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which require alloys with retained strength levels at elevated temperatures. In the past decade,
refractory complex concentrated alloys (RCCAs) have gained prominence through numerous re-
ports of superior strengths at higher homologous temperatures compared to those of conventional
refractory and super alloys. However, these RCCAs, comprised of transition metals from sub-
groups IV, V, and VI, tend to be brittle at room temperature, hindering their broad applicability.
Recent findings reveal that interstitial constituents may significantly contribute to, and convolute
observations of, the ductility and strength of RCCAs at room temperature. This review of the
literature examines and discusses the field’s current understanding of the role of interstitial
constituents, specifically oxygen and nitrogen, in the microstructure and mechanical behavior of
RCCAs. Moreover, we provide context derived from the binary interactions of interstitial con-
stituents with refractory metals and their contribution to the development and processing of
conventional refractory alloys as a framework to gain insight into interstitial constituent mech-
anisms in RCCAs. In some cases, the mechanisms of interstitial constituents in RCCAs are similar
to those of unalloyed subgroup VI transition metals and their dilute alloys, segregating to and
embrittling grain boundaries. In other cases, interstitial constituents can be accommodated in
solid solution, strengthening the RCCA, similar to interstitial constituents soluble in unalloyed
subgroup IV and V metals and their dilute alloys. With the understanding of interstitial constit-
uent element interactions with RCCA constituents, more holistic approaches to the design of
RCCAs are suggested to engineer the mechanisms of intended and unintended interstitial con-
stituents through alloy design and processing. For the development of strong and ductile RCCAs,
the interactions between interstitial constituents and RCCA constituents and their resulting
mechanisms must be understood and controlled.

1. Introduction

As the demand for global transportation and energy consumption grows, safer and more efficient turbine engines and power
generators are needed. Significant improvements to the efficiency of engines and generators are readily achievable by increasing their
maximum operating temperatures [1-5]. In turn, the operating temperatures of engines and generators are limited by the elevated
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temperature strengths and stabilities of the structural materials comprising them. The development of alloys which retain their
strengths at ever increasing high temperatures is necessary for more efficient global energy production and use. However, alloys with
high temperature strength generally tend to be brittle and difficult to machine or fabricate into components at room temperature. So,
historically, other turbine engine technologies, such as cooling channels, and high temperature coatings have been developed to
extend the operating temperature ranges of conventional structural alloys and superalloys. In Fig. 1 below, the development trends for
turbine engines and their theoretical maximum efficiency with respect to the turbine inlet temperature is shown, reprinted from
Perepezko [1].

As shown in Fig. 1, while incrementally higher operating temperatures and efficiencies can be achieved through improvements in
cooling and coating technologies, ultimately, alloys with higher temperature strengths are necessary to achieve closer to theoretical
Carnot efficiency performance, meaning no inefficiencies due to heat losses [1,5]. Significant gains to engine efficiency were made in
early development of Ni-based superalloys with improved alloy strengths at elevated temperatures and incremental gains to efficiency
were made with cooling and coating technologies [1,6]. To bring turbine engines and power generators closer to theoretical per-
formance efficiency, alloys with ideal combinations of high temperature properties and room temperature ductility are urgently
needed. Given recent advances in metallic alloy development, a revived emphasis on alloy design for improved high temperature
applications has emerged.

As a new class of metallic materials, high entropy alloys (HEAs) have significantly broadened the compositional space for alloy
design [7]. HEAs were first discovered in 2004 and were originally defined as single phase, random solid solution alloys consisting of 5
or more constituent elements in equiatomic or near-equiatomic compositions [8,9]. Over time, some HEA systems were found to
exhibit unique combinations of properties. For example, the CoCrNi system exhibited exceptional strain to failure and fracture
toughness at room temperature and showed unexpected increased strength, ductility, and fracture toughness at cryogenic tempera-
tures [10,11]. The exceptional macroscale properties of these HEA systems were attributed to unique mechanisms and thermodynamic
properties of the non-dilute compositions of the alloys [12]. Eventually, the design and development of HEAs shifted toward the use of
targeted mechanisms unique to non-dilute solutions of metal elements for improved mechanical behavior. With the shift in HEA design
approaches, these non-dilute alloys came to be known as complex concentrated alloys (CCAs) for the complex mechanisms which could
be targeted in their design for improved properties [13]. Within the broad variety of CCAs, refractory complex concentrated alloys
(RCCAs) have been developed and studied for their potential use in high temperature applications.

Recently, a large focus has been directed at RCCAs to broaden the compositional design space to enable the development of alloys
for high temperature applications. In general, RCCAs are made up of 3 or more refractory elements in equiatomic or near-equiatomic
ratios and often have a body centered cubic (BCC) crystal structure [13,14]. A schematic diagram of a few BCC unit cells of a RCCA is
shown below in Fig. 2.

The constituent refractory elements of a RCCA often form a single phase BCC random solid solution with some lattice distortions
and equal probabilities of elements occupying the sites of the BCC cell, but interactions between the constituent refractory elements
may also result in the formation of new phases or even short- or long-range ordering. In the BCC structure in Fig. 2 above, lattice
distortions are depicted for clarity but are not necessarily to scale and do not imply severe lattice strain in RCCAs compared to
conventional alloys [15]. However, differences in atomic sizes at each site may result in distortions to the lattice and thus may also
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Fig. 1. Ideal performance curve, theorized by the principles of an efficient Carnot heat engine, and the development trends of turbine engines at
increasing engine inlet temperatures, reprinted from Perepezko [1]. Each data point represents a specific engine and its power losses and the
theoretical Carnot efficiency of the engine and development trend curves are sectioned by superalloy developments, increasing high temperature
capabilities, and improvements to engine designs through cooling technologies.
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Fig. 2. A schematic diagram of the prototypical BCC lattice structure of a RCCA with four constituent elements with an equal probability of
occupying any given lattice site; each color represents a different refractory transition metal element. The two distinct interstitial sites available in
the BCC lattice are identified with red spheres as possible interstitial elements. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

result in a range of interstitial site sizes within the lattice. The term refractory elements typically refers to those with melting tem-
peratures above 2000 °C and include Nb, Ta, Mo, W, and Re [3,16,17]. Broader definitions used when designing RCCAs often include
metal elements from subgroups IV, V, and VI of the transition metals from the periodic table [18]. RCCAs have drawn significant
attention for their capacity to achieve higher strengths at higher homologous temperatures than conventional refractory alloys, as
shown in Fig. 3 (a) below from Wang et al. [19]. However, the application of many RCCAs studied to date has been limited by their
relatively poor ductility at room temperature as shown by the trends in tensile elongation of RCCAs with high yield strengths in Fig. 3
(b) below from Senkov et al. [20].

The first RCCAs were discovered in 2010 and 2011 by Oleg Senkov et al. [14,21,22]. Since their discovery in 2010, nearly 1,400
studies related to RCCAs have been published as of the end of 2022 and the number of studies continues to grow. RCCAs stand out due
to their unparalleled mechanical properties at temperatures over 800 °C, and even up to 1500 °C. Since RCCAs retain higher strengths
at higher temperatures than conventional Ni-based superalloys and other conventional refractory alloys RCCAs appear to be promising
candidates for high-temperature structural applications, [14,19,23]. By comparison, Ni-based superalloys, such as 718+, achieve
strengths up to 1.5 GPa but steeply drop off beyond 600 °C, limiting their temperature ranges for application when compared to RCCAs
[6]. However, Ni-based superalloys have undergone several decades of development and optimization to achieve alloys with cohe-
sively balanced properties ideal for structural, high temperature turbine applications such as room temperature ductility, elevated
temperature creep strength, moderate oxidation resistance, and density [6]. Though higher strength values at higher temperatures
have been achieved in RCCAs, the only published creep strength of a RCCA, up to now, did not exceed those of Ni-based superalloys
[24,25]. While RCCAs present opportunities to extend the operating temperatures beyond those currently achievable with conven-
tional high temperature structural alloys, there are challenges that must be resolved before they can replace Ni-based superalloys;
these include their relatively poor ductility at room temperature, and their less-than-optimum oxidation resistance at elevated tem-
peratures. Extensive efforts in the development of RCCAs have focused on attaining room temperature ductility and defining the
criteria and correlations necessary to achieve an alloy with room temperature ductility as well as high temperature stability and
strength [20,26]. While a few RCCA systems have been found to have high strength and ductility, the criteria for the development and
design of strong, ductile RCCAs is not fully understood.

