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A B S T R A C T   

Correlations were explored between mechanical, thermodynamic and physical properties of refractory complex 
concentrated alloys (RCCAs). Experimentally measured yield strengths (σy) and ductility were taken from the 
open literature and were compared against liquidus, solidus and solvus temperatures, elastic properties (Young’s, 
shear and bulk moduli), density (ρ), surface energy (γ) and valence electron concentration (VEC). If not publicly 
available, the thermodynamic properties were calculated using CALPHAD while the other properties listed above 
were estimated using a rule-of-mixtures average of the constituent element properties. This analysis emphasized 
tensile ductility. Based on the identified correlations, useful criteria for selecting possibly ductile RCCA com
positions with good high-temperature strength were proposed, a few ductile and strong RCCAs were made and 
properties of some of them were reported in this paper. Additionally, multivariate linear regression (MLR) was 
used to identify new insights from the high dimensional space of the present study by modeling the influence of 
composition and the input thermodynamic and physical properties on the high-temperature strength and room 
temperature ductility. Equal concentrations of Mo and Nb in RCCAs were found to give a good balance of 
strength and ductility. The MLR analysis identified over 50 promising RCCAs for intended high-temperature 
applications, pending experimental confirmation.   

1. Introduction 

Future aerospace structures require revolutionary new metallic al
loys which could operate at very high temperatures, much beyond the 
currently used Ni-based superalloys [1,2]. Applications include different 
types of power plants (gas turbine, jet, rocket, nuclear), thermal pro
tection systems and heat exchangers. As motivation, engine thrust and 
efficiency increase while air pollution decreases with increasing opera
tion (combustion) temperature of power plants [2]. The maximum 
operating temperatures of Ni superalloys are limited by their relatively 
low melting temperatures and considerable softening above 1000 ◦C. 
For Ni-based superalloys to operate above 1000 ◦C, special cooling 
systems are required, which add weight, cost and complexity of the 
structures. 

Refractory complex concentrated alloys (RCCAs) have recently been 
introduced as promising high-temperature structural alloys [3]. Com
plex concentrated alloys (CCAs) are defined as alloys consisting of 3 or 
more principal elements. They are also called multi-principal element 

alloys (MPEAs) and can have a single phase or multiple phases. CCAs 
include high entropy alloys, which, by definition, are alloys consisting of 
5 or more principal elements, with the concentrations of each element 
between 5 and 35 atomic % [4]. RCCAs are drawn from a palette of 9 
refractory metals (Zr, Hf, V, Nb, Ta, Cr, Mo, W and Re) and they can also 
contain other elements to optimize properties. The RCCA field opens 
new composition space and provides huge opportunities for alloy dis
covery and development. At the same time, the huge composition space 
is a challenge for timely evaluation of the enormous number of 
compositions. 

Relative to conventional refractory alloys, and even Ni-based su
peralloys, some RCCAs offer reduced density, improved oxidation and 
corrosion resistance and superior high temperature (HT) strength 
[3,5–7]. The density of reported RCCAs ranges from 5.5 to 15 g/cm3, 
which covers the density of conventional refractory alloys, nickel alloys 
and steels, and approaches the density of Ti alloys [8]. The density of 
RCCAs can be decreased by using lower density refractory elements (Cr, 
Nb, V and Zr) and low density Al and Ti as principal alloying elements. 
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In particular, Cr-Nb-V-Zr-Al-Ti based RCCAs have densities of 5.5–7.0 g/ 
cm3. Improved oxidation resistance of some RCCAs is thought to be due 
to formation of complex oxides [3,9]. Due to the variety of compositions, 
microstructures and phases, RCCAs offer a wide range of mechanical 
properties, and some of these alloys are considerably stronger than 
advanced commercial alloys [3]. Because of superior behavior, the in
terest in the RCCA research area has continuously increased and more 
than 1000 papers were published by the end of 2022 since the first paper 
by Senkov et al. [10] in 2010. 

In spite of many publications, progress in studying mechanical 
properties is still limited [3,11,12]. HT mechanical properties are 
mainly studied in as-cast, powder metallurgy, and/or annealed condi
tions. Ductile RCCAs are also studied in cold rolled/forged (plus 
annealed) conditions. Mainly uniaxial compression tests are used during 
testing above room temperature (RT). Tensile tests are reported only at 
RT and/or cryogenic temperatures. Only few publications are available 
on creep [13], fatigue [14,15] and fracture toughness [16–19] of RCCAs. 
Even with this limited data, a few problems related to strength and 
ductility of RCCAs are clearly identified. First, it has been recognized 
that not all RCCAs show high strengths above 1000 ◦C. Many RCCAs, 
while being strong at or below 800 ◦C, rapidly lose their strength be
tween 800 ◦C and 1000 ◦C [11]. Second, many RCCAs are found to be 
brittle at room temperature, which is not acceptable for practical use 
[12]. Third, it is recognized that the development of an RCCA that is 
ductile at RT and strong above 1000 ◦C is a challenge. 

In this paper, we attempt to answer the following questions. (i) What 
materials properties are responsible for HT strength of RCCAs? (ii) 
Which RCCAs perform better at high temperatures: single-phase or 
multi-phase? (iii) Is there a correlation between RT and HT strengths? 
Can RCCAs with HT strength be predicted based on RT testing only? (iv) 
Why are some RCCAs ductile at room temperature (RT) while others are 
brittle? Using a thorough analysis of the correlations between RCCA 
properties, we propose useful criteria for down selection of ductile 
RCCAs with good high-temperature strength and report compositions 
and properties of some of these alloys. 

2. Methodology 

2.1. Mechanical property data sources 

RCCA mechanical properties were taken from the databases 
collected and reported by Gorsse et al. [20], Couzinié et al. [21], Borg 
et al. [22], Senkov et al. [11,12] and Yurchenko et al. [23], as well as 
from recent unpublished data collected by the authors. The collected 
room temperature properties were measured using uniaxial compression 
or tensile tests, while high-temperature properties were so far reported 
only from compression tests. Most of the studied alloys were in the as- 
cast or cast plus annealed conditions, but properties for some alloys 
were also reported after thermo-mechanical processing. RCCAs made by 
powder metallurgy were not considered in this study, as contamination 
with interstitial elements can greatly affect mechanical properties, and 
the concentrations of interstitial elements were not reported and thus 
correct correlations of their mechanical properties with the composition 
and other intrinsic parameters could not be made. The yield stress (σy) 
values were measured as the proof stress at 0.2 % of plastic strain. 
Compression or tensile ductility was identified as total compression or 
elongation strain (elastic plus plastic) to fracture. Compression defor
mation of several reported RCCAs was stopped after 30 %, 40 % or 50 % 
compression strain with no evidence of fracture. In these cases, 
compression ductility was assigned to be above the reported amount. To 
address the possible variability in strength and ductility due to non- 
optimized microstructure and processing, the upper and lower bounds 
of ductility vs. yield stress envelopes are emphasized. 

2.2. Phase Diagram Calculation 

Phase diagrams for the studied alloys were calculated using Thermo- 
Calc 2021 software and the TCHEA 4.1 database developed by Ther
moCalc [24], and Pandat 2020 software and the PanNb 2023 database 
developed by CompuTherm, LLC [25]. An approach described in detail 
in an earlier publication [11] was used to assign appropriate liquidus 
(TL, the temperature at which solidification starts on cooling), solidus 
(Tm, the temperature at which solidification completes on cooling) and 
solvus (Tsolv, the equilibrium temperature at which the secondary phase 
starts to precipitate on cooling or completely dissolves on heating) to 
each of the studied alloys, for which experimental data on these ther
modynamic properties are not currently available. 

