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ABSTRACT
The correlations between tensile properties and some common parameters in BCC refractory multi-
principal element alloys (RMPEAs) have been systematically investigated. The findings can be used
as guidelines for the alloy design. We found that there exists a positive linear correlation between
average atomic shear modulus mismatch and yield strength, andmore negative enthalpy of mixing
is peculiarly prone to brittle fracture in RMPEAs. Meanwhile, some BCC RMPEAs with first-class ten-
sile properties were designed successfully. The analyses of alloys’ toughenmechanism revealed that
their high strength, as well as good ductility, is attributed to lattice distortion and dislocation glide
respectively.

IMPACT STATEMENT
This work provided some effective guidelines for the design of BCC refractory multi-principal ele-
ment alloys with superior strength-ductility combinations via utilizing several common physical
parameters.
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1. Introduction

Designing alloys with multiple-principal elements is
a novel alloy-design strategy, which has been widely
adopted in the search for alloys with superior mechanical
properties [1–3]. A sub-group of these multiple principal
element alloy (MPEA) systems, composed of refractory
elements (e.g., titanium, zirconium, hafnium, vanadium,
niobium, tantalum, molybdenum, and tungsten), has
recently drawn much attention for their potential appli-
cation at elevated temperature [4–7]. A series of RMPEAs
with high strength have been reported in recent years,
however, most of them exhibit brittle fractures in tensile
stress or limited ductility at room temperature [8–11].
Serious efforts have been devoted to boosting the duc-
tility of RMPEAs, and the most common approach is
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utilizing intrinsically ductile metals (i.e., titanium, zirco-
nium, hafnium, vanadium, niobium, tantalum) to design
the alloys. However, only a few compositions possessing
tensile ductility have been discovered [12,13], and their
ductility always declines rapidly with increasing yield
strength [14,15].

There are two obstacles to design high-performance
RMPEAs. First, the strategies of designing RMPEAs fre-
quently rely on high-entropy alloys design concepts, such
as mixing entropy (�Smix) ≥ 1.5R and ‘equiatomic or
near-equiatomic’, which have hindered the discovery
of high-performance composition [11]. There is a vast
compositional space to design the alloys with superior
mechanical properties in the RMPEAs group [4,16]. Sec-
ond, it is still hard to predict the alloy compositions
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that may possess attractive strength and tensile ductil-
ity via qualitative or quantitatively-predictive theories.
For example, a few solid-solution strengthening mod-
els have been developed to estimate yield strength in
multi-principal element alloys, but some parameters of
solid-solution strengthening models are still ambigu-
ous in different subsets of the RMPEAs system [17–19].
The valence electron concentration (VEC) theory is an
important criterion to predict the ductile-to-brittle tran-
sitions, suggesting that RMPEAs with VEC ≤ 4.5 tends
to be ductile, and the alloys tend to be brittle when VEC
> 4.5 [20]. However, the VEC criterion doesn’t apply to
all RMPEAs [21,22]. The absence of a sufficiently wide
range of data is the critical obstacle for the development
of criteria to anticipate RMPEAs’ mechanical properties
[21,22].

Here, we focus on the BCC RMPEAs with VEC ≤
4.5, to search alloys possessing a good combination
of strength and ductility. The first step of our work
involves establishing a tensile properties dataset for these
RMPEAs. Subsequently, we tried to systematically ana-
lyze some common and easy-to-obtain parameters to
explore correlations capable of predicting strength and
ductility in RMPEAs, and provide some effective guide-
lines for the design of RMPEAswith excellentmechanical
properties. Five important parameters of these RMPEAs
have been considered (e.g., delta parameter (δ) (which
determines the atomic-size difference in multicompo-
nent alloys), enthalpy ofmixing (�Hmix),mixing entropy
(�Smix), electronegativity difference (�χ) and VEC).
These parameters are related to the collective behavior
of the constituent elements. The calculation methods of
them are based on the Eqns. (S1-7), which are given
as supplementary information. Moreover, the average
values of shear modulus mismatch and atomic radius
mismatch relating to the solid-solution strengthening
have been defined via Li’s solid solution strengthen-
ing model [19] and described in Eqns. (S8-14). All the
data for the calculations used in this work are shown in
Tables S1-2.