As the field has grown, the criteria for strength and ductility in RCCAs has evolved. In conventional BCC alloys, high strength,
brittle behavior is often attributed to sluggish screw dislocation motion and high Peierls stresses between atoms [19]. Compared to
conventional BCC alloys, the strength of BCC RCCAs is thought to be dependent on increased solute strengthening and local chemical
fluctuations which impede dislocation motion. The screw dislocations in RCCAs may readily form kinks due to compositional fluc-
tuations in the lattice and the strength of RCCAs may depend on kink migration and cross-kink pinning and formation [19,23,27-29].
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Fig. 3. Plots of RCCA mechanical properties, examining (a) strengths at elevated temperatures, relative to respective melting temperatures and (b)
trends in tensile elongation to fracture with respect to the tensile yield strengths of respective RCCAs at room temperature, reprinted from Wang
et al. and Senkov et al. [19,20]. In both, conventional refractory alloys are included for comparison to RCCAs.

Ultimately, the precise mechanisms of dislocation motion in RCCAs require additional research and are not the only criterion needed
for the development of strong, ductile RCCAs. Initially, the intrinsic ductility of RCCAs was considered inherent to the constituent
elements and their effects on dislocation motion in a single phase, random solid solution. One of the earliest proposed predictors of
ductility in an RCCA is the alloy’s valence electron concentration (VEC) [20,30]. This criterion suggests that an RCCA with VEC below
4.5 would have a ductile to brittle transition temperature (DBTT) at or below room temperature and would thus be intrinsically ductile
[30]. Other recent predictions include Pugh-Pettifor, and Rice-Thomson criteria which considered the constituent elements and their
resulting lattice parameters and thus Burgers vector lengths and shear moduli. Many of these criteria used in the predictions of intrinsic
ductility assume the interactions between the RCCA constituent elements are in a single phase, solid solution and may not account for
complex microstructural features or deformation mechanisms. Recently, Senkov et al. proposed that limitations to maximum yield
strength may be necessary to develop RCCAs which still have high room temperature ductility [20,31]. However, this may prevent the
opportunity to develop an RCCA with a superior combination of high strength and high ductility at room and elevated temperatures.
Up to now, many of the proposed criteria have been based on assorted empirical data and from various studies of RCCAs with dif-
ferences in microstructural features and unreported interstitial constituents in the RCCAs as well as idealized screw dislocation motions
in BCC RCCAs. Observation of the DBTT of refractory BCC metals also depends on conditions such as loading rates, microstructural
features, and impurities [32-35]. Impurities present in RCCAs may have a significant effect on the DBTT and thus the observed
ductility [36]. By understanding the mechanisms by which interstitial impurities influence the mechanical behavior of RCCAs, high
strength, ductile RCCAs can be developed. Since the determination of a high strength RCCA with intrinsic room temperature ductility is
dependent on the constituent elements of the alloy, the interactions between the constituent elements and unintended interstitial
impurities present in the alloy should be considered.

In recent literature, the importance of impurities in RCCAs has been underscored with respect to phase stabilities and mechanical
properties. Specifically, focus has been toward the influence of interstitial oxygen and nitrogen impurities on the mechanical properties
of RCCAs [37-46]. However, the precise mechanisms of various interstitial impurities in various RCCAs are often convoluted, not
documented, and difficult to isolate and control. In some studies, interstitial impurities were inadvertently introduced due to steps
required during synthesis and processing of the RCCAs. Initially, the unintended interstitial impurities in the range of 100 s of ppm
were acknowledged and studied because they detrimentally segregated to grain boundaries (GBs) and embrittled the host RCCAs [45].
In other studies, unintended interstitial impurities did not contribute to detrimental mechanical properties in some RCCAs and the
influence of interstitial impurities as constituents was studied when intentionally added in the range of several at. % [38,39,43]. Thus,
for the development of strong and ductile RCCAs, the mechanisms by which impurities influence microstructural features and me-
chanical properties must be understood and established. The various microstructural features observed as the products of interstitial
impurity interactions with RCCA constituents are schematically illustrated and summarized in Fig. 4 below.

As depicted in Fig. 4, some interstitial impurities intentionally added in RCCAs yield mechanisms which increased strength and
ductility [39-41,46]. In other cases, trace amounts of interstitials in RCCAs were observed to segregate to grain boundaries and
severely embrittle the alloys [37,44,45]. By understanding the mechanisms of interstitial impurities in RCCAs, and the influence of the
various mechanisms on mechanical properties, additional criteria for more holistic design of strong and ductile RCCAs can be
formulated. Compared to the state-of-the-art knowledge of impurities in RCCAs, the thermodynamics and kinetics of interstitial im-
purity interactions in conventional BCC refractory metals are well understood and have been used in the development of conventional
refractory alloys [1-4]. With the context of impurity interactions in conventional refractory metals and alloys, a close examination of
recent RCCA publications can yield an understanding of the influence of impurities on mechanical properties and can be utilized for
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Fig. 4. A schematic diagram of the various microstructural features which have been observed in RCCAs with interstitial impurities. The micro-
structural features depicted in this figure have not all been observed in the same microstructure or same RCCA, but each feature has an observed
influence on the mechanical behavior of an alloy.

more holistic design of RCCAs with high strength and ductility.

In view of the above discussion, the objective of this review is to establish our current understanding of the influence of interstitial
impurities on the mechanical behavior of RCCAs for the holistic design of ductile RCCAs. By examining published studies focused on
RCCAs with intended and unintended interstitial impurities, considerations to design RCCAs with intrinsic ductility will be developed.
In the first section of this review, the sources of interstitial impurities in conventional refractory alloys and in RCCAs will be presented
and the mechanisms driving interstitial impurity absorption are discussed. Then, state-of-the-art understanding of the mechanisms of
interstitial impurities, specifically oxygen and nitrogen, in pure refractory metals, defined as the transition metals in subgroups IV, V,
and VI, will be presented and established through examination of conventional synthesis and processing techniques and previously
published experimental and computational results. The development of dilute conventional refractory alloys with respect to interstitial
impurity element interactions will also be described. In the following section, the observations of interstitial impurities in two RCCA
systems, MoNbTaW and HfNbTaTiZr, will be contextualized from the knowledge of conventional refractory metals and alloys. This will
be followed by criteria for more holistic design of strong and ductile RCCAs based on an understanding of the influence of interstitial
impurities on the mechanical properties of various RCCAs. Finally, the scientific gaps in the current knowledge of interstitial impurities
in RCCAs are identified and future directions for possible research are proposed. In this review, a majority of the discussions will be
focused to oxygen and nitrogen as interstitial impurity elements since these interstitials have pronounced effects on the microstruc-
tures and mechanical properties of RCCAs and hence there is a substantial amount of published data available. MoNbTaW and
HfNbTaTiZr will be examined as the two model RCCA systems since these systems have the most extensive published research to date,
especially with regard to interstitial impurities, and have historically driven the exploration of additional RCCA compositional spaces.
Throughout the rest of this review, the interstitial impurity solvent elements, such as oxygen and nitrogen, will be referred to as
interstitial constituents and the substitutional metal solute elements comprising RCCAs will be referred to as RCCA constituents since the
interstitials can be thought of as expected constituent elements in alloys. Ultimately, by understanding the mechanisms by which
oxygen and nitrogen influence the mechanical properties of the model MoNbTaW and HfNbTaTiZr RCCAs, more holistic design criteria
of strong and ductile RCCAs for high temperature applications can be established.

2. Sources of interstitial constituents

The interstitial constituents which end up in refractory alloys, and influence their mechanical behavior, often exist in relatively
high abundance as diatomic gaseous molecules in the atmosphere. During the synthesis and processing of refractory alloys, the
interstitial constituents can be introduced from the atmosphere into the alloys. Through some processing methods, especially solid-
state processes such as powder metallurgical techniques, significant interstitial constituents may be inadvertently introduced and
may unexpectedly alter the alloy’s mechanical properties. Since such solid-state powder metallurgical techniques introduced
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impurities into alloys during processing, conventional refractory alloys with lower sensitivities to impurities were developed to enable
the use of powder metallurgical techniques. For example, molybdenum-hafnium alloys were developed for commercial production
using conventional powder metallurgical techniques. The addition of hafnium accounted for interstitial oxygen constituents intro-
duced into molybdenum during powder metallurgical processing, and improved the ductility of the alloy. On the other hand, some
molten state processing techniques, such as vacuum melting, have been developed to degas or remove interstitial constituents from
refractory alloys intended for high temperature structural applications. Such processing techniques which degas and purify alloys in
the molten state have enabled the application of several refractory alloys which are relatively sensitive to interstitial constituents
today. By understanding how interstitial constituents were introduced during processing, the development and use of a variety of
conventional refractory alloys could be achieved. Ultimately, an understanding of the sources of interstitial constituents in RCCAs and
their influence on mechanical behavior of RCCAs is necessary for the design of RCCAs with high strength and room temperature
ductility.

