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ABSTRACT

High-strength high-entropy alloys (HEAs) reinforced by hard intermetallics generally show a propen-
sity for embrittlement, significantly undercutting their applications. Here we report a strategy to
intrinsically toughen strong-yet-brittle HEAs via altering the valence electron concentration (VEC)
of precipitates. It was found that a decrease of the VEC of precipitates by Co substitution for Ni
atoms effectively destabilizes the brittle hexagonal-ordered precipitate and promotes the formation
of ductile cubic-ordered nano-precipitates in Ni-Co-Fe-Cr-Ti system. Benefiting from such a trans-
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formation, a fivefold enhancement of tensile elongation (from 7% to 35%) was successfully achieved
together with a simultaneously improved strength up to ~ 1.35 GPa.

IMPACT STATEMENT

An effective VEC strategy is proposed to optimize the precipitation behaviors in high-entropy alloys
systems. High strength and large ductility are simultaneously achieved in the resultant alloys.

Introduction

Recently, the face-centered-cubic (FCC) high-entropy
alloys (HEAs) developed based on 3d transition ele-
ments (Fe, Co, Ni, Cr, Mn) have attracted significant
interest among the materials community due to their
exceptional tensile ductility and fracture toughness at
cryogenic temperatures [1-6]. Nevertheless, most single-
phase FCC-type HEAs possess low yield strengths (only
around 200 MPa) at ambient and elevated temperatures,
rendering them insufficiently strong for practical engi-
neering applications in many cases [5]. Therefore, a
great deal of effort has been devoted to achieve supe-
rior strengths of HEAs through incorporating various
strengthening methods. It is generally recognized that
the precipitation of hard intermetallic compounds is one
of the most powerful methods to strengthen the FCC
HEA matrix due to their effective resistance to disloca-
tion motion [7-13]. However, a considerably enhanced

strength obtained by increasing the concentration of hard
precipitates generally makes alloys showing a propen-
sity for embrittlement. One notable example has been
reported in the Nb-modified FeCoNiCr-based HEA sys-
tem. With the increase of the Nb content, the increased
hard Laves phases lead to a substantial increase of
strength, which in turn cause a sharp decrease of the
tensile elongation to as low as 3% with a brittle fail-
ure [12]. Due to the long-standing strength-ductility
trade-off, it still remains a daunting challenge to intrin-
sically toughen these strong-yet-brittle precipitation-
hardened HEAs (PH-HEAs) without sacrificing their
tensile strengths.

Controlling the valence electron concentration (VEC,
the number of total electrons including the d-electrons
accommodated in the valence band) has been demon-
strated as an effective way for tuning the ordered
crystal structures and mechanical properties of bulk
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intermetallic compounds [14-17], which thereby opens
up a promising way to toughen the constituent pre-
cipitates in PH-HEAs for improved ductility. Liu et,
al. [14] found that the ordered crystal structures of
the bulk Ni3V-CozV-Fe3V intermetallic system can be
altered greatly by controlling the VEC values. With the
decreased VEC via partial substitution of Co (VEC = 9)
and Ni (VEC = 10) by Fe (VEC = 8), the hexago-
nal ordered (Ni,Co)3V phase (VEC = 8.54) was grad-
ually transformed into the cubic ordered L1,-type
(Fe,Co,Ni)3V phase (VEC < 7.89). Accordingly, the
room-temperature tensile elongation was substantially
improved from less than 2% to over 40%. Moreover,
the VEC strategy has also been reported as one domi-
nating factor in controlling the crystalline structures of
brittle NbCr,-based Laves phases, which shows a great
potential to tune their deformability [15]. Inspired by
these attractive results, it is reasonable to expect that the
VEC strategy would be applicable to the PH-HEA sys-
tems, in which the secondary hard/brittle precipitates
can be ductilized by controllably adjusting their VEC
values, eventually realizing a brittle-to-ductile transition
of the corresponding bulk PH-HEAs. However, previ-
ous studies mentioned above were mainly focused on
single-phase bulk intermetallic compounds, and very lit-
tle attention has been paid to the dual-phase or multi-
phase precipitation-hardened HEAs.