2.3. Rule of mixtures (ROM) 

Experimentally reported alloy densities (ρ) and elastic moduli (shear 
G, Young’s E, bulk B) were used or, if not reported, these parameters, as 
well as valence electron concentration (VEC) and surface energy γ, were 
calculated using the rule of mixtures, ROM (Equation 1): 

ρ =

∑
ciAi

∑
ciVi

(1a)  

G =

∑
ciViGi

∑
ciVi

; E =

∑
ciViEi

∑
ciVi

; B =

∑
ciViBi

∑
ciVi

(1b)  

γ =

∑
ciViγi∑
ciVi

(1c)  

VEC =

∑
ci(VEC)i∑

ci
(1d) 

Here ci, Ai, Vi, Gi, Ei, Bi and γi are, respectively, the atom fraction, 
molar mass, molar volume, shear modulus, Young’s modulus, bulk 
modulus and surface energy of element i at room temperature (RT). The 
ROM values, except VEC, can be applied to 1-phase RCCAs only. ROM 
values cannot be applied to multi-phase (M-phase) RCCAs because 
different phases have different chemical compositions and some of them 
can be ordered. ROM-calculated VEC can be used for M-phase RCCAs in 
the temperature ranges where these alloys become single-phase struc
tures, as VEC is a temperature-independent parameter. It was shown 
earlier that the values of the elastic moduli of single-phase (1-phase) 
RCCAs calculated using first principles and the rule of mixtures are very 
similar [3,26–29]. The surface energy of binary solid solutions also 
follow this rule [30], although no information is yet available if a ROM 
can be used to calculate surface energy of 1-phase RCCAs. 

2.4. Modeling and predicting alloy properties 

Multivariate linear regression (MLR) [31] was used to quantify the 
effect of alloy composition on the strain at room temperature and σy at 
elevated temperatures. MLR is well adapted for this task, since it mini
mizes the risk of overfitting when applied to datasets with many features 
but relatively few observations. MLR gives an interpretable first-order 
approximation that allows the relative contributions of input parame
ters on the predicted properties to be estimated. The model exclusively 
used compositional features, considering the practicality of this 
approach for alloy design and the direct correlation it offers between the 
alloy composition and its mechanical properties. Outliers in mechanical 
properties were removed to prevent the model from being overly 
influenced by extreme data points. Outliers were determined by their 
position beyond 1.5 times the interquartile range (IQR = Q3-Q1), either 
below the first quartile (Q1) or above the third quartile (Q3), in accor
dance with the standard outlier detection method. To avoid complexities 
associated with microstructural variations, the MLR training was 
restricted to 1-phase RCCAs. Fewer than 10 alloys in the datasets contain 
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Re or Si, so these elements were excluded from statistical MLR analyses. 
To evaluate the robustness and generalizability of the MLR predic

tive model, we employed Leave-One-Out Cross Validation (LOOCV). In 
this technique, each observation in the original sample is used once as 
the validation data, with the remaining observations serving as the 
training data. Through LOOCV, we calculated key performance metrics 
that quantify the model’s accuracy and predictive power: Mean Squared 
Error (MSE), Mean Absolute Error (MAE), and the coefficient of deter
mination (R2). 

The available data were organized into two separate datasets to 
support the statistical modeling in this study, one for HT properties 
measured using uniaxial compression tests and the other for RT prop
erties measured in tension and compression. The first dataset includes 
44 1-phase and 24 M-phase RCCAs, and the second dataset contained 69 
1-phase and 42 M-phase RCCAs, as well as a few conventional refractory 
alloys. 

3. Data exploration and analysis 

3.1. Overview of correlations in RCCA properties 

A statistical view of the RCCA compositions used in this analysis is 
shown in Fig. 1, illustrating the frequency and distribution of elemental 
constituents in the two RCCA datasets for elevated temperature 
compressive σy and room temperature properties. The bar charts at the 
top of each panel show the frequency of occurrence for each element in 
the datasets, highlighting the prevalence of Nb, Ti, and Zr. The boxplots 
below the bar charts show the concentration ranges of the elements 
within the alloys, with the red line in each box indicating the median 
value and the green line representing the mean. The interquartile range 
captures the middle 50 % of data points, and whiskers extend from the 
quartiles to the furthest data points within 1.5 times the interquartile 
range, indicating the overall spread, while points outside this range are 
marked as outliers with discrete dots. 

It is generally thought that M-phase RCCAs can be stronger than 1- 
phase RCCAs because of an additional contribution from precipitation 
strengthening. To see how much the secondary phases actually 
contribute to the strength of RCCAs, the data were analyzed in two 
groups: 1-phase and M-phase RCCAs. 

Fig. 2 gives a panoramic view of the relationships between RCCA 
constituent elements and properties. Included properties include solvus, 
solidus and liquidus temperatures obtained via CALPHAD; ρ, VEC, and G 
approximated by the rule of mixtures; and experimentally measured σy 
and total compressive strain from RT to 1200 ◦C. This heatmap shows 
the presence and the strength of correlations using Pearson’s correlation 
coefficient (r). A strong correlation is indicated when 0.7 < |r| ≤ 1, a 
moderate correlation occurs for 0.3 ≤ |r| ≤ 0.7, and 0 ≤ |r| < 0.3 shows a 
weak correlation or no relationship. A positive correlation occurs for 
positive r values, indicating that an increase in the input parameter is 
associated with an increase in the material property. Negative r values 
produce a negative correlation, where an increase in the input value 
produces a decrease in the correlated property, and vice versa. Care is 
needed in interpreting correlation heat maps, since false correlations can 
be produced by limited sample sizes. For example, false correlations are 
essentially absent when analyzing 1000 observations in a 10-dimen
sional composition space with 10 features, false correlations of small- 
to-moderate intensity can be present when analyzing only 50 observa
tions (similar to the datasets used here), and false correlations can be 
moderate-to-strong when only 10 observations are available for 
correlation. 

The heatmap in Fig. 2 is divided into two segments - the upper right 
shows results for 1-phase and the lower left for M-phase RCCAs. Clear 
differences in correlation coefficients between 1-phase and M-phase 
RCCAs emphasize the significant impact of microstructure on alloy 
properties. The data show that TL is a critical indicator of mechanical 
strength. In M-phase RCCAs, TL has a strong positive correlation with HT 
strength and a moderate influence on strength at 800 ◦C and RT. Tsolvus 
has a slightly lower correlation with strength, and Tm is the least 

Fig. 1. Elemental profiles of the RCCA datasets in this study for (a) alloys used to measure σy in compression at elevated temperature, and (b) alloys used to measure 
RT strength and ductility. The bar charts in the upper panels show the number of alloys that contain each respective element, and the boxplots in the lower panels 
reveal the concentration distribution for each element. The interquartile ranges (IQR = Q3-Q1) are shown by the boxes, with median values marked by red lines 
across the boxes and mean values by green dashed lines. Outliers are represented as individual points. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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significant of the thermodynamic temperatures. For 1-phase RCCAs, 
there is a strong-to-moderate positive correlation between TL and HT 
strength but essentially no correlation with σy at RT. Tm shows a mod
erate influence on HT σy. The heatmap’s red gradient signals a strong 
positive correlation between G, VEC, ρ, and σy at elevated temperatures 
for 1-phase RCCAs. The positive correlation between VEC and high- 
temperature yield strength is also observed for M-phase RCCAs, while 
a moderate-to-weak tendency for ductility to decrease with increasing 
VEC is noted for both types of RCCAs (Fig. 2). 