2.1. Sources of interstitial constituents in conventional refractory alloys

During the synthesis and processing of conventional BCC refractory metals and alloys, the absorption of interstitial constituents into
the metals is dictated by the thermodynamic and kinetic interactions between the metals and gases in the atmosphere at various
temperatures [47-51]. To that end, refractory metal vacuum melting processes, such as consumable electrode vacuum arc remelting,
(VAR) have been developed to remove gas impurities during the ingot casting process of conventional refractory alloys. VAR processes
were first utilized in 1902 and have enabled the development of components for high temperature aerospace applications [52-54]. A
schematic diagram of a VAR unit is shown below in Fig. 5, reprinted from Knight et al. [53].

In the consumable electrode VAR process, the electrode is melted to produce the final refractory metal or alloy to be further
processed. VAR utilizes an electrical arc between the consumable electrode and the crucible floor, melting the electrode into the
crucible. As the electrode is melted, the molten pool fills the crucible and the electrode is continuously lifted, maintaining a consistent
arc gap between the rising molten pool and electrode. The metal vapor pressure from the melting electrode and molten pool sustain the
arc and a relatively short arc gap between the melt and the electrode can be maintained. Often an external magnetic field, produced by
an induction field coil, is also used to help sustain and stabilize the arc. At such short gaps in consumable electrode VAR, the arc is
relatively stable and an ultra-high vacuum, around 103 Torr, can be achieved while melting the metal, effectively degassing the melt
[52]. At the extremely high melting and superheat temperatures achieved during VAR, interstitial constituents may volatize as gases
and be completely removed from the alloy through the vacuum pumps of the VAR process. Consumable electrode VAR processes can
often achieve as few as 10 s of ppm of oxygen and nitrogen interstitial constituents left in the cast alloy [52]. At an industrial scale, this
process typically requires automated movements of the electrode and crucible to maintain short arc gaps under high vacuum. Other
processes used to produce refractory metals and alloys, especially solid-state techniques such as powder metallurgical approaches, do
not inherently have degassing steps involved and may even be the source of interstitial constituents through mechanisms of absorption
and may result in alloys with an order of magnitude more interstitial constituents. Many refractory metals still contain trace amounts of
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Fig. 5. Schematic diagram of the VAR process used in the industrial scale production of conventional refractory alloys for high temperature
structural applications, reprinted from Knight et al. [53]. The VAR process can remove interstitial constituents and is necessary in the purification of
some refractory alloys.
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impurities introduced during processing steps which may influence their mechanical properties. During synthesis and processing, the
absorption or degassing of interstitial constituents into the alloy are dictated by reversible reactions between the metal in its solid or
molten state with gases in the environment.

The reversible reactions of gases with BCC metals initially occur by the decomposition of the various gases from the environment at
the surface of the metal into individual atoms of that element. The liberated oxygen or nitrogen atoms can then diffuse into the metal
lattice, interstitially, to form solid solutions or metal-nonmetal compounds [47,48,51]. In Fig. 6 (a) below, a schematic diagram of the
reactions of oxygen and nitrogen gases at the surface of a metal are depicted and an Ellingham Diagram plotting the standard Gibbs free
energy change (AGy¢°) of the formation of various metal oxides, reprinted from Ellingham, is shown in Fig. 6 (b) [51].

These reactions may occur in both the solid and molten state of BCC refractory metals, but the temperature of the metal and at-
mospheric pressure can dictate the direction and rate of the reaction. At the surface of the metal, the reversible decomposition of the
gas and reaction with the metal surface is thermodynamically driven by the temperature of the metal surface, the partial pressures of
the gases in the atmosphere and metal, the possible metal-nonmetal compounds which may form, and the energetics necessary for the
dissociation of the gases in the environment, as illustrated in the schematic diagrams in Fig. 6 (a). The kinetics of the reactions are
limited by the physical impingement of gases at the surface of the metal, controlled by the partial pressure of the gas in the atmosphere,
and the diffusion of the interstitial gas elements through the lattice of the metal [47,48,51]. Using a straight edge, the Ellingham
Diagram shown in Fig. 6 (b) from H. J. T. Ellingham can be used to determine the partial pressures of oxygen and the temperatures
necessary for the formation of oxides and absorption or for the degassing of oxygen from the refractory metals [51]. A straight line
drawn from AG¢® = 0 through the temperature of a suspected oxide, e. g. Cry03 at 2000 °C, and beyond crosses through the partial
pressure of oxygen necessary for oxides to form [55]. To plot Ellingham Diagrams, AGy® is calculated with the assumption that all the
reactants are in their standard states, limited by 1 mol of the reacting gas and is often idealized by Egs. (1) and (2) below.
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Fig. 6. (a) Schematic diagrams of the reactions of oxygen and nitrogen gases from the atmosphere with the surface of refractory metals and an
Ellingham Diagram, first created by Harold J. T. Ellingham, which plots AG¢ of various oxides versus temperature and can be used to quantify the
absorption or degassing of interstitial constituents from the atmosphere [51].
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Where AH° is the enthalpy of the reaction, AS° is the entropy, R is the ideal gas constant, T is temperature, and K is assumed to be
equivalent to the partial pressure of oxygen limiting the reaction. So, when observing the Ellingham Diagrams, the slope of the plotted
AGy¢° is the AS°, the y-intercept is the AH° of the reaction, and at specified temperatures, the partial pressures of gases needed to prevent
or drive the reaction can be approximated. Ellingham Diagrams depicting AG¢* with respect to temperature of other metal-nonmetal
compounds are also useful for understanding the sources of other impurities [55]. Though the AG® used to plot Ellingham Diagrams is
specific to the formation of a compound from 1 mol of gas, in the standard state, the AG® of the dissociation of the gas into its individual
constituents must also be considered. From Ellingham Diagrams, at intermediate temperatures and at high enough partial pressures,
the gases can decompose at metal surfaces, and the individual elements can form compounds on the metal surface or diffuse
throughout the metal. At high enough temperatures, such as when the metal is molten, some compounds which may form on the
surface of the metal, especially oxides, may decompose and volatilize into gases. Additionally, at relatively high temperatures, and at
relatively low partial pressures of gases, such as under ultra-high vacuum, the compounds within the metal may decompose, freeing
interstitial constituents which can then volatize into the atmosphere. This has enabled refractory metals in the solid and molten state to
be degassed at relatively high temperatures under ultra-high vacuum (10°'% Torr) [48]. Whereas at moderate temperatures and with
higher partial pressures of gases (10” Torr), the gas decomposition and diffusion into the refractory metal proceeds causing the ab-
sorption of interstitial constituents into refractory metals and alloys. Because refractory alloys require such high temperatures to melt
and the environments around the molten metal can be controlled, solidification processes can be useful in the degassing of refractory
alloys. However, upon cooling, if the environment during various processes is not precisely controlled, interstitial constituents can
inadvertently absorb into the refractory metal or alloy. By exploiting these degassing and gas absorption mechanisms, solidification
processing techniques can produce metals and alloys purified of most interstitial constituents. Furthermore, the reactions between
gases and metal alloys at low and moderate temperatures may result in relatively high concentrations of interstitial constituents in
alloys produced through solid state techniques which generally require low temperature.