2. Experimental methods

All alloys were prepared by arc melting high purity
metal (> 99.95 wt. %) in an argon atmosphere. Ingots
were obtained through drop-casting of the melt into
a copper mold (10mm × 10mm × 50mm) cooled
by water. The stress–strain curves were obtained using
an MTS universal electronic tensile testing machine at
a strain rate of 1 × 10−3 s−1 at room temperature.
The elongation of samples was measured by a mechani-
cal extensometer. The dog-bone-shaped tensile samples
with a gauge length of 15mm and cross-section of 2

× 4.0 mm2 were sectioned from the ingots using an
electrical discharge cutting machine. At least 4 samples
were tested for each componential condition to ensure
reproducibility and yield good statistics. X-ray diffrac-
tion (XRD) with Cu Kα radiation was conducted to
identify the phase structure of the alloys. Themicrostruc-
tures, elemental distributions, and tensile fracture mor-
phologies at the micro-scale were characterized using
a scanning electron microscope (SEM) equipped with
Oxford electron backscatter diffraction (EBSD) and
energy dispersive spectrometer (EDS) systems. Micro-
and nano-scale characterizations were performed in a
transmission electron microscope (TEM, Talos F200X)
at 200 kV.

3. Results and discussion

Figure 1(a) shows the relationships among average
shear modulus mismatch (δaveμ ), average atomic radius
mismatch (δaver ) and tensile yield strength (σ y) in
as-cast BCC refractory multi-principal element alloys
(RMPEAs) from our dataset (Table S4). Figure 1(a1)
shows the dependence of σy on δaveμ and δaver , respectively.
A positive linear correlation between σy and δaveμ can be
observed, where the strength increases with the increase
of δaveμ . Although the proportional correlation between σy
and δaver cannot be found, it still shows a trend that δaver
displayed a superimposed effect in increasing or decreas-
ing the yield strength in some RMPEAs in our dataset.
To better reflect the superimposed effect of δaveμ and δaver
on σy, these three data are superimposed and shown in
a contour plot (Figure 1(a2)). The figure exhibits a trend
that the strength of RMPEAs can be enhanced with the
increase of δaveu and δaver . Figure 1(b) shows the effects of
atomic-size differences (δ), valence electron concentra-
tion (VEC), and enthalpy of mixing (�Hmix) on tensile
fracture elongation (ε) (the correlations between ε and
other two parameters are shown in Fig. S1). Here, the
RMPEAs with tensile elongation of less than 5% are clas-
sified as brittle alloys. The correlation between the ε

and δ is weak as shown in Figure 1(b1), despite it was
stated in the literature that a reduction of δ can improve
multi-principal element alloys’ ductility [23,24]. All the
RMPEAs in this work possess VEC ≤ 4.5, but their elon-
gations generally range from 1.4 to 26%, as shown in
Figure 1(b2), which means the VEC ductility criterion
cannot be broadly supported in our dataset of RMPEAs.
Figure 1(b3) shows the correlation between ε and�Hmix.
The figure shows all the RMPEAs in our dataset with
�Hmix less than about - 0.88 kJ/mol (yellow region) are
brittle. To better reflect the VEC and �Hmix affecting
the ductility, these two parameters are superimposed, as
shown in Figure 1(b4). We find that most RMPEAs with
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Figure 1. The analyses of the correlations capable of predicting tensile yield strength or ductility via a dataset comprising a series of
RMPEAs with VEC ≤ 4.5. (a) Relationships among average shear modulus mismatch (δaveu ), atomic radius mismatch (δaver ) and yield
strength (σy); (b) effects of atomic-size differences (δ), valence electron concentration (VEC), and enthalpy of mixing (�Hmix) on tensile
fracture elongation (ε).