Along with this line of thinking, we attempted to
extend the VEC strategy into the brittle PH-HEA for
exploring the feasibility of an enhanced ductilization
in the present study. As a proof of the concept, the
high-strength, brittle Nise 4Fe;53CrigsTis (at. %) alloy
strengthened by NisTi-type precipitate ( phase) was
selected as a prototype alloy. Subsequently, a serious of
modified Nise4_xCoxFe138CrigsTig (at. %) PH-HEAs
with various Co concentrations were fabricated. Co
(VEC = 9) element is expected to partition into Ni3Ti-
type precipitates and substitute for Ni (VEC = 10) [18],
the operation of which will lead to the decrease of the
VEC value and help in triggering the formation of ductile
ordered-FCC precipitates for strengthening. In the cur-
rent study, the concentration of Ti was fixed at 6 at. %
to guarantee a similar volume fraction level of precipi-
tates for strengthening. Based on such a transformation,
the tensile ductility of HEAs is expected to be greatly
enhanced without sacrificing their strengths.

Materials and methods

To start with, alloy ingots with nominal compositions of
Nise.4_xCoxFe1g8CriggTig (x = 0, 18.8,28.2 and 37.6 at.
%, referred to as C1, C2, C3 and C4 hereafter, respec-
tively) were prepared by arc-melting under a Ti-gettered
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argon atmosphere and then casted into a cooper mold
(50 x 12 x 5 mm). Purity of the raw materials is greater
than 99.9 wt. %. All ingots were flipped and re-melted at
least four times to promote a chemical homogeneity. Sub-
sequently, the as-cast samples were thermo-mechanically
processed under the same conditions: solution treated at
1175°C for 2h, cold rolled to ~1.7mm with a thick-
ness reduction of ~65% and then treated at 1175°C
for 2 min for recrystallization. After that, the recrystal-
lized samples were further aged at 780°C for 24h to
introduce precipitates. The VEC was calculated accord-
ing to the equation of VEC = X, c;(VEC);, where ¢;
and (VEC); are the atomic percentage and VEC for the
individual element, respectively [14]. The microstruc-
tures were characterized using a Quanta FEG450 scan-
ning electron microscope (SEM) in a secondary elec-
tron (SE) mode and a JEM-2100F transmission electron
microscope (TEM) coupled with an energy dispersive
spectrometer (EDS). The samples for SEM observation
were mechanically polished and then chemically etched
using a dilute aqua regia solution. The TEM specimens
were prepared by mechanically grinding and followed
by ion-milling using a precision ion polishing system
(PIPS, Model 695, Gatan). Phase identification was exam-
ined using a Rigaku X-ray diffraction (XRD) instrument
by Cu-K, radiation with a monochromator. The vol-
ume fractions of different phases were estimated from
their area fractions by employing a commercial software
package (Image-J). Subsequently, dog-bone-shaped ten-
sile samples with a cross-section of 3.2 x 1.5 mm and
a gauge length of 12.5 mm were prepared by electro-
discharge machining. Uniaxial tensile tests were carried
out on a Material Testing System (MTS, Alliance RT30)
tensile machine with a strain rate of 1 x 1073 s~! at ambi-
ent temperature. A 10 mm MTS extensometer was used
to for measuring the tensile strain, and the yield strength
was determined by the 0.2% offset plastic strain method.
After tensile the test, fracture surfaces were examined by
SEM.