2.2. Sources of interstitial constituents in RCCAs

Just as synthesis and processing is necessary in the development of conventional refractory alloys, the synthesis and processing of
RCCAs, may be utilized to control the bulk compositions and mechanisms of interstitial constituents in RCCAs. In the past decade,
RCCAs have been synthesized via solidification processes, powder metallurgical techniques, and thin film deposition techniques to
understand and develop RCCAs. Each of these synthesis techniques has its own advantages and disadvantages for controlling inter-
stitial constituents and their mechanisms in RCCAs. Vacuum arc melting (VAM) has enabled the exploration of RCCA compositions
with industrially representative microstructures and is one of the most common methods to produce RCCAs. Unlike industrial-scale
consumable electrode VAR, VAM processes in laboratory-scale settings use a non-consumable tungsten electrode in an inert gas at-
mosphere to conduct a plasma arc which melts the feedstock constituent elements in a water-cooled copper crucible. Since non-
consumable electrode VAM processes are not actually melting under a vacuum, it may be misleading to refer to them as VAM.
Instead, the term plasma arc melting (PAM) is often used in industry and conventional refractory alloy development literature to refer
to non-consumable electrode arc melting processes in inert atmospheres. Through the rest of this review, PAM will be used to refer to
the non-consumable electrode arc melting process often used to produce laboratory scale RCCAs with industrially representative
microstructures. A schematic diagram and photograph of the PAM process is presented below in Fig. 7 (a) and (b).

During the non-consumable electrode PAM process, the temperature of the plasma arc is controlled by the electrical current
conducted between the electrode and feedstocks in the crucible. The feedstocks are homogenously melted to form an alloy by moving
the electrode, directing the arc and melt pool across the feedstocks. Once consolidated into an alloyed ingot, or button, the alloy is
flipped and remelted several times to fully homogenize the constituent element feedstocks. Unlike consumable electrode VAR, the
electrode in PAM is not being consumed, and the arc gap is not maintained at a constant distance, so a medium through which the arc is
conducted is required. During non-consumable electrode PAM, the melting chamber environment is evacuated using vacuum pumps
and then backfilled with an inert gas such as argon to minimize interstitial constituent absorption before striking an arc and melting the
alloy. PAM has enabled the molten state preparation of RCCAs because extremely high temperatures, greater than 3000 °C, can be
achieved relatively quickly and can yield industrially representative microstructures and sample sizes. Through the use of high purity
feedstocks and clean vacuum and gas system practices, the introduction of impurities to the RCCAs is relatively low. However, the
feedstocks typically have some low amounts of interstitial constituents, 100-1000 s of ppm, which can be retained in the final RCCA.
Because the RCCAs produced via PAM are not actually melted under a constant vacuum, vaporized oxides and dissolved gases may
reabsorb into the metal alloy as it cools, leaving interstitial constituents in the PAM RCCAs [52]. Despite this, PAM processes are
necessary for the development of RCCAs for industrial applications and have enabled RCCA development and experimentation.

Although the PAM process can be used to produce RCCAs with industrially representative sizes and microstructures and relatively
low amounts of interstitial constituents, in most cases, PAM processes do not directly remove impurities or degas the molten alloys, so
interstitial constituent contents are relatively higher than those achieved in VAR. However, further removal of the interstitial con-
stituents may be possible through degassing processes during PAM. For example, in recent literature studying the PAM process, by
melting titanium in an atmosphere of Ar with 10 vol% Ha, the concentration of oxygen and nitrogen impurities could be reduced by an
order of magnitude [56]. The hydrogen in the atmosphere during arc melting can react with degassing impurities, reducing the melt,
and prevent their absorption into the final alloy [56]. Often, after PAM of RCCAs, post processing techniques are required to break
down dendrites formed during solidification and to achieve homogenous microstructures. Because of the segregation of elements
during solidification of PAM processed RCCAs, secondary thermomechanical processing techniques such as cold rolling (CR) or hot
isostatic pressing (HIP) are often implored which may introduce more interstitial constituents into the alloy, especially on exposed
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Fig. 7. (a) A schematic diagram of the PAM process used in the synthesis of RCCAs with industrially representative microstructures and (b) a
photograph of a RCCA ingot in a PAM unit as it cools in an inert atmosphere after melting. A photograph taken through a darkened weld lens of a
PAM arc during melting is shown in the inset in (b). Unlike VAR, before melting in the PAM process, the environment in the chamber is evacuated
via vacuum pumps and subsequently backfilled with an inert gas such as argon.

surfaces. Other molten metal synthesis techniques such as vacuum induction melting (VIM) have also been used for the production of
industrially representative RCCAs but often may not achieve the temperatures necessary to fully melt some RCCAs and also cannot
reach the high temperatures necessary to degas molten RCCAs. In some studies of RCCAs, PAM has been used to add oxygen, nitrogen,
and carbon interstitial constituents by melting oxide, nitride, or carbide feedstocks with the RCCA constituents [37,39]. While con-
ventional VAR alloys can reach as low as 10 s of ppm of interstitial constituents, PAM RCCAs tend to contain on the order of 100 s of
ppm of interstitial constituents. For now, the relatively low amounts of interstitial constituents may not be completely removed and
must be considered in the development of PAM processed RCCAs.

Unlike PAM, powder metallurgical techniques such as mechanical alloying and sintering may introduce significant impurities into
RCCAs during synthesis. Due to the high surface area to volume ratios of powder metals, it is possible for interstitial constituents to be
introduced to the final RCCAs through compounds formed on the surfaces of the powders. Mechanical alloying (MA) of elemental
feedstock powders has been used to produce well alloyed, RCCA powders since atomization of RCCAs can be challenging due to the
high melting and super heat temperatures needed. The severe plastic deformation of the elemental feedstock powders during MA
causes fracturing and cold welding of the feedstocks, eventually refining grains to ultrafine and nanocrystalline sizes and inducing
elemental diffusion and mixing of the powders to produce well-alloyed powders with non-equilibrium microstructures [57,58]. The
severe plastic deformation during MA can also introduce and mix impurities into the alloyed powders from the mechanical alloying
media, process control agents, compounds on the surface of the powders, and the environment around the powders [58]. The use of no
process control agent and inert gas environments can help to minimize impurity introduction, but relatively high concentrations of
introduced impurities are inevitable. In RCCAs synthesized via MA and subsequent sintering, a range of several at. % of impurities were
introduced in the final RCCAs [59]. In many cases, non-equilibrium, rapid, consolidation techniques, such as spark plasma sintering
(SPS), are subsequently used to produce bulk RCCAs from MA powders while minimizing further introduction of impurities to the
RCCAs and retaining ultrafine and nanocrystalline grain sizes produced during MA of the powders [60]. It is possible that in some
RCCAs, the ultrafine and nanocrystalline grain sizes may enable the distribution of interstitial constituents across many more GBs,
preventing embrittlement, similar to ductile, fine-grain tungsten alloys [34]. In addition to grain growth, consolidation techniques and
other secondary processing may also drive the formation of equilibrium phases, especially intermetallic compounds. For example,
Smeltzer et al. synthesized MoNbTaW alloy powders by MA of elemental feedstocks in liquid nitrogen to introduce nitrogen interstitial
constituents into the powders [59]. Through MA in liquid nitrogen, 24 at. % nitrogen and 8 at. % carbon were introduced to the RCCA
powders as well as ~ 4 at. % iron from the stainless-steel MA media. The MA powders were then consolidated through uniaxial pressing
between tungsten carbide dies and subsequent annealing in argon. Upon annealing at 1100 °C for 1000 h, lath-like complex car-
bonitride ceramic phases and complex nitride phases were found to form. The complex carbonitride ceramic phases were found to have
coherent orientation relationship with the BCC matrix they were surrounded in and significantly improved the hardness of the RCCA
compared to the same alloy MA in argon which contained significantly less nitrogen and carbon [59]. Because the use of powder
metallurgical techniques may result in RCCAs with inherently higher amounts of interstitial constituents, RCCA design should consider
controlling the inherent interstitial constituents through targeted mechanisms in the RCCAs.

Recently, some RCCAs have also been studied as thin films, deposited through processes such as magnetron sputtering. Magnetron
sputtering (MS) of thin films is a useful method for producing and studying RCCAs because relatively low amounts of interstitial
constituents, on the order of 100 s of ppm, may be achieved during deposition and the thin films can be utilized in the studies of the
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atomistic and nanoscale mechanisms of interstitial constituents in RCCAs. Because of the nanocrystalline grain sizes achieved through
MS, GB events may be kinetically easier to achieve and study [61]. As shown by several researchers, the addition of interstitial
constituents to RCCAs is possible by selecting specific sputtering targets for thin film deposition [40,61]. Controlled amounts of
interstitial constituents may be added to RCCA thin films by using oxide or nitride based sputtering targets. However, the MS
nanometer thin films and columnar, nanocrystalline grains may not be fully representative of microstructures of RCCAs needed for
structural applications [62]. Furthermore, the nanocrystalline grains and nanometer thickness of the RCCA thin films may provide
more nucleation for reactions with interstitial constituents from the environment during secondary processing.