VEC ≤ 4.5 can possess good tensile ductility excluding
some of them with relatively low �Hmix in our dataset.
�Hmix is a critical parameter about the bonding state
and lower (more negative) �Hmix means a greater ten-
dency to form the brittle intermetallic compounds in
multi-principal alloys [25,26]. Thus, it is acceptable to
treat �Hmix as an important factor to anticipate the
ductility in RMPEAs. In summary, there are two guide-
lines about high-performance RMPEAs design. First, the
yield strength increases with the increase of average shear
modulus mismatch monotonously, and increasing the
average atomic radius mismatch can provide a synergis-
tic effect in enhancing the strength in RMPEAs. Second,
avoiding too negative mixing enthalpy (higher than -0.88

kJ/mol may be better) as well as following the VEC cri-
teria can contribute to discover the RMPEAs with high
ductility.

In this work, several RMPEAs possessing superior
mechanical propertieswere designed successfully that are
presented in Table S4. The tensile properties of three rep-
resentative RMPEAs among them are shown in Figure
2(a). Three alloys have high yield strength approximately
ranging from 0.97GPa to 1.11GPa, and excellent tensile
elongation ranging from 19.1 to 24.6%. Correspondingly,
the average shear modulus mismatches of three alloys
ranged from about 0.37 to 0.44, and their average atomic
size mismatches are similar (∼ 0.0433). All of them pos-
sess lowVEC (4.35) and�Hmix > 0.7 kJ/mol. The tensile
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Figure 2. (a) The true stress-strain curves and corresponding data for three representative RMPEAs; (b) the tensile strength-ductility
combination in comparison with previously reported BCC RMPEAs [4,12,13,27–34].

strength-ductility combinations achieved in the previ-
ously reported RMPEAs are included in Figure 2(b). Our
newly designed RMPEAs stand out, with a synergy of
excellent strength and ductility. Considering the com-
position of these alloys, we found the introduction of
Mo can effectively raise the shear modulus mismatch
and enhance the strength in RMPEAs. Moreover, the Ta
content in a certain range also can effectively improve
the strength of RMPEAs, due to its higher shear mod-
ulus than other refractory elements in group IV and V.
Increasing Ta content from 5 at. % (Nb20Ta5) to 15 at.
% (Nb10Ta15), their average shear modulus mismatch
raised from 0.37 to 0.44, and the corresponding yield
strength increased from about 0.97GPa to 1.1GPa, as
shown in Figure 2(a). However, we point out that 5 at.
% forMo or 15 at. % for Tamay not be the optimal values

and additional research is needed to optimize the alloys’
composition.

Here, to reveal the underlying toughen mechanism of
these high-performance RMPEAs, we have investigated
the microstructure of all three as-cast RMPEAs (i.e.,
Nb20Ta5, Nb15Ta10, and Nb10Ta15) in detail. Figure
3(a1-c1) show the inverse pole figure (IPF) maps and
corresponding grain size distributions of three samples.
The IPF maps reveal that the grain-orientation distri-
butions of these samples are random (see the top right
insert). The specific grain sizes (GS) evaluated from
the grain orientation maps are shown in the normal
distribution statistics, and the average grain sizes are
about 52.5, 46.9, and 41.0 μm for Nb20Ta5, Nb15Ta10,
and Nb10Ta15 respectively. It can be deduced that the
changes in strength for three alloys are not due to the
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Figure 3. Microscopic structure studies for (a) Nb20Ta5, (b) Nb15Ta10 andNb10Ta15, respectively. (a1-c1) The IPFmaps and correspond-
ing grain size distributions; (a2-c2) the BSE-SEM images; (a3-c3) the elemental distribution maps.