Fig. 3 focuses on the relationships between RT strength and ductility 
and appropriate input parameters. In 1-phase RCCAs, the RT σy shows 
the strongest positive correlation with G/B (r = 0.4) and the presence of 
Mo (r = 0.5), while RT ductility is most closely dependent on G, E, G/B 
and Gb/γ (b is the Burgers vector), all with r = − 0.6, and on the use of 
Mo (r = − 0.5). The correlation heatmap for M-phase RCCAs excludes 
values determined by the ROM, and so RT properties were only corre
lated with constituent elements. Correlations between the other alloying 
elements and RT properties were usually weak. The strongest positive 
correlations were between RT strength and the use of W (0.4) and Ta 
(0.3), and negative correlations were found with Nb (− 0.5) and Zr 
(–0.3). For RT tensile ductility, the most notable correlations were with 
Zr (0.4) and Cr (− 0.4). 

Transitioning from the broad correlations presented in Figs. 2 and 3, 

the following sections explore the details of these relationships. Sections 
3.2 and 3.3 examine the influence of thermal properties, ρ and VEC on 
elevated temperature properties, and Section 3.4 discusses the interplay 
between these material properties and the RT tensile ductility of RCCAs. 

3.2. Effects of composition and thermodynamic parameters on RCCA 
strengths 

Fig. 4a and b show the temperature dependence of σy for the two 
groups, 1-phase and M-phase, of RCCAs. Additionally, the temperature 
dependence of refractory metals, conventional refractory alloys and two 
representative Ni-based superalloys are shown in Fig. 4c. As a reference 
point, a suggested lower bound of 300 MPa for the HT (1200 ◦C) yield 
stress is also shown in the figures as a dashed horizontal line. It can be 
seen that M-phase RCCAs are stronger than 1-phase RCCAs at temper
atures below 600–800 ◦C, likely due to additional precipitation 
strengthening. However, the strength of M-phase RCCAs decreases 
rapidly between 600 and 1200 ◦C, due to dissolution of secondary 
phases and loss of the precipitation strengthening effect, and at 1200 ◦C 
none of them have yield stresses above the 300 MPa target. On the 
contrary, the yield stress of 1-phase RCCAs is less temperature depen
dent and many 1-phase RCCAs retain higher strengths than M-phase 
RCCAs above 900–1000 ◦C. In comparison, the temperature dependence 

Fig. 2. ‘Heatmap’ showing correlations between alloy parameters and mechanical properties for 1-phase (upper right) and M-phase (lower left) RCCAs. Each cell 
includes the value of the corresponding Pearson correlation coefficient (r), and is color-coded from blue (negative correlation with − 1 ≤ r ≤ 0) to red (positive 
correlation with 0 ≤ r ≤ 1). Density and shear modulus (G) values derived from the ROM are excluded for M-phase RCCAs. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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of σy for representative refractory metals and conventional alloys, which 
all have predominantly 1-phase structure, is also weak, but these ma
terials are overall softer than 1-phase RCCAs, likely due to a smaller 
solid solution strengthening effect. The behavior of Ni-based superal
loys, which are multi-phase structures, is similar to the behavior of M- 
phase RCCAs (Fig. 4c). 

When the absolute testing temperature T is normalized by TL for each 
of the studied alloys, the HT stress drop is observed in all RCCAs within 
almost the same homologous temperature range, T/TL ~ 0.5–0.6 (Fig. 5 
a, b). This shows that RCCAs with higher TL can keep their strength to 
higher temperatures. Interestingly, the stress drop in commercial re
fractory alloys also occurs at T ~ 0.5–0.6 TL, while in Ni-based super
alloys it occurs at slightly higher T/TL, ~0.55–0.70 (Fig. 5c). The higher 
homologous temperatures associated with the decrease in superalloy 
yield strength are likely due to the exquisite control of microstructure 
and to the anomalous yield strength behavior for the intermetallic Ni3Al 
compound. 

To verify the effect of TL on yield stress, the yield stresses of different 
RCCAs tested at RT and 1200 ◦C were plotted against liquidus temper
atures of these alloys (Fig. 6). No effect of TL on RT yield stress was found 
(Fig. 6a). However, there is a strong tendency for the HT yield stress to 
increase with increasing TL (Fig. 6b). Among the reported RCCAs, those 
having higher TL generally have higher yield stress at 1200 ◦C and all 

RCCAs with yield stress above 300 MPa at 1200 ◦C have TL above 
2100 ◦C. 

At the same TL, M-phase RCCAs are stronger than 1-phase RCCAs at 
RT (Fig. 6a). However, many 1-phase RCCAs are stronger than M-phase 
RCCAs above 1000 ◦C due to their higher TL (Fig. 4, Fig. 6). In fact, the 
1200 ◦C yield strengths of reported M-phase RCCAs do not exceed 300 
MPa, while those of many 1-phase RCCAs are much above 300 MPa 
(Fig. 6b). In addition to low TL, the noticeable strength drop of M-phase 
RCCAs at 0.5–0.6 TL can also be related to the dissolution of second- 
phase particles (low Tsolv) and the loss of precipitation strengthening 
[11]. These correlations suggest the development of M-phase RCCAs 
with TL > 2100 ◦C and with second-phase strengthening particles that 
remain stable above the intended use temperature. 

Fig. 7 shows correlations between RT yield stress and HT (1000 ◦C 
and 1200 ◦C) yield stress values for 1-phase RCCAs. When all the RCCAs 
are considered, no correlation between RT and HT yield stresses is 
observed (Fig. 7a). However, when the alloys are divided in two groups, 
one group having the absolute homologous testing temperature T/TL <

0.55, and the second group having T/TL ≥ 0.55, a strong correlation 
between RT and HT stresses is found for the first group (Fig. 7b) and no 
correlation for the second group (Fig. 7c). These findings may indicate 
that the same strengthening mechanism operates at T < 0.55 TL and thus 
in this temperature range the HT strength can be roughly predicted from 

Fig. 3. ‘Heatmap’ showing correlations between alloy parameters and RT properties for 1-phase (upper right) and M-phase (lower left) RCCAs. Each cell includes the 
value of the corresponding Pearson correlation coefficient (r), and is color-coded from blue (negative correlation with − 1 ≤ r ≤ 0) to red (positive correlation with 0 
≤ r ≤ 1). Values derived from the ROM are excluded for M-phase RCCAs. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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RT measurements. For example, the Maresca-Curtin strengthening 
model based on edge dislocation mobility predicts a direct correlation 
between the room temperature and HT strength [33]: 

σT
y = σ300K

y

(
1 − (αT)2/3

)

(
1 − (300α)2/3

) (2)  

where σ300K
y and σT

y are the yield stresses at 300 K and T, where T is the 
testing temperature (in K) and α is a material constant. On the other 
hand, strengthening mechanisms operating above 0.55 TL are likely 
different from those operating at lower temperatures, and the HT 
properties cannot be predicted from the low-temperature measure
ments. Indeed, the Rao-Suzuki model of screw dislocation solid solution 
strengthening for 1-phase BCC RCCAs considers different strengthening 
mechanisms for low-temperature (diffusionless dipole dragging) and HT 
(diffusion-controlled jog dragging) regimes [34]. This approach predicts 
a steep drop in yield stress in the temperature range of 0.55–0.6TL, 
where the transition from one to the other mechanism occurs, in 
agreement with the experimental data shown in this study. 