The use of additive manufacturing (AM) techniques has shown promise to produce net-shaped RCCAs without the need for con-
ventional subtractive manufacturing techniques and to produce aerospace components with greater complexity. Laser powder bed
fusion (LPBF) and selective laser melting (SLM) AM processes utilize a high energy laser, rastered across a bed of pre-alloyed powders
melting the powders in its pathway, forming a solid layer of the part. A subsequent bed of powders is spread over the previous layer and
the laser continues to raster, building the part layer by layer [63-65]. Direct energy deposition (DED) and laser metal deposition (LMD)
AM processes utilize a laser rastered across a substrate, creating a molten pool of metal. Metal feedstock powders are blown into the
melt pool by a carrier gas which then solidify, forming a layer of the part [66-69]. The process is repeated to build a net-shaped part
layer by layer. Through the layer by layer rapid melting and solidification, AM processing of metal parts with nearly full density can be
achieved. The repeated melting and solidification of subsequent layers in AM processes can enable some control over microstructural
features such as porosity, grain morphology, and phase transformations. Further, by varying the compositions and feedrates of the
metal feedstock powders in some AM processes, complex components with functionally graded microstructures can be fabricated
[65,69,70]. Other AM processes can use other sources of heat to melt and deposit metal such as an arc or electron beam melting (EBM)
[71]. Despite the latest advances in AM processes, and their promising application for the production of refractory alloys, improve-
ments to AM processes are still necessary. The thermal cycling caused by the repeated melting and solidification of subsequent layers of
an AM fabricated part often lead to high residual strain left in the part, requiring secondary processing to relieve the strain. In some
alloys not designed for AM processes, the rapid solidification of the layers and the residual strain from thermal cycling can cause severe
cracking in the fabricated part. Because of these phenomena, producing parts with high dimensional accuracy and low surface
roughness through AM processes is often challenging. As of yet, the interstitial constituents introduced during AM processes are not
well characterized in published literature. Furthermore, for AM processes to successfully produce RCCAs for industrial applications,
the synthesis of spherical RCCA feedstock powders is required. For AM techniques to successfully produce RCCAs, the solidification
pathways of the RCCAs and the sources and mechanisms of interstitial constituents in the RCCAs during powder synthesis and AM
processes need to be carefully considered.

As more RCCAs are studied and developed, improvements to processing techniques are needed to further minimize and control
unintended interstitial constituents and their interactions and mechanisms in RCCAs. Secondary degassing processes may also need to
be utilized and developed to help bring designed RCCAs to industrial applications. However, there may be a minimum threshold of
interstitial constituents achievable in RCCAs through conventional processing methods so more holistic RCCA design must consider the
low, but irremovable trace amounts of interstitial constituents in RCCAs, inherent to certain processing techniques. In Table 1 below,
the common techniques used to synthesize and process conventional refractory alloys and RCCAs are summarized along with their
nomenclature, a brief description of the type of process, and the range of interstitial constituents.

By considering the synthesis and processing of RCCAs the interstitial constituent interactions can be controlled to activate specific
mechanisms to target unique mechanical properties. To develop some RCCAs, lower contents of interstitial constituents may need to be
achieved, requiring specific processes or additional process developments.

Prior to 1925, zirconium and titanium were considered intrinsically brittle elemental metals. The development of the van Arkel-de
Boer process enabled the production of zirconium and titanium, free of impurities. In the van Arkel-de Boer process, zirconium and
titanium tetraiodides were formed and subsequently thermally decomposed to the base metal. The high ductility of the metal produced
demonstrated that impurities were the cause of embrittlement in titanium and zirconium [72-74]. In the 1950 s and 1960 s, it was
verified that impurities caused premature, catastrophic failure of steel turbine disks during operation [75]. And in recent years,
interstitial constituents have been revealed as a contributing factor in the embrittlement of tungsten [33,34]. It is now understood that

Table 1
A summary of the common techniques utilized in the development and processing of refractory metals and alloys, presented with their nomenclature,
a brief description of the process type, and the range of interstitial constituents resulting in the processed metals and alloys.

Technique Nomenclature  Type of Process Range of interstitial constituents [ppm]
Vacuum Arc Remelting VAR Vacuum melting and solidification 10 - 100

Plasma Arc Melting PAM Inert environment melting and solidification 100 - 10,000

Magnetron Sputtering MS Inert environment solid-state thin film deposition =~ 100 — 1,000

Mechanical Alloying & Spark Plasma Sintering ~ MA & SPS Solid-state severe plastic deformation 10,000+

Additive Manufacturing AM Inert environment melting and solidification -

10
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impurities can influence the DBTT of some BCC refractory metals when segregating to GBs. The segregation of interstitial constituents
to GBs can cause detrimental decohesion of the boundaries, which leads to brittle, intergranular fracture in some metals and alloys
[33,34]. Recently, the understanding that interstitial constituents influence the mechanical behavior of RCCAs has begun to emerge as
well. Different BCC refractory metals have varying degrees of sensitivity to interstitial constituents, so processing techniques to control
the introduction of interstitial constituents and the binary interactions of the refractory metals and interstitial constituents had to be
considered for conventional refractory alloy development and should be considered for RCCA development as well. Ultimately, the
solubility and segregation of impurities are highly dependent on the chemical interactions of interstitial constituents with the RCCA
constituents and thus the electrons of the different interacting and competing atomic species. To understand the mechanisms of the
influence of interstitial constituents on the mechanical behavior of conventional BCC refractory alloys and eventually RCCAs, the
interactions between the pure transition metal elements of subgroups IV, V, and VI and interstitial constituents are examined.

3. Interstitial constituents in refractory metals

Generally, trends can be found in the columns and rows of the periodic table to describe atomic features of elements such as size,
electronegativity, electron configurations, and more. Within the columns, or subgroups, of the periodic table, elements have the same
number of valence electrons and tend to interact and bond similarly, but because there are more total electrons, neutrons, and protons
per atom in descending rows, differences in their interactions are observed. The trends in the interactions between the refractory
metals and interstitial constituents follow trends in the subgroups of the periodic table. By understanding the trends in the interactions
between the refractory transition metals and interstitial constituents, the development of conventional refractory alloys can be used to
provide a framework for the development of strong, ductile RCCAs. The binary interactions between interstitial constituents and
refractory metals can help to guide the design of RCCAs by targeting mechanisms induced by the interactions between the interstitial
constituents and RCCA constituents. In Table 2 below, thermodynamic properties of interstitial nitrogen and oxygen constituents in
refractory metals from subgroups IV, V, and VI of the periodic table are shown.

In general, the solubilities of oxygen and nitrogen in transition metal elements from subgroup IV, in other words with VEC of 4, are
much greater than the elements of subgroups V or VI, which have greater VEC. The general trends in nitrogen and oxygen solubilities
can be related to the comparisons between the enthalpies of solution and formation of metal-nonmetal compounds, the atomic
structures of the elemental metals, the elemental metal’s electronegativity, and the electron affinity of the elemental metals. Oxygen
and nitrogen are not exactly the same in their atomic sizes or electronic interactions and may have slightly different interactions with
refractory metals. However, since oxygen and nitrogen are both relatively small, highly electronegative nonmetal elements, they often
result in similar mechanisms in metals and alloys.

Other interstitial constituent elements such as boron, carbon, and hydrogen are also well understood to contribute to the defor-
mation mechanisms and the mechanical behavior of BCC metals and alloys. Boron and carbon have been studied extensively as GB
strengthening and hard precipitate forming elements to improve strength and ductility of many alloys [104,105]. Separately, un-
derstanding the role of hydrogen in the embrittlement of metals and alloys has demanded an entire field of research. Because hydrogen
is so small and diffusive, even at room temperatures, observing and controlling hydrogen is extremely challenging [106,107]. One of
the major theories of hydrogen embrittlement suggests that hydrogen diffuses ahead of crack tips, allowing the crack to propagate and
the metal to experience brittle failure [108,109]. Other studies suggest that hydrogen may form hydrides in some metals and alloys
which results in embrittlement of the alloys [110]. While hydrogen embrittlement and boron and carbon strengthening have
demanded significant fields of research fields for conventional alloys, these interstitial elements have not been studied extensively in
BCC RCCAs. Thus far, there is little literature focused on boron, carbon, and hydrogen interstitials in RCCAs and more understanding is
needed. So, this review of interstitial constituents in RCCAs and the context provided from conventional alloys will mainly focus on
oxygen and nitrogen in BCC RCCAs which is more available in the current literature.