Hall-Petch or size effects, for their average grain sizes
are quite similar. Figure 3(a2-c2) show the representative
backscattered electron (BSE) scanning electron micro-
scope (SEM) image of three alloys. All three BSE-SEM
images exhibit the dendritic structure composing light-
gray and dark-gray contrast. We conducted an energy
dispersive spectroscopy (EDS) analysis of these dendritic
structures and the results are shown in Figure 3(a3-c3).
Our data reveals that Zr and Ta tend to segregate dur-
ing the solidification processes, whereby Zr is enriched
in the inter-dendritic region and Ta in the dendrite core.
Ti also possesses a weak tendency to segregate in the
inter-dendrite region. The other two high melting point
elements (i.e., Nb, Mo) exhibit a similar segregation ten-
dency with Ta, but this trend is weak. These elemental
segregation results may contribute from the element’s
melting point and enthalpy of mixing differences [35,36].

It should be pointed out that the elemental segregation
existence will not significantly affect the strength of the
alloys in current work, which can be confirmed in sup-
plementary Fig. S2 and Fig. S3.

We employed X-ray diffraction (XRD) to identify the
phase structure for three alloys, as shown in Figure 4(a).
The XRD pattern reveals that all three alloys have a single
body-centered cubic (BCC) phase, which indicates that
the componential segregation cannot change their BCC
structure. Figure 4(b) shows the bright-field images and
corresponding selected area electron diffraction (SAED)
patterns of these alloys. Owing to the presence of ele-
mental segregation, SAED analysis was conducted on the
region near the grain boundary in as-cast specimens. The
result demonstrates no presence of a secondary phase
in all three alloys. Subsequently, high-resolution TEM
(HRTEM) was employed to further study the lattice
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Figure 4. (a) XRD spectra and the BCC phase map and (b) the bright-field TEM images with corresponding SAED patterns of Nb20Ta5,
Nb15Ta10andNb10Ta15alloys, respectively; (c-d) theHRTEMmicrographs andFourier-filtered transformed (FFT) image for (-2 00) planes
of Nb20Ta5 and Nb10Ta15 alloys, respectively.

structure of two representative alloys (i.e., Nb20Ta5 and
Nb10Ta15), as shown in Figure 4(c-d). The lattice distor-
tions are visible through heterogeneous fringe separation
from the HRTEM images of the Nb20Ta5and Nb10Ta15
alloys. The obvious kinks and bends in the lattice struc-
tures are revealed in the inverse Fourier-filtered trans-
formed (FFT) images from (2̄00) planes (as shown in
right figures) both inNb20Ta5andNb10Ta15 alloys, indi-
cating the existence of the lattice distortions in our alloys.
Lattice distortion of alloys can serve as a strengthening
mechanism for introducing an energy barrier that first
needs to be overcome before dislocation movement [37].
And severe lattice distortion is a core effect in determin-
ing the yield strength for multi-principal element alloys
[38]. Combining with the above microstructure research
results, we concluded that the high strength of our alloys
was vastly contributed by the lattice distortion effect.
Furthermore, the lattice distortion effect arises from sig-
nificant atomic radius mismatch and modulus mismatch
[19], which is consistent with above mention findings of
the dependency of strength on average shear modulus
mismatch and the average atomic radius mismatch.

The detailed analyses of the fracture mechanism
was performed in Nb20Ta5 and Nb10Ta15 alloys syn-
chronously. Figure 5(a) shows the optical image of
the tensile fracture specimen. The red frame position