3.3. Effect of alloy density and valence electron concentration on high- 
temperature strength of RCCAs 

There is a general trend for refractory metals with higher melting 
points to have higher densities. A similar trend is also present for RCCAs 
(Fig. 8a). Their density increases almost linearly with increasing TL. 
Therefore, one can expect that RCCAs having high strength at high 
temperatures have both high TL and high ρ. Indeed, when 1200 ◦C yield 
stress is plotted versus the density of the reported RCCAs, a trend can be 
seen that the yield stress increases with increasing alloy density 
(Fig. 8b). All the reported RCCAs, but one (MoTiZr), with 1200 ◦C yield 
stress above 300 MPa have densities above 8 g/cm3 and those with yield 
stress above 400 MPa have density above 8.9 g/cm3 (Fig. 8b). On the 
other hand, all low density RCCAs (ρ ≤ 7.5 g/cm3) are soft at 1200 ◦C. 
Fortunately, the specific yield stress (yield stress divided by the alloy 
density) also has a tendency to increase with increasing alloy density 
(Fig. 8c). This analysis indicates that RCCAs with high strength and high 
specific strength at high temperatures (≥1200 ◦C) will also have high 
density, above 8–9 g/cm3. Low density RCCAs, which have been 
developed recently aiming to increase the specific strength, have low TL 
and lose their strength and specific strength above 1000 ◦C. 

Fig. 8d shows that HT strength of RCCAs has a tendency to increase 

Fig. 4. Temperature dependence of yield stress for (a) single-phase BCC RCCAs, 
(b) multi-phase RCCAs and (c) three pure refractory metals (Mo, Nb, W), three 
conventional refractory alloys (C-103, WC-3009, TZM) and two Ni-based su
peralloys (IN 718 and Mar-M 247). 

Fig. 5. Dependence of yield stress of (a) 1-phase RCCAs, (b) M-phase RCCAs 
and (c) representative refractory metals, refractory conventional alloys and Ni- 
based superalloys on the homologous temperature, T/TL. 
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when the valence electron concentration (VEC) of an alloy increases 
from 4 to 6. Combining this observation with the positive effect of TL and 
ρ, one can suggest that RCCAs with high strengths above 1000 ◦C should 
be rich in Nb, Ta, Mo and/or W. These elements are commonly used in 
RCCAs (Fig. 1). All RCCAs with yield strengths above 300 MPa at 
1200 ◦C have VEC > 4.6. However, a number of RCCAs that meet this 
criterion have yield strengths that are below the 300 MPa threshold at 
1200 ◦C, so this is a necessary, but not sufficient, phenomenological 
condition. The more stringent criterion of VEC > 5.1 is a sufficient 
condition for yield strengths exceeding 300 MPa at 1200 ◦C with the 
current dataset. 

Table 1 shows nine reported RCCAs with yield stress above 400 MPa 

at 1200 ◦C. They all have TL > 2100 ◦C, ρ ≥ 8.9 g/cm3 and VEC ≥ 4.6. All 
alloys contain Mo and five contain W, and all are 1-phase structures. The 
properties for these alloys were reported in cast or cast plus HIP con
ditions using compression tests. None of these alloys were tested in 
tension. 

3.4. RCCA tensile ductility 

The matrix phase of the currently reported RCCAs have a BCC crystal 
structure and, as all BCC materials, these RCCAs experience a brittle-to- 
ductile transition and become brittle below a critical temperature TDBT. 
For practical use, TDBT of an alloy should generally be below room 

Fig. 6. Effect of the liquidus temperature on (a) room temperature (RT) and (b) 1200 ◦C yield stress of RCCAs.  

Fig. 7. Correlations between room temperature (25 ◦C) and high temperature (1000 ◦C and 1200 ◦C) yield stresses for (a) all analyzed RCCAs, (b) RCCAs for which 
the testing temperatures are below 0.55 TL, and (c) RCCAs for which the high-temperature testing temperatures are above 0.55 TL. 
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temperature. Therefore, we analyzed the RT ductility of reported 
RCCAs. A similar analysis was conducted earlier, but fewer RCCAs were 
available at that time [12]. While RT testing of RCCAs continues to 
emphasize compressive loading, a growing number of tensile studies are 
reported. Therefore, here we analyze the tensile data that are now 
available. Fig. 9 shows RT tensile ductility (total strain to failure) as a 
function of tensile yield stress (σy) and valence electron concentration 
(VEC) for a number of RCCAs and conventional refractory alloys (CRAs). 
The properties of 79 1-phase RCCAs, 9 M-phase RCCAs, 18 RCCAs 
experiencing phase transformations during tensile testing (trans
formation-induced plasticity, TRIP) and 7 CRAs are given in the as-cast 
condition (95 data points, all RCCAs) and thermo-mechanically pro
cessed (TMP) conditions (92 data points, including 11 for CRAs). It can 
be seen that, depending on the composition and TMP, the tensile 
ductility of RCCAs varies from 0 % to up to 50 %. All TRIP, many 1-phase 
and some M-phase RCCAs have good RT tensile ductility, which 
generally increases after TMP [23]. Tensile ductility tends to decrease 
with increasing σy (Fig. 9a). All RCCAs with σy below 800 MPa are 

ductile and between 800 and 1600 MPa can be ductile or brittle. There 
are no tensile data for RCCAs with yield stress exceeding 1600 MPa, 
which may indicate that the RCCAs with yield stress above 1600 MPa 
are likely brittle [12]. There is no effect of VEC on RT tensile ductility for 
VEC from 4.0 to 5.1 (Fig. 9b): at the same VEC values in this range, some 
RCCAs can be ductile and others brittle. It can also be noted that all TRIP 
RCCAs have VEC below 4.2 and, therefore, these RCCAs are expected to 
be soft above 1000 ◦C (see Section 3.2). 

Fig. 10 shows the dependence of tensile elongation on (a) shear 
modulus G reduced by bulk modulus B (G/B) and (b) dislocation line 
tension energy (Gb) reduced by the surface energy γ (Gb/γ) for the re
ported single-phase RCCAs and CRAs. Here b =

̅̅̅̅̅̅
3a

√
/2 is the magnitude 

of the Burgers vector, which average value of 0.29 nm was estimated 
from the reported lattice parameters a of 1-phase BCC RCCAs and used 
in the current work. According to the Pugh-Pettifor ductility criterion, 
an alloy is incipiently ductile if G/B < 0.4–0.6 [39]. According to the 
Rice-Thomson criterion, an alloy is incipiently ductile if Gb/γ < 7.5–10 
[40]. Analysis of the experimental data indicates that all reported 1- 

Fig. 8. Correlations between (a) alloy density (ρ) and liquidus temperature (TL), (b) 1200 ◦C yield stress (σy
1200◦C) and density (ρ), (c) 1200 ◦C specific yield stress 

(σy
1200◦C/ρ) and density (ρ) and (d) 1200 ◦C yield stress and valence electron concentration (VEC) of reported RCCAs. 

