCr2 alloy without Ti (T0); (c) and (d) for the alloy with an
Al/Ti ratio of 3/1 (T1); (e) and (f) for the alloy with an Al/Ti ratio of
2/1 (T2); (g) and (h) for the alloy with an Al/Ti ratio of 1/1 (T3).
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which is resulted from the precipitation of the coherent
L21-Ni2AlTi phase (a highly ordered superstructure of
BCC). That is to say, a certain amount of Ti addition can
induce a phase transition from the ordered B2 to a highly
ordered L21 phase in BCC-based HEAs. However, the
further substitution of Ti (6.25 at.%) for Al changes
the structure of the matrix from the BCC to a r phase
with a tetragonal structure in the T3 alloy with a Al/Ti
ratio of 1/1, besides the L21 precipitation. The lattice
constants of the phases in these HEAs were also
measured and are listed in Table I. Moreover, the
morphological variations in this HEA series were
confirmed by OM and SEM observations, as shown
in Fig. 2. The basic T0 alloy is composed of coarse
columnar dendrites [Fig. 2(a)], in which a large
amount of cuboidal B2 nanoparticles (with a size of
80–120 nm) are coherently precipitated in the BCC
matrix [Fig. 2(b)].38 While the substitutions of Ti for
Al render the alloys (T1–T3) with fine equiaxed
dendrites [Figs. 2(c), 2(e), and 2(g)], and with
a weave-like microstructure composed of BCC and
L21 in the interdendritic regions [Figs. 2(d), 2(f), and
2(h)]. It is noted that a similar morphology of cuboidal

L21 nanoparticles appears in the BCC inner-dendrites
in T1 and T2 alloys. Although the T3 alloy is still
constituted of fine equiaxed dendrites, it does not show
the BCC structure, but the r. It was also demonstrated
by the EPMA results (Fig. 3), in which Cr and Fe are
enriched in the inner-dendrites, while Al, Ti, and Ni
are especially segregated in the interdendrites. The
compositions in the inner-dendritic and interdendritic
regions are about Al3.8Ti3.5Ni12.5Co16.4Fe19.0Cr44.8
and Al15.0Ti13.8Ni25.7Co18.0Fe10.2Cr17.3 (at.%), respec-
tively. Obviously, the Cr and Fe contents in inner-
dendrites are higher than the values of the nominal
composition, Al6.25Ti6.25Ni17.5Co17.5Fe17.5Cr35. The total
amount of Fe and Co is very close to that of Cr, indicating
that the matrix structure has transformed into a (Fe,Co)Cr-
type r phase. In addition, the serious segregation of Al
and Ti in the interdendrites results in the total amount of
(Al 1 Ti) almost equal to that of Ni, demonstrating that
the precipitation phase is L21-Ni2AlTi, which is in
consistent with the XRD results.

To determine the morphology evolution of nanopreci-
pitates with Ti alloying, TEM analysis was performed
particularly. For the basic T0 HEA, the dark-field (DF)

FIG. 3. Elemental distributions of the T3 alloy (Al/Ti 5 1/1) mapped by using an EPMA. (a) Backscattered electron image of the T3 alloy; (b–g)
elemental distributions of Al, Ti, Ni, Fe, Cr, and Co, respectively.
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image and the selected-area electron diffraction (SAED)
pattern in Fig. 4(a) verify that it is the cuboidal B2
nanoparticles with a volume fraction of about 55%
precipitated coherently in the BCC matrix. Intriguingly,
in the T1 HEA with an Al/Ti ratio of 3/1 (3.1 at.% Ti),
the representative SAED pattern along h110iBCC and its
corresponding DF image taken from the inner-dendrites
demonstrate that the coherent nanoprecipitates still main-
tain the special cuboidal shape but possess a L21-Ni2AlTi
structure due to the appearance of the weak diffraction
spots of 1�1�1ð Þ and 1�1�3ð Þ peculiar to L21, not B2, in the
BCC matrix, as shown in Fig. 4(b). The particle size of the
cuboidal L21 nanoprecipitates is in the range of 70–90 nm,
and the volume fraction is about 46%. In addition, the
weave-like microstructure in the interdendrites is also
composed of the L21 coherent precipitates with the BCC
matrix [Fig. 4(c)]. Further addition of Ti (4.2 at.% Ti) with
a ratio of Al/Ti 5 2/1 does not change the coherent
morphology of L21 in the T2 alloy, in which the cuboidal
L21 nanoparticles are still precipitated in the BCC matrix
with a size of 50–60 nm and a volume fraction of about
49% in the inner-dendrites, as presented in Fig. 4(d). And

the weave-like microstructure of BCC/L21 in the interden-
drites is similar to that in T1 [Fig. 2(f)]. It is worth noting
that the particle size of cuboidal L21 nanoprecipitates is
gradually reduced with increasing the Ti content, while the
volume fraction of L21 precipitates in the inner-dendrites
keeps almost constant.