The trends in atomistic properties are ultimately related to the electron configurations of each specific individual metal and
interstitial constituent and can aid the understanding of the binary interactions between the interstitial constituents and the refractory
transition metals. Within each respective group, although the VEC does not change, the size and electron density of the atom does,
changing the electron configurations and resulting in electron shells which become less stable and more likely to ionize with highly
electronegative elements. The trends of atomic radii and electron density in the periodic table are dependent on numbers of neutrons,
protons, and electrons in individual elements and can be visualized in Table 2 above. In 1990, Cottrell reported that hybridization of
both the metal and nonmetal elements can lead to more covalent or more ionic bonds in the material, especially at grain boundaries,
which can ultimately lead to cohesion or decohesion [96,111]. The hybridization of bonding elements is dependent on the respective
electron configurations and dictates the sharing of electrons between bonding atoms. To understand how the refractory elements may
interact with interstitial constituents in conventional dilute alloys and in RCCAs, a closer examination of each individual subgroup of
elements is presented.

3.1. Subgroup IV pure refractory metals

The transition metals of subgroup IV have the highest solubilities of oxygen of any transition metals from the periodic table and can
result in relatively low sensitivity of the subgroup IV transition metals to interstitial constituents. Titanium specifically has the highest
oxygen solubility. In fact, the main strengthening mechanisms of commercially pure titanium are attributed to minor changes in
interstitially alloyed oxygen up to 0.25 at. %, beyond which oxygen embrittles titanium [112-115]. The high solubilities of interstitials
in titanium, zirconium, and hafnium can be attributed to the accommodation of strain fields in the lattices of the subgroup IV elements.
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Table 2
Thermodynamic properties of the interactions between nitrogen and oxygen interstitial constituents and refractory transition metals from subgroups
1V, V, and VI on the periodic table. The data for this table were collected from references [76-95,97-99,101-103].

Transition Maximum solubility Nitrogen Oxygen Pauling Electron Atomic
Metals limit Electronegativity Affinity [kJ/ Radius
mol] [pm]
Nitrogen Oxygen AHY AH; [kJ/ AH;[k)/ AH}’ [kJ/
[at. %] [at. %] [kJ/ mol] mol] mol]
mol]
Subgroup IV o-Ti 21 32 —385 —334 —606 —542 1.54 -7.6 176
(HCP)
p-Ti 7 8
(BCC)
o-Zr 25 26 —-374 —364 —619 —541 1.33 —41.1 206
(HCP)
B-zr 5 11
(BCC)
o-Hf 27 20 —218* —368 —552 —553 1.33 0 208
(HCP)
B-HFf 5
(BCQ)
Subgroup V v 11 17 —269 -109 —422 —432 1.63 —50.6 171
(BCC)
Nb 9 1.7 -178 —272 —386 —418 1.6 —86.1 198
(BCC)
Ta 10.5 5.7 -182 —204 —398 —2047 1.5 -31 200
(BCC)
Subgroup VI~ Cr 4.4 0 +37 —362 -1128 1.66 —64.3 166
(BCC)
Mo 1.1 0 +14.4 -32* —580 2.16 -71.9 190
(BCC)
W 0 0 +156 -71 -840 2.36 -78.6 193
(BCC)

* values from Miedema Model calculations [87].

Compared to the metal-nonmetal compounds of other refractory metal elements, the metal-nonmetal compounds of the subgroup IV
elements are highly stable and do not readily volatize at high temperatures making removal of interstitial constituents from subgroup
IV elements through degassing processes more challenging [48,73]. Because nitrogen has a larger atomic size than oxygen and nitride
formation in these metals tends to be thermodynamically more favorable than oxide formation, nitrogen tends to be less soluble than
oxygen in subgroup IV refractory metals. As shown in Table 2, nitrogen has a lower solubility than oxygen, and embrittles titanium,
zirconium, and hafnium metals and their alloys at lower atomic fraction values than oxygen [73]. Unlike the refractory elements of
subgroups V and VI, at room temperature, the subgroup IV elements stabilize in the HCP structure. The a-HCP structures of the
subgroup IV elements have higher solubilities of interstitial constituents than their high temperature -BCC structures as shown in
Table 2. The higher solubility of the a-HCP allotropes of the subgroup IV elements is attributed to the higher packing density and larger
interstitial site sizes compared to the BCC structures of the subgroup IV elements.

In the past few decades, many experimental and computational studies have been carried out in an effort to understand the
mechanisms of interstitial constituents in the HCP lattice of the subgroup IV elements [113,115-123]. The subgroup IV elements tend
to have relatively low electron affinity, causing stable attractive interactions with highly electronegative elements such as oxygen and
nitrogen which have higher electron affinities [116-119,122,124]. Because the HCP lattice has relatively large interstitial sites, the
strong attractive forces between highly electronegative interstitial elements and subgroup IV elements can be accommodated as a solid
solution in the HCP lattice [113,116-122,124,125]. In fact, it is also suggested that oxygen stabilizes the HCP structure of subgroup IV
elements by bringing the c/a ratio of the respective lattices closer to an ideal 1.633 [116-119,122,124]. The strengthening and
embrittlement of polycrystalline HCP titanium by oxygen interstitials is due to the suppression of deformation twins and the shuffling
of oxygen atoms from metastable to stable interstitial sites during deformation, increasing planar slip [113]. Using density functional
theory (DFT) Nayak et al. showed that highly electronegative elements can energetically stabilize configurations at interstitial octa-
hedral sites in HCP titanium and may form impurity dimers. The stable configurations of the interstitial constituents are dependent on
the chemical hybridization and charge transfer between the interstitial constituents and transition metal host [122]. In Fig. 8 (a)
below, the relationships between charge transfer of impurities and titanium and the formation energies of various interstitial and
substitutional impurities are plotted, adapted from Nayak et al. [122].

The presence of the electronegative impurity elements at other interstitial sites induces strain fields on the lattice, making those
configurations energetically less stable. In oxygen alloyed BCC § - titanium alloys, a stress induced reordering of oxygen interstitials
resulted in mechanical energy dissipation of the material during deformation, improving the plasticity of the alloys [126]. This
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mechanism is known as a Snoek relaxation and is characterized as the reversible relaxation of the lattice during deformation through
interstitial element jumps between stable interstitial configurations and sites [100]. In subgroup IV elements, Snoek relaxation
mechanisms are enabled by the relatively large interstitial site sizes and the stable electronic interactions between the non-metal
interstitial constituents and metal constituent elements. A plot comparing the damping capacity, enabled by Snoek relaxation
mechanisms, of various BCC f - titanium alloys with respect to interstitial oxygen is shown in Fig. 8 (b), reprinted from Yin et al. [126].
In both the HCP and BCC lattices of subgroup IV elements, substitutionally alloyed transition metal elements produce strain fields in
the lattice resulting in repulsive forces acting on interstitial constituent elements and may induce structural transformations in the
form of complexes [112,119-122,124,127-130]. It has been suggested that the sensitivity of the HCP subgroup IV elements to oxygen
embrittlement is attributed to short range ordering of interstitials with the metal elements. In the BCC structure, the interstitial sites are
smaller and are unable to accommodate as many strain fields induced by the interstitial elements in solid solution. The solubility of
interstitial constituent elements is attributed to attractive electron interactions between subgroup IV metals and interstitial constituent
solute elements and the accommodation of the interstitial constituents in the interstitial sites of the subgroup IV metal lattice. The
stable attractive forces and high solubilities of interstitials in subgroup IV metals produce strain fields in the metal lattices which can
induce structural transformations, strengthening and eventually embrittling subgroup IV-based alloys. Ultimately, the transition
metals of subgroup IV have high affinities and high solubilities of interstitial oxygen and nitrogen resulting in relatively low sensi-
tivities to interstitial constituents. The relatively low sensitivities of the subgroup IV elements and their high affinities for interstitial
constituents can provide useful interactions and mechanisms for the development of strong and ductile alloys.
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Fig. 8. (a) Plots of the charge transfer between various impurities and titanium in solid solution and the formation energies of substitutional and
interstitial point defects of various elements as calculated using DFT, adapted from Nayak et al. [122] and (b) a plot relating the Snoek-type damping
capacity of various BCC f - titanium alloys to interstitial oxygen concentration, reprinted from Yin et al. [126].
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3.2. Subgroup V pure refractory metals