Table 1 
Nine reported RCCAs with yield stress above 400 MPa at 1200 ◦C.  

Alloy ID ρ (g/cm3) Tm (◦C) TL (◦C) σ1200◦ C
y (MPa) ε1200◦ C

f (%) σ25◦ C
y (MPa) ε25◦ C

f (%) VEC Refs 

HfMoNbTaTi  10.8 2145 2390 699 >30 1369 27  4.8 [35] 
HfMoNbTaTiZr  9.9 1890 2205 556 >30 1512 12  4.67 [35] 
HfMoNbTaZr  10.9 1912 2218 694 >30 1524 16  4.8 [35] 
HfMoTaTiZr  10.2 1825 2114 404 >30 1600 4  4.60 [35] 
MoNbTaTiVW  11.0 2417 2584 659 8 1515 11  5.17 [36] 
MoNbTaTiW  11.8 2607 2689 586 10 1343 14  5.20 [36] 
MoNbTaVW  12.4 2566 2704 735 8 1246 2  5.40 [37] 
MoNbTaW  13.7 2804 2864 506 >40 1058 6  5.50 [37] 
Mo17Nb33Ti34W16  8.9 2434 2496 461 >50 1440 11  4.98 [38]  
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phase RCCAs are incipiently ductile, in accord to these two criteria. 
Thus, the observed brittleness of some of them is likely due to extrinsic 
effects such as defects present after casting and/or processing or inter
stitial segregation to grain boundaries, which can lead to premature 
grain boundary decohesion. Brittle failure may also occur in BCC alloys 
when the yield strength is higher than the intrinsic fracture stress of the 
material. As a result, RCCAs with very high RT yield strengths may fail 

by transgranular cleavage before the stress needed to move dislocations 
is reached. This can serve as a dis-incentive to seek exceptional RT yield 
strengths in RCCAs intended for HT use. 

Earlier, Sheikh et al. [41], based on limited experimental data at that 
time, proposed a VEC ductility criterion according to which ductile 
RCCAs have VEC < 4.5–4.6 and RCCAs with VEC > 4.6 are brittle. The 
current analysis indicates that this criterion needs to be revised, as both 

Fig. 9. Room temperature elongation to failure of RCCAs and conventional refractory alloys (CRAs) as a function of (a) tensile yield stress and (b) valence electron 
concentration. The RCCAs are divided into three groups: single-phase (1-phase), multi-phase (M-phase) RCCAs, as well as of RCCAs experiencing a phase trans
formation during testing (TRIP). 

Fig. 10. Tensile ductility of RCCAs and CRAs as a function of (a) G/B and Gb/γ, where G, B, b and γ are the shear modulus, bulk modulus, the magnitude of the 
Burgers vector and surface energy of an alloy, respectively. 

Table 2 
List of RCCAs which are ductile at room temperature and satisfy the criteria for high-temperature strength.  

Alloy Condition σ25◦ C
y MPa ε25◦ C

f % VEC TL
◦C ρ g/cm3 σHT

y MPa Refs 

Hf5Nb55Ta25Ti15 TMP 750  1.0  4.80 2435  10.3 N/A (a) [42] 
Hf5Nb55Ta25Ti15 TMP 500  18.3  4.80 2435  10.3 N/A (a) [42] 
Hf5Nb55Ta25Ti15 TMP 500  12.1  4.80 2435  10.3 N/A (a) [42] 
Hf5Nb55Ta25Ti15 TMP 620  5.0  4.80 2435  10.3 N/A (a) [42] 
HfNbTa as-cast 847  10.0  4.67 2416  12.9 N/A (a) [43] 
HfNbTa TMP 871  20.8  4.67 2416  12.9 N/A (a) [43] 
Nb35Ta35Ti15Zr15 as-cast 970  13.3  4.70 2323  10.3 102 (1200 ◦C) [44] 
NbSi0.1TaTiV as-cast 1135  1.4  4.73 2093  9.0 N/A (a) [45] 
NbSi0.1TaTiV TMP 1355  2.1  4.73 2093  9.0 N/A (a) [45] 
NbSi0.1TaTiV TMP 1413  4.2  4.73 2093  9.0 N/A (a) [45] 
NbSi0.1TaTiV TMP 1270  8.2  4.73 2093  9.0 N/A (a) [45] 
NbTaTi as-cast 620  18.5  4.67 2342  10.0 160 (1000 ◦C) [46] 
NbTaTiV as-cast 727  14.1  4.75 2144  9.2 688 (900 ◦C) [45] 
NbTaV as-cast 925  22.8  5.00 2393  10.8 N/A (a) [47] 
TaTiV TMP 801  7.6  4.67 2083  9.4 N/A (a) [48] 

(a) Not available. 

O.N. Senkov et al.                                                                                                                                                                                                                              



Materials & Design 239 (2024) 112762

10

brittle and ductile alloys can have any VEC value in the range of VEC 
from 4 to 5 (Fig. 9b). 

Among the studied RCCAs which showed RT tensile ductility, only 8 
satisfy the criteria suggested earlier in this manuscript for HT strength 
(TL > 2100 ◦C; VEC > 4.6; ρ > 8 g/cm3). The compositions, conditions 
(as-cast or TMP) and properties of these alloys are shown in Table 2. For 
RCCAs where data are available in both the as-cast condition and after 
TMP, it can be seen that RT tensile ductility of these alloys is higher after 
TMP. None of the alloys contain Mo or W and their high density is due to 
the presence of Hf or Ta, or both of these elements. Only three of these 
compositions have reported properties at elevated temperatures, which 
were measured during compression testing. Among these three, 
Nb35Ta35Ti15Zr15 and NbTaTi, are soft at T ≥ 1000 ◦C. This could be due 
to low values of solute-screw dislocation interaction energies in these 
alloys [34]. The third alloy, NbTaTiV has a yield stress of 688 MPa at 
900 ◦C, but no data is available at higher temperatures. 

3.5. Multivariate linear regression predictive model outputs and 
evaluation 

Fig. 11 shows the predictive accuracy of the MLR models. Fig. 11a 
compares the actual σy at 1000 ◦C with values predicted by the MLR 
models trained on the datasets in this study. Each datapoint corresponds 
to an alloy, giving actual (x-axis) and predicted (y-axis) σy values. The 
dashed line indicates perfect agreement, and the coefficient of deter
mination (R2 = 0.73) shows overall reliable predictions. As a strong 
effect of Mo on the studied properties was found and all the reported 
RCCAs contain Nb, the data-points in Fig. 11 are color-coded to indicate 
the atom fraction difference between Mo and Nb, with a red shift for 
positive differences (cMo > cNb) and a blue shift for negative differences 
(cMo < cNb). This shows that the strongest alloys at 1000 ◦C – those with 
σy > 500 MPa – all have more Mo than Nb. A similar comparison plot is 
shown for σy at 1200 ◦C (Fig. 11b). The MLR model accuracy is similar 
(R2 = 0.74), but RCCAs with more Mo than Nb now span the range from 
low to high σy values. The MLR model shows an improved predictive 

Fig. 11. Multivariate linear regression (MLR) model accuracy in predicting 1-phase RCCA (a) σy at 1000 ◦C, (b) σy at 1200 ◦C, and (c) total RT strain to failure. Each 
datapoint represents an RCCA, and datapoints are color-coded to show the difference in atom fraction between Mo and Nb, cMo – cNb. The coefficient of determination 
(R2), mean squared error (MSE) and mean absolute error (MSE) determined by leave-one-out cross validation are also provided. 
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capability for total RT strain (Fig. 11c), with R2 = 0.82. Here, all but two 
RCCAs with total strains ≥30 % have more Nb than Mo. While most 
RCCAs with total plasticity <30 % have more Mo than Nb, many also 
show the opposite trend. 