Results and discussions

Microstructural evolutions of the aged Nisg 4—xCoxFe1sg
CrigsTig (x = 0, 18.8, 28.2 and 37.6 at. %) alloys were
characterized by SEM (Figure 1(a—d)) and XRD analy-
sis (Figure 1(e)), and the results demonstrate a dramatic
change of the precipitated structures. Figure 1(a) shows
the typical SEM image of the Nisg 4Fe;g3Crig.5Tig (at. %)
prototype alloy (i.e. C1 alloy). A large amount of plate-
like phases with an average thickness of 64 &= 30 nm were
clearly observed. And the volume fraction of these plate-
like phases can be estimated as ~ 33%. The correspond-
ing crystalline structure was presented in Figure 1(e),
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Figure 1. SEM images of (a) C1, (b) C2, (c) C3 and (d) C4 alloys, indicating the phase transformation of precipitates from hexagonal
ordered 1 phase to L1,-type y’ phase. (e) X-ray diffraction patterns of the investigated alloys.
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Figure 2. (a) High-magnification DF-TEM image and the corresponding SAD pattern of C1 alloy, showing the plate-like  phase embed-
ded in the y matrix. (b) Thickness distribution of plate-like  phase (average thickness = 64 nm). (c) Representative STEM-EDX maps of
C1 alloy, indicating that the plate-like n phase is rich in Ni and Ti elements.

clearly showing the ‘FCC+ n’ phase structure. Figure
2(a) further shows a representative dark-field TEM (DF-
TEM) image and the corresponding selected area diffrac-
tion (SAD) pattern taken from the CI1 alloy. Together
with the XRD and TEM-EDS results (Figure 2(b)), we can
eventually identify the plate-like phases as the Ni3 Ti-type
n phase with a hexagonally ordered structure, whilst the
matrix has the FCC structure (y phase). Surprisingly, as
shown in Figure 1(b-d), as the Co content is increased
to 18.8% (i.e. C2), 28.2% (i.e. C3), and 37.6% (i.e. C4),
it is found that the volume fraction of plate-like 7 phase
gradually decreases, suggesting that formation of the n
phase is suppressed, while that of the 3’ phase with an

ordered-FCC structure (L1;-type) is greatly promoted.
Particularly, for the C4 alloy, as shown in Figure 1(d), the
plate-like 1 precipitate is almost completely eliminated,
and the microstructure is dominated by a y/y’ dual-
phase structure. Figure 3(a) clearly presents a typical
DF-TEM image of the C4 alloy. Near-spherical L1,-type
y’ nano-precipitates with an average diameter of about
39 £ 6 nm (as shown in Figure 3(b)) can be observed in
a highly dispersed distribution with a volume fraction
of about 38%. High-resolution TEM (HRTEM) images
presented in Figure 3(c) indicate that these L1,-type y’
nano-precipitates are interfacially coherent with the sur-
rounding y matrix. Moreover, TEM-EDS mapping (as
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Figure 3. (a) High-magnification DF-TEM image and the corresponding SAD pattern of C4 alloy, revealing the uniform precipitation of
L1,-type ¥’ nano-precipitates embedded in the y matrix. (b) Size distribution of ¥’ nano-precipitates (average diameter = 39 nm).
(c)High-resolution TEM (HRTEM) image showing the coherent feature of the y/y" interface. Inset shows the Fast-Fourier-Transformation
(FFT) image taken from the HRTEM image of the L1,-type 3’ nano-precipitate. (d) Representative STEM-EDX maps of C4 alloy, indicating

that the y’ nano-precipitate is rich in Co, Ti and Ni elements.

shown in in Figure 3(d)) further reveals that these y’
nano-precipitates are rich in (Co, Ni and Ti) but largely
depleted in (Cr and Fe), which thereby can be identified
as the (Co,Ni); Ti-type y’ phase.

As described above, Co plays a significant role in
controlling the phase structure, transformation potency
and also morphology of precipitates. For the close-
packed ordered A3B-type intermetallic phase, its stack-
ing character and the associated crystalline structure
are intrinsically determined by two alloying parame-
ters—the atomic-radius ratio (Rp/Rg) and number of
VEC [14,19,20]. Note that the elements Ni, Co, Fe and
Cr have almost the same atomic size (ranging from
1.24~1.28 A) [15], the resulting difference in atomic-
radius ratio caused by Co substitution can be essentially
ignored. As such, the beneficial effect of Co element could
lie in its contribution to the change of the VEC. More
specifically, as shown in Figure 3(c), Co element shows a
strong tendency to partition into the Ni3Ti-type precip-
itates and prefers to occupy the Ni sublattice sites, con-
sequently lowering the VEC and triggers the hexagonal-
to-cubic transformation. Table 1 further summarized the

Table 1. Chemical compositions and VEC values of the C1 and C4
alloys based on TEM-EDX analysis?.