The high-resolution TEM (HRTEM) images of the T1
HEA are displayed in Fig. 5, in which the interface
between the BCC matrix and the cuboidal L21 nano-
precipitate is marked with a black curve [Fig. 5(a)].
Obviously, there exists only one group of parallel atomic
planes on the right side of the interface, as shown in
Fig. 5(b). The fast Fourier transformation (FFT) pattern
[Fig. 5(c)] taken from the red flame in Fig. 5(a)
demonstrates that this group of planes of �110ð Þ in one
direction belongs to the BCC phase, which are marked
with red lines in Fig. 5(b). Distinctly different from the
right side, there also exist another two groups of parallel
atomic planes, 1�11ð Þ and �111ð Þ, on the left side of the
interface, respectively marked with purple and yellow
lines in Fig. 5(b), which are confirmed to be peculiar to
the L21 by the FFT pattern [Fig. 5(d)].

FIG. 4. TEM DF images and corresponding SAED patterns of HEAs. (a) cuboidal B2 nanoparticles embedded coherently into the BCC matrix of
the T0 (Ti 5 0); (b) cuboidal L21 nanoprecipitates in the inner-dendrite of the T1 (Al/Ti 5 3/1); (c) BCC/L21 in the interdendrite of the T1; and
(d) cuboidal L21 nanoprecipitates in the inner-dendrite of the T2 (Al/Ti 5 2/1).
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Moreover, the elemental distribution in the T1 alloy is
also analyzed with the STEM, as shown in Fig. 6, in
which the selected region is close to the grain boundary
of the equiaxed dendrites, including the inner-dendrite
and interdendrite. It is found that the Al, Ti, and Ni
elements are enriched in both the cuboidal nanoparticles
of the inner-dendrite and the plate-like precipitate in the
interdendrite. The measured chemical compositions of
these two shapes of precipitates are listed in Table II, in
which the total amount of (Al 1 Ti) is approximate to
that of Ni, indicating that both are L21-Ni2AlTi. Besides,
no matter in the inner-dendrites or in the interdendrites,
Fe and Cr are mainly segregated in the BCC matrix,
while Co is distributed homogeneously in both the BCC
matrix and L21 precipitates.

B. Mechanical properties

Figure 7 shows the true compressive stress–strain
curves of this series of HEAs at room temperature, from
which the compressive yield strength (ry) is measured
and listed in Table I. Compared with the basic T0
alloy with a BCC/B2 microstructure of coarse colum-
nar dendrites, Ti substitution for Al renders the
(Al, Ti)0.7NiCoFeCr2 serial alloys (T1 and T2) with fine
equiaxed dendrites composed of coherent BCC and L21
phases, as a result of a further increase in yield strength
from ;1700 MPa without Ti to ;1800 MPa with Ti due
to the refinement strengthening. The compressive strain
values of Ti-added alloys are also higher than that of the
basic T0 alloy. More importantly, all these three HEAs
exhibit much higher strengths, which is primarily resulted
from the coherent microstructure of cuboidal B2 or L21
nanoprecipitates in the BCC matrix. It has been demon-
strated that the coherent strengthening of cuboidal B2-
AlNi or L21-Ni2AlTi nanoprecipitates in the BCC matrix
can improve mechanical property of alloys on a large
extent.23,35,38 Comparing the T1 with the T2 containing
similar microstructure but different Ti contents, the latter
T2 HEA exhibits a relatively higher strength (1826 6
42 MPa) than the former T1 (1791 6 18 MPa), which
might be caused by the smaller particle size of L21
nanoprecipitates. Further increasing the Ti content up to
6.25 at.% in the T3 alloy with an Al/Ti ratio of 1/1, the
alloy is brittle and the fracture happens before yielding,
which is caused by the brittle r matrix. Moreover, the
microhardness HV of all the designed alloys were mea-
sured, from which it is found that the T3 alloy has the
highest microhardness with HV 5 924, while other alloys
have comparable microhardness with a value of about 630.