Collectively, these plots demonstrate a good effectiveness of the MLR 
model, offering predictions that align reasonably well with actual values 
and providing a means to navigate the compositional landscape and 
predict mechanical properties of RCCAs in unseen regions. 

Fig. 12 shows the influence of individual constituent elements on the 
predicted mechanical properties of RCCAs. The HT strength is most 
positively affected by the presence of Mo, W, Hf, and Ta and is nega
tively correlated with Ti, Cr and Nb alloying additions (Fig. 12a,b). 
Other elements have a mixed influence. V negatively affects σy at 
1000 ◦C yet positively at 1200 ◦C. Both Al and Zr exhibit minimal impact 
on 1000 ◦C strength but reduce strength at 1200 ◦C. For RT total strain, 
Nb, V, and Group IV elements Ti, Hf and Zr are key contributors, with Ta 
having a small positive influence. (Fig. 12c). The other alloying element 
in this study, especially Al, tends to reduce room temperature ductility. 
Interestingly, Cr appears to negatively influence both RT strain and HT 
strength, indicating that its higher concentrations may detract from the 
desired mechanical properties. 

3.6. Navigating the compositional space 

The MLR models developed here have been applied to show the re
lationships between RT ductility and HT strength at 1000 ◦C and 
1200 ◦C. These properties have been estimated for over 35,000 hypo
thetical RCCAs drawn from the palette of the ten elements studied here 
(Al, Cr, Hf, Mo, Nb, Ta, Ti, V, W, and Zr). The mole fractions of the 
constituent elements are systematically varied from 0 to 0.4 in steps of 
0.1 for ternary, quaternary and quinary RCCAs. The upper concentration 
limit was imposed to ensure all compositions remained within the range 
covered by the training dataset (Fig. 1). The results of these MLR pre
dictions are shown in Fig. 13. Yellow markers represent the subset of 1- 
phase RCCAs from our refined dataset with experimentally measured HT 
strength but without measured RT ductility. For these alloys, RT 
ductility was inferred using our trained model. This analysis shows that 
most of the reported RCCAs fall well below the Pareto front and are not 
optimal compositions. A well-defined Pareto front shows the trade-off 
between HT strength and RT ductility for 1-phase RCCAs. Beyond 
illustrating the inevitable compromise between HT strength and RT 
ductility, this analysis also identifies over 50 promising RCCAs along the 
Pareto front (see Appendix). These candidate alloys, which theoretically 
offer an improved balance of HT strength and RT ductility over existing 
RCCAs, are pending experimental confirmation. 

Fig. 12. Influence of alloying elements on (a) σy at 1000 ◦C, (b) σy at 1200 ◦C, and (c) RT total strain to failure in 1-phase RCCAs. The bars represent the regression 
coefficients of each element, indicating the magnitude and direction of their impact. 
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These results emphasize the critical roles of Mo for HT strength and 
Nb for RT ductility by color-coding the composition difference, (cMo – 
cNb), along the Pareto front. This shows that RCCAs with more Mo than 
Nb tend to be stronger and have less ductility, while those with more Nb 
than Mo show the opposite trend. RCCAs with nearly equal amounts of 
Mo and Nb are found at the mid-span of the Pareto front, giving an 
attractive combination of both HT strength and RT ductility. The com
positions of the RCCAs along the Pareto front predominantly feature Hf, 
Mo, Nb, Ta, and V, with the notable exclusion of Al, Cr and the infre
quent use of W and Zr (Fig. 14). 

4. Discussion 

The correlations identified in the previous sections allow us to 
recommend an approach for selecting possibly ductile RCCAs with good 
HT strength. First, to achieve HT strength, a selected RCCA should have 
TL > 2100 ◦C. The alloy should be a single-phase BCC structure or have 
secondary phases that are thermodynamically stable above the 
maximum use temperature. In the latter case, a single-phase solid so
lution range is desired below the Tsolidus for precipitation heat treatment. 
RCCAs that satisfy these thermodynamic properties can be found using 
CALPHAD methods. CALPHAD sometimes predicts secondary phases in 

Fig. 13. Predicted RT strain and σy at (a) 1000 ◦C and (b) 1200 ◦C for ternary, quaternary and quinary RCCAs systematically drawn from the palette of ten elements 
in this study (Al, Cr, Hf, Mo, Nb, Ta, Ti, V, W, and Zr). The gray datapoints represent predicted σy and RT strain for 20 % of the 35,412 RCCAs predicted with the MLR 
model developed here. Yellow markers indicate RCCAs from our curated dataset, with measured σy and RT ductility predicted from the MLR model. The difference in 
atom fraction between Mo and Nb, cMo – cNb, is shown for some of the RCCAs on the Pareto front. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 14. The frequency (bar charts, upper panels) and concentration ranges (boxplots, lower panels) of the elemental constituents for RCCAs along the Pareto front in 
Fig. 13 at (a) 1000 ◦C and (b) 1200 ◦C. The boxplots show the concentration distribution for each element, with medians marked by red lines across the boxes and 
means by green dashed lines. Outliers are represented as individual points. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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RCCAs below 1000 ◦C that are not observed experimentally or require 
long-time annealing to form. Therefore, RCCAs with a 1- phase structure 
above 1000 ◦C can be considered to fall in the single-phase RCCA 
category. Additional criteria for RCCAs to have HT strength are VEC >
4.7 and density > 8 g/cm3. These properties can be estimated using the 
rule of mixtures (ROM). To satisfy these criteria, it is likely that the 
prospective RCCAs should be rich with Nb, Ta, Mo and/or W. A positive 
effect of Mo on strength and stiffness of Mo-Nb-Ta-Ti RCCAs has recently 
been emphasized by Startt et al. [49] and explained this by partial 
replacement of soft metallic bonds with stronger covalent bonds. 

Second, potentially ductile RCCAs can be identified as those with a 
RT yield stress below 1600 MPa. The RT yield stress can be estimated 
using currently available strengthening models developed for single- 
phase BCC RCCAs. These are the Maresca-Curtin edge dislocation 
strengthening model [33] and the Rao-Suzuki screw dislocation 
strengthening model [34]. These models accurately predict the yield 
stress of RCCAs in which edge or screw dislocations control σy. Among 
these two models, the strength-controlling mechanism is the one with a 
higher σy. The final selection can be made by running the strengthening 
models to identify RCCAs with predicted HT σy that meet or exceed the 
application requirement. The properties of the selected RCCAs can be 
verified through high throughput experiments. Particular attention 
should be made to minimize the concentration of interstitial elements (O 
and N) and to avoid segregation of these elements at grain boundaries. 