indicates the interest region for the following EBSD and
TEM analyses. Figure 5(b-c) show the SEM images of
the fractured surface. The figures reveal that the samples
are covered with ductile dimples and without any faceted
cleavages, indicating a typical ductile fracture. Figure
5(d-e) show the extensive slip bands and noticeably elon-
gated grains both in Nb20Ta5 and Nb10Ta15. Although
there are giant shear offsets between bands, the inter-
granular cracks cannot be foundNb20Ta5, indicating the
alloy possesses excellent plastic deformation ability. Since
Nb10Ta15 alloy was subjected to higher stresses during
deformation, we can find the intragranular or intergranu-
larmicro-cracks in some severely deformed grains. How-
ever, these cracks only occur in a single crystal, ensur-
ing excellent tensile ductility in Nb10Ta15. Moreover, a
dense of wavy slip bands can be seen in both two alloys,
which reveals frequent dislocation cross-slips are occur-
ring in the deformation process. Figure 5(f-g) show the
IPF maps from EBSD analysis for the tensile fracture
specimens. Some lenticular structures can be observed in
the IPF maps, and most of them originate from the grain
boundaries and terminate inside the grains. The point-
to-point misorientations crossing the typical lenticular
structures (along the ‘KL’ line in Nb20Ta5 and ‘MN’ line
in Nb10Ta15) show that the angles are lower than the
characteristic 50.5° angle of 332β <113>β twins or the
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Figure 5. Analysis of fracture mechanism performed in Nb20Ta5
and Nb10Ta15. (a) Optical image of the tensile fracture specimen
and the red frame position indicates the interest region for the
following EBSD and TEM analyses; (b-c) SEM images of the frac-
tured surfaces; (d-e) lateral morphology of the tensile fracture
sample; (f-g) the IPF maps from the near tensile fracture region;
and corresponding point-point misorientation analyses from the
typical lenticular structure; (h-i) the bright-field TEM images and
corresponding SAED patterns for the fractured specimens; (j-k)
the dislocation patterning for the fractured specimen in Nb20Ta5
alloy.

60° angle of 112β <111>β twins in BCC titanium alloys
[39,40]. This result indicates that the dominant defor-
mation mechanisms are ordinary dislocation glide both
in two alloys. To further reveal the fracture mechanism
of the alloys, we conducted TEM analysis on the tensile
fracture samples. From Figure 5(h-i), the high-density
dislocations and planar arrays of high dislocation den-
sity walls can be observed. Through the bright-field TEM
images and SAED pattern, we found that no phase trans-
formations or mechanical twinning occurred during the
deformation process both in Nb20Ta5 and Nb10Ta15
alloys. In the Nb20Ta5 alloy, the dislocations are visible
with a reflection vector (g) of 1̄10 (Figure 5(j)), while
being out of contrast with 011̄ (Figure 5(k)). Thus, the
Burgers vector of dislocations is ±1/2 [1̄11], which is
similar to conventional refractory high entropy alloys
[41,42]. Furthermore, the dislocations sub-structure is
marked by the presence of numerous debris as shown
in Figure 5(j), reflecting the intrinsic ability to cross-slip
for the alloy [43]. Thus, we conclude that the extensive
dislocation actions, especially, the actions of dislocation
cross-slip have contributed to the excellent ductility in
our newly designed RMPEAs.

4. Conclusions

In conclusion, we have investigated a series of refrac-
tory multi-principal element alloys (RMPEAs) to search

for high-performance ones and develop some guide-
lines for designing these alloys. We find that the yield
strength increases with the increase of average shear
modulus mismatch monotonously, and increasing the
average atomic radiusmismatch can provide a synergistic
effect in enhancing the strength in RMPEAs. Moreover,
avoiding too negative mixing enthalpy (higher than -0.88
kJ/mol may be better) as well as following the VEC cri-
teria can contribute to discover the RMPEAs with high
ductility. Although the above guidelines still need more
data and additional work to establish a statistical signifi-
cance, they are still instructive for the design of RMPEAs
with good mechanical performance. Meanwhile, some
novel RMPEAs with exceptional combinations of high
strengthen and good ductility were developed success-
fully, and some of them are superior to most of the
currently existing RMPEAs. The underlying toughen
mechanism studies were conducted on the representa-
tive high-performance alloys, indicating that their high
strengths mainly originate from severe lattice distortion
effect and the high ductility are dominated by exten-
sive dislocation actions. Our work has not only suc-
cessfully designed several high-performance RMPEAs,
but also provided semi-empirical alloy-design guidelines,
which cast new light on the exploration of RMPEAs with
unprecedented mechanical properties.
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