IV. DISCUSSION

It was known that the ordered B2 phase is always
coherent with the BCC parent phase in the Al–Ni–Co–
Fe–Cr HEA-forming system due to the strong interac-
tions between Al and these transition metals. Ti addition
can induce a phase transformation from an ordered B2-
NiAl superstructure to a highly ordered L21-Ni2AlTi
phase, also named after Heusler phase,42,43 since Ti also
acts strongly with Ni, like Al and Ni. On the other side,
the atomic size of Ti is relatively larger than those of Al
and Ni, which can result in a large lattice distortion and,
thus, induces an ordered phase transformation from B2 to
L21 phase. More importantly, in our recent work,23,24,38

the formation of a special coherent microstructure with
cuboidal B2 nanoprecipitates in BCC HEAs was found to
be related closely to the lattice misfit, e, between B2 and
BCC phases, which is expressed with the formula of
e ¼ 2� aB2 � aBCCð Þ= aB2 þ aBCCð Þ. Generally, a small
e corresponds to the formation of spherical particles and
it is difficult to control the shape of coherent particles in

FIG. 5. HRTEM images of the T1 HEA with an Al/Ti ratio of 3/1.
(a) HRTEM image showing the interfaces between the BCC matrix
and cuboidal L21 nanoprecipitate; (b) high-magnification HRTEM
image caught from (a) showing the details of the BCC/L21 interface;
(c) and (d) FFT patterns of the BCC matrix and L21 nanoprecipitate,
respectively.
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the case with a large e.44–46 Only a moderate e can
produce such a coherent microstructure with cuboidal
particles that contributes to the improvement of high-
temperature mechanical properties of alloys, especially
the creep-resistant property.20,21 The cuboidal B2 nano-
precipitates in the T0 alloy are indeed derived from the
moderate e 5 0.45%. Although the Ti substitution for Al
changes the B2 phase to L21 phase with a larger lattice
constant, nearly twice that of the BCC structure, we also

calculated the lattice misfit between BCC and L21 phases
with the formula of e ¼ 2� aL21 � aBCC � 2ð Þ=
aL21 þ aBCC � 2ð Þ, as listed in Table I. It is found that
the formations of cuboidal L21 nanoprecipitates in both
T1 (Al/Ti 5 3/1) and T2 (Al/Ti 5 2/1) are all resulted
from the moderate lattice misfit, e 5 0.54% for T1 and
e 5 0.65% for T2, respectively.

It is necessary to be pointed out that the cuboidal L21
precipitation in T1 and T2 HEAs occurs in the inner-
dendrites alone, while the interdendrites exhibit a weave-
like microstructure of L21 and BCC [Figs. 2(d) and 2(f)].
The chemical compositions of L21 and BCC phases in
different regions of the T1 HEA were measured with the
STEM analysis, as listed in Table II. It can be seen that
the Ti content in L21 increases gradually from 6.5 at.% in
the inner-dendrites, to 8.5 at.% in the near inner-
dendrites, and then to 9.9 at.% in the interdendrites.
Since the atomic size of Ti is larger than those of Ni and
Al, the increase of Ti content in L21 will surely cause
a relatively larger lattice constant, as a result of the
increase of the lattice misfit, e, between BCC and L21
phases. We roughly calculated the lattice constants of L21

FIG. 6. Elemental distribution of the inner-dendrite and interdendrite of the T1 HEA (Al/Ti 5 3/1) mapped with STEM.

TABLE II. Compositions (atomic percent, at.%) of the L21
precipitates and BCC matrix in different regions of the T1 HEA
(Al9.4Ti3.1Ni17.5Co17.5Fe17.5Cr35 at.%).