The subgroup V elements, niobium, vanadium, and tantalum have moderate solubilities of interstitial constituents and like the
elements of subgroup IV, undergo strengthening and eventual embrittlement by interstitial constituents. At room temperature, the
subgroup V elements are stable in the BCC structure and oxygen and nitrogen impurities relax in the larger octahedral interstitial sites
of the BCC lattice [131-135]. At room temperature, the pure elements of subgroup V are considered relatively ductile, with strain to
failure reaching nearly 50 %. Since subgroup V metals have moderate interstitial solubilities, additions of oxygen and nitrogen im-
purities have shown to be an effective interstitial strengthening mechanism of subgroup V metals, but can cause detrimental
embrittlement of subgroup V elements above 1 at. % oxygen or nitrogen [132,136-142]. While the BCC lattice and electron config-
urations of subgroup V elements are able to accommodate higher concentrations of interstitials in solid solution, it is thought that the
interaction between dislocations and the interstitials in solution drives strengthening and embrittlement.

While historically it is well known that interstitial constituents such as oxygen and nitrogen strengthen and eventually embrittle
subgroup V elements, the exact mechanisms of strengthening and embrittlement have only recently been revealed. It was initially
believed that interstitials would strengthen subgroup V elements due to attractive interactions between the interstitials and dislocation
cores, impeding the motion of the dislocations [143]. Using DFT calculations and molecular dynamic (MD) simulations to corroborate
experimental studies, the mechanism of interstitial oxygen strengthening and embrittlement in niobium was identified [138]. Yang
et al. showed that a repulsive field around oxygen interstitials caused passing screw dislocations to emit clusters of vacancies and
interstitials. The oxygen interstitials would then stabilize the vacancies, forming vacancy-oxygen complexes which obstruct additional
screw dislocation motion, significantly hardening niobium. Furthermore, a “pinch-off” of cross kinks produced more vacancies which
were also stabilized by oxygen interstitials forming complexes and eventually forming nano-cavities which coalesce and initiate failure
[138]. In Fig. 9 below, the results of in-situ nanomechanical tests performed on a submicron Nb-O alloy are shown, reprinted from
Yang et al. [138].

From the in-situ nanomechanical tests shown above in Fig. 9 and MD simulations of the deformation of a single crystal of niobium
with 1 at. % oxygen, the mechanisms of oxygen-initiated deformation and failure in niobium were demonstrated. These findings were
later corroborated experimentally in nanocrystalline vanadium with 1.7 at. % oxygen showing screw dislocation interactions with
oxygen-vacancy complexes [137]. While these studies were mainly focused to oxygen interstitials in niobium and vanadium, it is
expected that this understanding of embrittlement mechanisms can be extended to other interstitial constituents, such as nitrogen, in
subgroup V metals. Having moderate solubility of interstitial constituents, subgroup V elements tend to have a relatively moderate
sensitivity to embrittlement by interstitial constituents compared to subgroup IV and subgroup VI metals.

3.3. Subgroup VI pure refractory metals

The elements of subgroup VI have the lowest solubilities of interstitial oxygen and nitrogen compared to any of the refractory
metals and readily form metal-nonmetal compounds, stable at room temperature. At high enough temperatures, while there is kinetic
availability for the formation of metal non-metal compounds on the surfaces of subgroup VI metals, the formation reaction is reversible
and the compounds are thermally unstable and readily volatize [47,73]. This allows the subgroup VI elements to be easily degassed
under high vacuum at high temperatures and limits their use in high temperature applications in atmospheric environments. The
attractive interactions between interstitial constituents and subgroup VI metals, indicated by the low formation enthalpies and
electron affinities in Table 2, cannot be accommodated by the small interstitial site sizes and dense electron configurations of the
subgroup VI metals. Because the interstitials cannot be accommodated in solution in the BCC lattices of the subgroup VI metals, there is
a tendency for the interstitial elements to either form compounds such as oxides and nitrides or to segregate to GBs. The segregation of
interstitial constituents to GBs may be a more stable configuration for interstitial elements in subgroup VI metals
[33,35,36,50,105,144-149]. The segregation of impurities to the GBs of subgroup VI metals can severely reduce the cohesion of the
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Fig. 9. In-situ nanomechanical tests of a submicron Nb-O alloy, revealing the mechanisms of shear localization, leading to vacancy formation and
the coalescence of nano-cavities, reprinted from Yang et al. [138]. The nano-cavities formed by the coalescence of vacancies are labeled V; — V.
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GBs, causing embrittlement. Because of the thermally activated dislocation character, limited dislocation mobilities, poor GB cohesion,
and limited solubility of interstitial elements, the BCC subgroup VI metals are highly susceptible to embrittlement by impurity
segregation [33,146]. Trace amounts as low as 100 ppm of oxygen or nitrogen can embrittle subgroup VI elements [35,36,149]. Recent
studies have shown that the cohesion of the GBs in subgroup VI metals is highly dependent on the chemistry at the GBs [111]. Through
DFT calculations studying GB sites in tungsten, Setyawan et al. suggest that d-orbital occupation of elements in GB sites can dictate the
cohesion of the GBs [144]. The segregated interstitial constituents may bond and hybridize, forming compounds with the GB atoms,
resulting in disruptions to the d-orbital electrons around GB sites, which causes decohesion along the GBs. With nearly no solubility of
interstitial constituents, subgroup VI metals are highly sensitive to embrittlement by interstitial constituents.

3.4. Conventional refractory alloys

In many conventional refractory alloys, dilute solutions of the transition metals from subgroups IV, V, and VI have been developed
to control interactions between interstitial constituents and substitutional alloying elements. For example, because of the strong in-
teractions between subgroup IV elements and interstitial constituents which drive unique mechanisms, the subgroup IV elements have
shown effective use as substitutional alloying additives to prevent detrimental interactions between interstitials and other transition
metal elements. In powder metallurgically processed molybdenum, the addition of 2 at. % hafnium in solid solution prevents
embrittlement by trace interstitial constituents and promotes transgranular fracture at room temperature by scavenging oxygen from
GBs and through minor oxide formation in the bulk grain interiors [105]. In the TZM alloy, titanium and zirconium in molybdenum
effectively allow internal oxidation, but prevent the direct segregation of oxygen impurities to GBs, which would embrittle molyb-
denum [150]. Titanium and zirconium are also effective in TZM at forming stable complex carbides which restrict the growth of grains
improving hardness and strength of the TZM alloy [151]. The elements of subgroup IV have strong interactions with interstitial
constituents and form relatively stable metal-nonmetal compounds and are especially useful in preventing detrimental interstitial
constituent embrittlement in more sensitive refractory metals. Because of their strong interactions with interstitial constittuents and
unique atomic structures and transformations, the development of RCCAs may utilize subgroup IV metals to control interstitial
constituents.

The high melting temperatures and relatively low densities of the subgroup V metals, compared to other refractory metals, have
shown promise as principal elements for high temperature structural alloys. Recent conventional refractory alloy development has
aimed to use subgroup V metals, especially niobium, as the principal alloying elements for their high melting points and high ductility
at room temperature. However, the high temperature oxidation of the subgroup V metals has posed a major challenge to the industrial
application of niobium-based alloys. For example, the addition of hafnium and titanium to niobium in the C-103 alloy and silicon to
eutectic niobium silicide alloys helps to prevent the oxidation at high temperatures. However, in the C-103 alloy, at oxygen con-
centrations above 0.04 at. % or 400 ppm, hafnium oxides can form at grain boundaries, embrittling the alloy [4,152,153]. Subgroup V
elements have also shown use as alloying elements for their strong, stable compound formation, useful for strengthening alloys. In
nickel super alloys, niobium and tantalum are added to improve the thermal stability of the y and y’ phases and to improve the strength
of the alloys through carbide formation [16,154]. The metals of subgroup V have high ductility without the presence of interstitial
constituents and can have moderate sensitivities to the presence of interstitial constituents. The interactions between interstitial
constituents and subgroup V metals can be targeted in dilute alloys and RCCAs for strengthening mechanisms and can help control an
alloy’s sensitivity to interstitial constituents.