Compositions (at. %)

Alloy Phases Ni Co Fe Cr Ti VEC
al Overall 56.4 0 188 188 6 8.63

Precipitate 74.61 0 1.42 1.78 22.19 8.57
C4 Overall 18.8 37.6 18.8 18.8 6 8.14

Precipitate  42.68  31.79 1.42 125 2286 823

3(VEC values of some pure elements: VEC(Ni) = 10; VEC(Co) = 9;
VEC(Fe) = 8; VEC(Cr) = 7; VEC(Ti) = 4).

chemical compositions and VEC values of the C1 and C4
alloys, which shows that the VEC decreases from 8.57 to
8.23 with the increase of Co content. Similar results were
demonstrated in the (Ni,Co);V-type bulk intermetallic
compounds, in which the lowered value of VEC due
to the Fe substitution could gradually promote the for-
mation of (Fe, Ni, Co);V-type compounds with cubic
ordered L1,-phase [14].

It is also worth mentioning that the VEC rule has been
recently proposed as one important strategy for predict-
ing the phase formation and mechanical properties of
as-cast HEAs [21-23]. For example, by calculating the
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Figure 4. (a) Room-temperature tensile engineering stress—strain curves of the investigated alloys, exhibiting a clear brittle-to-ductile
transition with a combined increase of tensile strength. (b) The corresponding fracture surfaces of the investigated alloys after tensile

tests, respectively.

VEC based on the initial chemical compositions of alloys,
it was revealed that a large VEC ( > 8.0) favors the FCC
solid solution, while a smaller VEC ( < 6.87) stabilizes the
BCC solid solution [21]. Nevertheless, such a criterion
arising from metastable as-cast HEAs is not well appli-
cable to our present work on PH-HEAs. As indicated
in Table 1, although both the C1 and C4 alloys have a
larger VEC than 8.0 (8.63 and 8.14, respectively); how-
ever, they possess the distinctive structures with different
types of precipitates, rather than the FCC solid solution.
In other words, for the PH-HEAs containing multiple
phases, in order to obtain desired structures and prop-
erties, the VEC of individual phases should be carefully
tailored by controlled alloying. As described above, by
decreasing the VEC of precipitates via Co substitution,
the resulting C4 alloy hardened by coherent (Co,Ni)3;Ti-
type nano-precipitates is expected to achieve a greatly
enhanced strength-ductility combination.

Figure 4(a) shows the representative tensile engineer-
ing stress—strain curves of the Nisg 4_xCoxFe33CrigsTis
alloys at ambient temperature. Interestingly, a brittle-
to-ductile transition can be clearly observed from these
high-strength alloys with different Co concentrations,
demonstrating the feasibility of our VEC toughening
strategy. The C1 alloy shows a high tensile strength of
~ 1 GPa but with a limited tensile ductility of ~7%. The
high tensile strength of C1 alloy is ascribed to the precipi-
tation hardening of the 1 phase. And its poor tensile duc-
tility can be explained from two aspects. On one hand,
the hexagonally ordered 7 phase as a low-symmetry crys-
tal structure is intrinsically brittle due to its insufficient
number of independent slip systems, which inevitably
poses a damaging impact on tensile ductility [14,24].