Al Ti Ni Co Fe Cr

Nominal
composition

9.4 3.1 17.5 17.5 17.5 35.0

Dendrites
L21 24.4 6.5 31.2 17.1 9.9 10.9

Matrix 3.1 0.7 9.7 17.4 20.7 48.4

Near inter-dendrites
L21 16.8 8.5 27.9 17.8 11.4 17.6

Matrix 1.5 0.6 9.3 18.1 22.0 48.5

Inter-dendrites
L21 19.4 9.9 31.7 18.4 9.9 10.7

Matrix 1.7 0.5 9.5 18.2 22.0 48.1
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and BCC phases in different regions using the SAED
patterns [Figs. 4(b) and 4(c)]. It was found that the
lattice constant of the BCC phase in the inner-dendrite
(aBCC 5 0.2878 nm) is slightly larger than that in the
interdendrite (aBCC 5 0.2866 nm), while the lattice
constant of L21 in the inner-dendrite (aL21 5
0.5781 nm) is slightly smaller than that in the interden-
drite (aL21 5 0.5792 nm). Thus, it must result in an
increase in the lattice misfit from e 5 0.43% in the
inner-dendrite to e 5 1.04% in the interdendrite.
Apparently, it can be seen from the DF images [Figs. 4(b)
and 4(c)] that the L21 nanoprecipitates in the inner-
dendrites maintain cuboidal and gradually change into
a plate-like shape in the interdendrites, which is in
coincidence with the variation tendency of lattice misfits
between BCC and L21 phases in these two regions. In
principle, the equilibrium shape of coherent precipitates is
determined by minimizing the sum of the elastic and
interfacial energies, which is closely related to the lattice
misfit (e) and average particle size (r).44–46 Actually, the
lattice misfit will be dominant to the particle shape, when
the particle size is larger than 40 nm.18,19 Thereof, it can be
concluded that the cuboidal shape of the L21 nanopreci-
pitates in the inner-dendrites of both T1 and T2 are a result
of a moderate lattice misfit of e 5 0.4–0.6%. In compar-
ison, a weave-like microstructure appears in the interden-
drites of the T1 HEA, which resulted from a much larger
lattice misfit of e 5 1.04% between the BCC and L21
phases, since it is difficult to control the shape of the
precipitates in such a case.44–46

In our recent work, it is found that the higher strength
caused by the cuboidal coherent microstructure of BCC
and B2 phases in HEAs is mainly dependent on the
coherent strengthening.38 The yield strength increment,
DrCS, produced by coherent precipitation can be calcu-
lated with the following equation18,19,47:

Drcs ¼ M � ae � Gecð Þ3=2 � rf =0:5Gbð Þ1=2 ;

where M 5 2.73 for the BCC structure (Taylor factor),48

ae 5 2.6 (a constant),49 and ec 5 2e/3,49 the constrained
lattice misfit. G is the shear modulus of the matrix; b is
the Burgers vector; r is the average particle size (the
diameter of the spherical particle or the length of the
cuboidal particle) and f is the volume fraction of the
precipitates. According to this equation, the strength
increments of DrCS of T0, T1, and T2 HEAs are
calculated, being DrCS 5 2041 MPa for T0, DrCS 5
2070 MPa for T1, and DrCS 5 2491 MPa for T2.
Parameters used for calculations are G 5 83 GPa (for
a-Fe),50 and Burgers vectors b 5 0.2473 nm for T0,
0.2490 nm for T1, and 0.2505 nm for T2. And other
parameters are listed in Table I. The compressive yield
strengths of these three HEAs measured from the experi-
ments are close to those calculated values according to
the coherent strengthening. In fact, the mechanisms for
precipitation strengthening are generally divided into two
categories, Orowan bowing and particle shearing, which
depends on the interactions between moving dislocations
and precipitates. So it needs to be further studied for this
HEA series through considering multiple factors, such as
the antiphase boundary energy.

V. CONCLUSION

In the present work, a series of (Al,Ti)0.7NiCoFeCr2
HEAs with different Al/Ti ratios of 3/1, 2/1, and 1/1 were
designed to investigate the effect of Ti substitution for Al
on the cuboidal nanoprecipitates. The addition of Ti can
change the phase constitutions of HEAs, especially the
precipitated phase from the ordered B2-AlNi to a highly
ordered L21-Ni2AlTi on the BCC matrix. More impor-
tantly, a small amount addition of Ti (#4.2 at.%, Al/Ti
ratio $2/1) does not change the shape of nanoprecipitates
in the inner-dendrites of HEAs, still maintaining the
cuboidal L21 nanoparticles with a size of about 50–90 nm
in the BCC matrix, which is attributed to the moderate
lattice misfit (e 5 0.5–0.6%) between BCC and L21
phases. While a weave-like microstructure in the inter-
dendrites of HEAs is resulted from a relatively larger
lattice misfit of about 1.0%. HEAs with such a coherent
microstructure exhibit the high compressive yield
strength of about 1700–1800 MPa. Further increasing
the Ti content up to 6.25 at.% (Al/Ti ratio of 1/1), the r
phase, not the BCC structure, is dominant as the matrix of
the alloy, as a result of heavy brittleness.
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