The correlations provided here can guide the development of RCCAs 
that have both strength at HT and ductility at RT. However, some of the 
correlations show wide bands for ductility, so that a given indicator can 
produce RCCAs that are either brittle or ductile, for example as shown in 
the relationships between ductility and yield strength or VEC (Fig. 9). 
This may suggest a less direct relationship between ductility and the 
tracked property, where the suggested property is necessary but not 
sufficient for ductility. It is likely that an RCCA may be intrinsically 
capable of displaying plasticity, for example as suggested by the corre
lations in Fig. 10, but none is measured due to the presence of defects, 
microstructural inhomogeneities, or the intervention of a competing 
failure mode. Defects can include porosity or residual stresses; dendritic 
segregation of refractory elements is a major source of microstructural 
inhomogeneity; and competing failure modes may include bulk cleavage 
fracture or premature grain boundary decohesion due to interstitial 
segregation. Thermo-mechanical processing may reduce or eliminate 
many of these extrinsic effects, and the development of such processes is 
suggested to improve the balance of properties in RCCAs. TMP is ex
pected to be particularly effective in removing residual stresses from 
casting; healing porosity; reducing or eliminating dendritic segregation 
of principal alloying elements; reducing segregation of interstitial ele
ments at grain boundaries; and in producing a uniform distribution of 
refined grains. Supporting the suggestion for deformation processing, 
analysis of available datasets shows that RT tensile ductility in RCCAs 
generally improves after TMP [23]. 

We have recently successfully applied this approach for the devel
opment of a few ductile RCCAs which have yield stresses above 300 MPa 
at 1200 ◦C and promising ductility at room temperature. Some of these 

RCCAs are listed in Table 3. All the developed alloys that did not fracture 
after 50 % compression strain at RT, have RT yield stress below 1000 
MPa. These alloys have a weak temperature dependence of yield stress 
in the temperature range from 25 ◦C to 1200 ◦C. R1-5, R2-2, R2-7 and 
GEX are M-phase RCCAs, which have relatively low compression 
ductility at RT but very attractive HT mechanical properties, which are 
in-line with their high TL. 

The MLR models developed here give an alternate approach to 
design RCCAs with a balance of RT ductility and HT strength. Elements 
that seem essential to simultaneously provide RT ductility and HT 
strength include Mo, Nb and V (Fig. 14a,b). Hf and Ti are also important 
at 1000 ◦C, while Ta is indicated at 1200 ◦C. Three alloys in the curated 
dataset used here fall on the mid-region of the Pareto front and five more 
are found on the high ductility end at 1000 ◦C; and four RCCAs cover the 
same extent of the Pareto front at 1200 ◦C. These previously published 
nearly optimal RCCAs at 1000 ◦C are HfMoNbTaZr, HfMoNbTaTiZr, 
HfMoNbTaTi, Hf19Nb74W6O1, Nb64Ti25W11, Mo0.21NbTi0.27, Mo0.17N
bTi0.26, Mo0.13NbTi0.24 and NbTi0.25W0.11, and at 1200 ◦C are 
HfMoNbTaTi, Hf19Nb74W6O1 and NbTi0.25W0.11 [35,38,50]. It is notable 
that all but one of these RCCAs have between 25 and 40 at. % Group IV 
elements, which may contribute to the balance of strength and ductility 
[32]. The one exception, Hf19Nb74W6O1, is a niobium alloy WC-3009, 
which contains an intentional oxygen addition that is five times 
higher than typical interstitial levels in refractory alloys [51]. 

Careful inspection of the RCCAs in Table 3 shows that many have a 
balance of RT compressive ductility and high temperature strength that 
meet or exceed the Pareto fronts in Fig. 13a,b. All but one of these RCCAs 
have compositions that are outside the bounds used to calculate the 
strength and ductility values in Fig. 13. Further, two of the already 
published RCCAs that fall along the Pareto fronts in Fig. 13 also have one 
element that is more concentrated than the 40 % limit used in the MLR 
model. This emphasizes the importance of extending RCCA efforts to 
include alloys with a dominant principal element. 

The current correlations and MLR models are limited by the data 
currently available. Relatively few efforts have been published to design 
M-phase microstructures capable of producing both strength and 
ductility. Specifically, efforts to intentionally control the size, volume 
fraction, distribution and dissolution temperature of strengthening 
phases are infrequently undertaken. As a result, it may not be surprising 
that the current results suggest that 1-phase RCCAs currently offer the 
strongest potential to achieve this balance. A growing number of studies 
are exploring RCCAs with superalloy-like microstructures consisting of a 
disordered BCC (A2) phase and the related ordered B2 phase [52,53]. In 
addition to producing an attractive combination of size, volume fraction 
and distribution of second phases, these studies also strive to increase 
the dissolution temperature of the ordered B2 phase. Continued de
velopments in this direction, as well as expanding to include other 
strengthening phases beyond B2, remain a relatively unexplored area of 
effort and is suggested for future work. 

Table 3 
Composition and properties (compression σy and εf at 25 ◦C and 1200 ◦C, ρ, TL, VEC) of some RCCAs, which were developed using correlations reported in this study.  

Alloy ρ, g/cm3 VEC 25 ◦C 25 ◦C 1200 ◦C 1200 ◦C TL, ◦C 
σy, MPa εf, % σy, MPa εf, % 

Nb74Mo17Zr9  8.58  5.08 632 >50 390 >50 2427 
Nb74Mo12Ti5Zr9  8.33  4.98 690 >50 343 >50 2387 
Nb65Ti18Re5W12  9.46  5.04 1000 14 337 >50 2450 
MoReW  16.2  6.33 555 >50 325 >50 2879 
R1-2 (Mo-Nb-Hf-Ti-Zr)  8.75  4.97 877 >50 394 >50 2388 
R1-5 (Cr-Hf-Mo-Nb-Ti)  8.97  5.06 1250 12 480 >50 2292 
R2-2 (Hf-Mo-Nb-Ti-Zr)  9.00  5.17 1200 10 608 >50 2428 
R2-7 (Cr-Mo-Nb-Ti)  8.26  5.36 1365 10 648 35 2304 
GEX (Hf-Mo-Re-Ru-W)  15.3  6.05 1322 12 810 30 2696  
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5. Summary and conclusions 

Using experimental data in the open literature, the room tempera
ture (RT) ductility and high-temperature (HT) strength of RCCAs are 
correlated against CALPHAD estimates of the liquidus temperature (TL) 
and rule-of-mixtures (ROM) estimates for elastic properties, density (ρ) 
and valence electron concentration (VEC). RCCAs with high yield 
strengths above 1000 ◦C (e.g. ≥300 MPa at 1200 ◦C) generally have TL 
> 2100–2200 ◦C; ρ > 8–10 g/cm3; and VEC > 4.6–5.0. Among the 
currently reported RCCAs, only single-phase (1-phase) RCCAs contain
ing Nb, Ta, Mo or W satisfy all three of these criteria. The reported multi- 
phase (M-phase) RCCAs do not provide high strength above 1000 ◦C due 
to the relatively low TL and the loss of strengthening near the solvus 
temperature of secondary phases. However, M-phase RCCAs are nor
mally stronger than 1-phase RCCAs, even at high temperatures, when 
they both have the same TL. Therefore, it is worth developing M-phase 
RCCAs with TL > 2100–2200 ◦C that also have secondary phases that are 
stable at high temperatures. 

RCCAs that are ductile at RT have yield strengths below 1600 MPa 
and VEC values from 4 to 5. RCCAs with extremely high RT yield 
strengths (>1600 MPa) are not attractive HT structural materials as they 
are brittle at RT and they lose strength rapidly above 1000 ◦C. 