Moreover, the large lattice difference between the 1 phase
and y matrix causes serious dislocations pile-up and
stress localization on the n/y interfaces, which in turn
promotes crack initiation and propagation under load
[25]. The brittle failure of the CI1 alloy can be also evi-
denced from its fractured surfaces (as shown in Figure
4(b)), which exhibits a large amount of strip-like cleavage
facets. For the C2-C4 alloys, increased ductile dimpled
structures can be gradually observed. For the C2 and C3
alloys, certain amounts of brittle intergranular fracture
can be observed, which were ascribed to the formation of
brittle n phase along grain boundaries in these two alloys.
Finally, due to the complete transformation towards L1,-
type nano-precipitates, a fully ductile facture dominated
by dimples can be clearly identified in the C4 alloy.
Enviably, increasing the Co content significantly
destabilizes the brittle n phase and promotes forming the
ductile y’ phase for precipitation strengthening, by which
the serious embrittlement can be effectively reduced in
the C2 and C3 alloys, and a completely ductile frac-
ture is successfully achieved in the C4 alloy. The tensile
elongation gradually increase to 9%, 23% to 35%, respec-
tively. Furthermore, the necking is clearly visible for the
C4 alloy. Such an excellent ductility achieved in the C4
alloy arises not only from the intrinsically ductile nature
of y’ phase but also from the small lattice misfit of the
coherent particle/matrix interface, which reduces local
stress concentrations and thus helps improve the plastic
stability for sustainable deformation [26]. Also, a com-
bined increase rather than a decrease of tensile strengths
can be achieved during such a ductilization process. For
the C4 alloy, an excellent tensile strength as high as
1.35GPa can be achieved simultaneously, successfully



defeating the long-standing strength-ductility trade-off
existed in most conventional structural alloys. Such
a pronounced strengthening obtained in the C4 alloy
should be attributed to the highly dispersed distribu-
tion of the y’ nano-precipitates, leading to an enhanced
precipitation-hardening effect. First, in comparison with
the C1 alloy showing a plate spacing of around 87 nm,
the highly dispersed precipitation of nano-precipitates
in C4 alloy greatly decreases the inter-precipitate spac-
ing to be of ~15nm (as shown in Figure 3(a)). As
a result, the movement of dislocations in the C4 alloy
has to overcome a larger number of obstacles per unit
length, contributing to an enhanced hardening efficiency
[27,28]. Moreover, the passage of a dislocation through
the ¥’ nano-precipitates produces an antiphase boundary
with specific energy, giving rise to a considerable order-
ing strengthening response [29,30]. The contribution
from ordering strengthening can be estimated by Ao =
0.81M(yapp/2b)(37f/8)'/? [29], where M is the Taylor
factor (3.06 for the FCC polycrystalline alloys), f is the
volume fraction ( ~ 0.38) of the nanoparticles and b is the
magnitude of the Burgers vector of the matrix (~ 0.255
nm). y opp is the antiphase boundary energy (APB) of
the nanoparticles, which was roughly estimated to be
about 260 mJ/m? by averaging the APB values of L1,-type
CosTi phase (200 mJ/m?) [31] and Ni3Ti (320 mJ/m?)
phase [32]. As a result, the contribution from ordering
strengthening was determined to be about ~ 830 MPa,
which contributes the majority to the total yield strength.
It can be expected that the mechanical properties of the
present alloys might be further improved by optimizing
processing conditions, and the research on this topic cer-
tainly merits a systematical investigation in the future.
Overall, considering the high compositional flexibility in
multicomponent HEAs, it is reasonable to anticipate that
this VEC strategy would be widely applicable to many
other precipitation-hardened alloy systems for targeted
structure control, thereby accelerating the development
advanced structural materials with superior mechanical
properties.

Summary

In summary, we have demonstrated the feasibility to
toughen strong-yet-brittle precipitation-hardened HEAs
(PH-HEASs) by tailoring the electron concentrations of
precipitates for desirable phase transformation in the
Ni-Co-Fe-Cr-Ti alloy system. The microstructures,
tensile properties and fracture mechanisms with respect
to different Co concentrations have been systemati-
cally investigated. It is clearly revealed that Co can
strongly partition into the precipitates and substitute for
Ni, and this substitution has effectively destabilized the
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brittle plate-like 1 phase (Ni3Ti-type) due to its decreas-
ing electron concentration, leading to the formation of
ductile y’ phase ((Co, Ni);Ti-type) with the ordered-
FCC structure. Homogenous precipitation of these newly
formed coherent y’ nano-precipitates results in remark-
able enhancements in both strength (up to 1.35GPa)
and ductility (above 35%), successfully overcoming the
long-standing strength-ductility trade-off for structural
materials. Our present findings provide a useful route to
design high-performance PH-HEAs for advanced struc-
tural applications.
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