There is an approximate linear correlation between RT and elevated 
temperature yield strengths below ~0.55 TL, likely due to the same 
operating strengthening mechanisms. This correlation is absent when 
the test temperature, T > 0.55 TL, due to the operation of different 
strengthening mechanisms below and above 0.55 TL and the related 
drop in strength near this homologous temperature. 

A multivariate linear regression (MLR) model has been developed 
using machine learning in the high dimensional RCCA design space. This 
important contribution gives new insights, beyond traditional pairwise 
comparisons, into correlations between temperature-dependent mate
rial properties and the very high dimensional spaces of complex, 
concentrated compositions. The model effectively correlates 
experimentally-reported and MLR-predicted RT ductility and HT yield 
strengths, and identifies alloy compositions near the strength-ductility 
Pareto front that simultaneously optimize both of these properties. 
Only a few existing RCCAs are near this Pareto front – the current MLR 
model identifies many new prospective RCCAs for further exploration. 

Data in the current literature continue to focus on cast materials. As a 
strong suggestion for future advancements, the development of thermo- 
mechanical processes is essential to improve ductility by reducing or 
eliminating defects and microstructural inhomogeneities that can lead 
to premature fracture. 
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Appendix A. RCCA compositions and properties predicted on the 1000 ◦C Pareto front (Fig. 13a) using the MLR models  

Alloy Composition (Moles) σy at 1000 ◦C (MPa) RT strain (%) 

Hf0.4Mo0.1Nb0.3Ta0.1V0.1 596 29 
Hf0.3Mo0.1Nb0.4Ti0.1V0.1 466 34 
Hf0.4Mo0.4Nb0.1W0.1 1175 1 
Hf0.4Mo0.1Nb0.4Zr0.1 588 32 
Hf0.4Mo0.1Nb0.4V0.1 553 34 
Hf0.4Mo0.1Nb0.4Ti0.1 526 34 
Hf0.3Mo0.1Nb0.4V0.2 492 34 
Hf0.4Nb0.4Ta0.1Zr0.1 452 36 
Hf0.4Nb0.4Ta0.1V0.1 417 38 
Hf0.4Nb0.4V0.1Zr0.1 413 38 
Hf0.2Mo0.2Nb0.4V0.2 606 29 
Hf0.4Nb0.4Ti0.1Zr0.1 386 38 
Hf0.3Nb0.4Ti0.1V0.2 291 41 
Hf0.3Nb0.4Ti0.2V0.1 264 41 
Hf0.2Nb0.4Ti0.1V0.3 230 42 
Hf0.2Nb0.4Ti0.2V0.2 204 42 
Hf0.2Nb0.4Ti0.3V0.1 178 42 
Hf0.1Nb0.4Ti0.1V0.4 169 43 
Hf0.1Nb0.4Ti0.2V0.3 143 43 
Hf0.1Nb0.4Ti0.3V0.2 117 43 
Hf0.1Nb0.4Ti0.4V0.1 91 43 
Hf0.4Nb0.4Ti0.1V0.1 351 40 
Hf0.4Mo0.1Nb0.3Zr0.2 626 28 
Hf0.4Mo0.1Nb0.4Ta0.1 592 31 

(continued on next page) 
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(continued ) 

Alloy Composition (Moles) σy at 1000 ◦C (MPa) RT strain (%) 

Hf0.3Mo0.2Nb0.4V0.1 667 28 
Hf0.4Mo0.4Nb0.1V0.1 1088 8 
Hf0.3Mo0.2Nb0.4Ti0.1 641 28 
Hf0.2Mo0.4Nb0.3V0.1 960 14 
Hf0.4Mo0.4Nb0.1Zr0.1 1123 7 
Hf0.4Mo0.3Nb0.2V0.1 909 17 
Hf0.4Mo0.4Nb0.1Ta0.1 1127 6 
Hf0.4Mo0.4Ta0.1V0.1 1131 4 
Hf0.3Mo0.4Nb0.2V0.1 1024 11 
Hf0.4Mo0.4Ta0.1Zr0.1 1166 3 
Hf0.2Mo0.3Nb0.4V0.1 781 23 
Hf0.4Mo0.2Nb0.3Ta0.1 771 23 
Hf0.4Mo0.2Nb0.3Zr0.1 766 24 
Hf0.4Mo0.2Nb0.3V0.1 731 25 
Hf0.3Mo0.3Nb0.3V0.1 845 20 
Hf0.4Mo0.4Nb0.2 1084 10 
Hf0.4Mo0.4Ta0.2 1170 2 
Nb0.4Ti0.2V0.4 82 44 
Hf0.2Nb0.4V0.4 256 42 
Hf0.4Mo0.4Zr0.2 1161 3 
Hf0.4Nb0.4V0.2 377 40 
Hf0.4Nb0.4Ti0.2 325 40 
Hf0.3Mo0.4Nb0.3 1020 13 
Hf0.2Mo0.4Nb0.4 956 16 
Hf0.4Nb0.4Zr0.2 448 37 
Hf0.4Mo0.3Nb0.3 906 19 
Hf0.4Nb0.4Ta0.2 457 35 
Hf0.3Mo0.3Nb0.4 842 22 
Nb0.4Ti0.3V0.3 56 44 
Hf0.4Mo0.2Nb0.4 728 27 
Hf0.3Nb0.4V0.3 317 41 
Nb0.4Ti0.4V0.2 30 44  

Appendix B. RCCA compositions and properties predicted on the 1200 ◦C Pareto front (Fig. 13b) using the MLR models  

Alloy Composition (Moles) σy at 1200 ◦C (MPa) RT strain (%) 

Mo0.1Nb0.2Ta0.4V0.3 636 24 
Mo0.1Nb0.4Ta0.4V0.1 588 28 
Mo0.1Nb0.3Ta0.4V0.2 612 26 
Mo0.1Nb0.1Ta0.4V0.4 660 22 
Mo0.2Nb0.3Ta0.4V0.1 689 19 
Mo0.2Nb0.2Ta0.4V0.2 713 17 
Hf0.1Nb0.4Ta0.1V0.4 342 40 
Mo0.2Nb0.1Ta0.4V0.3 737 15 
Mo0.3Nb0.2Ta0.4V0.1 790 11 
Mo0.3Nb0.1Ta0.4V0.2 814 9 
Hf0.1Nb0.4Ti0.1V0.4 229 43 
Mo0.4Nb0.1Ta0.4V0.1 890 3 
Nb0.3Ta0.3V0.4 479 34 
Nb0.4Ta0.2V0.4 399 39 
Nb0.4Ta0.3V0.3 455 36 
Nb0.4Ti0.2V0.4 173 44 
Hf0.2Nb0.4V0.4 286 42 
Nb0.4Ta0.4V0.2 511 34 
Mo0.4Ta0.4V0.2 915 1 
Nb0.2Ta0.4V0.4 559 30 
Nb0.4Ti0.3V0.3 116 44 
Mo0.2Nb0.4Ta0.4 664 21 
Mo0.2Ta0.4V0.4 761 13 
Mo0.3Nb0.3Ta0.4 765 13 
Mo0.3Ta0.4V0.3 838 7 
Mo0.4Nb0.2Ta0.4 866 4 
Nb0.3Ta0.4V0.3 535 32 
Nb0.4Ti0.4V0.2 59 44  
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