Subgroup VI elements tend to have the highest melting temperatures and retain exceptionally high strengths at elevated tem-
peratures but are highly sensitive to interstitial constituent embrittlement, so conventional alloying techniques are used to improve
their ductility and decrease DBTT. In some cases, the addition of certain transition metal elements to subgroup VI metals can improve
their ductility [144]. The additions of solute transition metal elements with both lower and higher VEC to molybdenum and tungsten
GBs may have improved cohesion at certain GB sites [144]. In arc melted tungsten, rhenium additions as low as 1 at. % and as high as
35 at. %, near the solid solubility limit, have been shown to reduce the DBTT of tungsten to near room temperature, enabling the
mechanical processing of tungsten [34]. Rhenium additions to molybdenum have shown similar effects [145,155]. While the exact
effects of rhenium are still debated, theories suggest rhenium may improve ductility of subgroup VI metals through modification of
dislocation core structures, through GB cohesion strengthening via d-orbital interactions at GB sites, or through possible interstitial
constituent scavenging, preventing the segregation of embrittling interstitial constituents to GBs [34,144,146]. The possible mecha-
nisms and the high cost of rhenium has initiated the research of other rare earth and rare earth-like metals to improve ductility of
subgroup VI BCC alloys. For example, improvements to strength and ductility of molybdenum were achieved through rare earth
element lanthanum-oxide dispersions in the grains of nanostructured molybdenum, lowering the DBTT to well below room temper-
ature [146]. Furthermore, the addition of 2 at. % hafnium to powder metallurgically processed molybdenum prevents the GB
embrittlement of molybdenum by oxygen at room temperature. Using atom probe tomography (APT) and DFT calculations, Leitner
et al. showed that the addition of hafnium to molybdenum improves ductility by modifying the GB chemistry in molybdenum. The
hafnium in solid solution prevents the segregation of trace amounts of oxygen impurities to GBs during the powder metallurgical
processing, and allows the trace amounts of carbon and boron to compete for and occupy GB sites, improving GB cohesion [105].
Although the hafnium does not prevent the absorption of oxygen into molybdenum during processing, hafnium’s strong attraction to
oxygen causes the scavenging of oxygen away from molybdenum GBs and allows the segregation of boron and carbon to GB sites,
improving ductility. Fig. 10 below depicts the 3D APT reconstruction of a bicrystal of the alloy and a compositional line profile across
the GB, revealing the segregation of boron and carbon, adapted from Leitner et al. [105].

By now, it is well understood that GB cohesion can be the limiting factor in the ductility of subgroup VI metals and that segregated

15



C.H. Belcher et al. Progress in Materials Science 137 (2023) 101140

impurities can exacerbate the poor cohesion of the GBs. Subgroup VI metals with highly refined grain sizes, down to the nanometer
regime, have also shown markedly improved ductility and reduced DBTT [34,156,157]. By reducing grain sizes and increasing the
volume fraction of GBs, segregated impurities are more distributed, effectively reducing the interstitial constituent concentrations at
each GB and limiting the effects of GB decohesion. Ultimately, the subgroup VI metals are relatively sensitive to interstitial constituents
and are susceptible to impurity embrittlement because of their inherently poor GB cohesion and low solubilities of interstitials, causing
GB segregation, and necessitate alloying and processing techniques to control interstitial constituents. Ductile subgroup VI-based
alloys can be achieved through conventional alloying and processing techniques which aim to prevent the segregation of impu-
rities to GBs or by directly strengthening the GBs. The methods by which subgroup VI-based alloys are designed and processed can help
guide the development of more ductile RCCAs with subgroup VI elements.

The interactions and mechanisms between interstitial constituents and refractory metal elements are dependent on trends in the
periodic table. Electron configurations and atomic sizes of the various elements dictate the strength and stability of their interactions
with highly electronegative interstitial elements. Because interstitial constituent absorption is sometimes inevitable through necessary
processing routes, their interactions with refractory metals may be unavoidable. However, the mechanisms by which interstitial
constituent elements interact with refractory metals can be controlled to beneficially influence the mechanical properties of refractory
alloys. Since the trends in the binary interactions between pure refractory metals and interstitial constituents are predictable and
similar in dilute alloys, mechanisms such as scavenging, and site competition can be exploited to combat impurity embrittlement and
even strengthen refractory alloys. By considering the processing of RCCAs and the interactions of interstitial constituent elements with
the constituent refractory metals, more holistic RCCA development approaches can be adopted. The mechanisms by which interstitial
constituents influence mechanical behavior of RCCAs can be controlled by targeting interstitial constituent mechanisms for stronger,
more ductile RCCAs.
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Fig. 10. A 3D APT reconstruction of a bicrystal of a Mo — 2 at. % Hf alloy and a compositional line profile across the £11 GB, revealing evidence of
the strong segregation of boron and carbon, competing with oxygen to improve the ductility of molybdenum, adapted from Leitner et al. [105].
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4. Interstitial constituents in RCCAs

Just as the interactions between interstitial constituents and refractory metal elements are utilized and modified through de-
velopments of conventional refractory alloys, RCCA development can capitalize on the interactions between interstitial constituents
and the RCCA constituent elements to achieve strong, ductile RCCAs. As the field of RCCAs has grown to develop more unique alloy
systems with their own microstructural and mechanical characteristics, the realization that interstitial constituents influence the
behavior of RCCAs has grown too. Lately, in studies of RCCAs, the influence of interstitial constituents has begun to be characterized to
remove uncertainty in the understanding of their thermodynamic and mechanical properties. By reviewing the RCCA literature
examining the role of interstitial constituents in RCCAs with context from pure refractory metals and conventional refractory alloys,
more holistic design approaches to RCCAs can be developed.

In previous criteria for the design of RCCAs, the interactions between constituent elements and interstitial constituents were not
intentionally considered. In some cases, RCCAs designed with low VEC tended to contain more constituent elements from subgroups IV
and V which have fewer d and s electrons and by coincidence the subgroup IV and V elements also have high interstitial element
solubilities due to their electronic configurations [30,158,159]. The high interstitial solubilities and relatively low sensitivities to
interstitials in the RCCAs with low VEC may have contributed to recent observations of low DBTT. By understanding mechanisms of
interstitial constituents in RCCAs, holistic approaches to RCCA design can be implemented to effectively develop high strength, ductile
RCCAs for targeted applications. Although many early publications of mechanical behavior of RCCAs did not directly focus on the
influence of interstitial constituents, recent studies have acknowledged and varied the presence of interstitial constituent elements in
RCCAs. Many of the studies describing the influence of interstitial constituents on RCCA mechanical behavior have used model systems
such as MoNbTaW and HfNbTaTiZr to understand fundamental interactions and mechanisms. The MoNbTaW and HfNbTaTiZr systems
represent the far ends of the spectrum of sensitivity to interstitial constituents, and variations to these systems have been studied to
predict and develop other RCCAs. The data from several recent publications of RCCAs with assessed interstitial constituents are
summarized below in Table 3 and are organized in descending VEC.

It is important to note the data in Table 3 is comprehensive, but limited in that there is more information published but not included
in the above table. The data has been specifically selected from the literature to compare and examine recently published RCCAs with
observed presence of interstitial constituents and the influence of interstitial constituents on mechanical behavior. In some cases, the
interstitial constituents were intentionally added and in other cases, the interstitial constituents were inherent to the synthesis and
processing methods employed. Some data from RCCAs without studied interstitial constituents are also provided in Table 3 to compare
the effects of constituent elements with unknown concentrations of interstitial constituents. Table 3 includes data from RCCAs syn-
thesized via a variety of techniques to compare variations in interstitial constituent contents and microstructural features. It is also
important to note that variability in microstructural features may convolute the mechanical properties contained in Table 3, but the
existence of complex phases, especially those driven by interstitial constituent interaction, are necessary for the development of RCCAs
and the prediction of future phases and mechanical behavior.

Further examinations by this review paper will focus on the influence of interstitial constituents, specifically oxygen and nitrogen,
on the mechanical properties of the MoNbTaW and HfNbTaTiZr systems using context provided from analyses of the interactions
between the RCCA constituents and the interstitial constituents. By examining the influence of interstitial constituents on the me-
chanical behavior of these systems the fundamental understandings can be established to suggest future holistic design of RCCAs.

4.1. The MoNbTaW system

The MoNbTaW RCCA system was first reported by Senkov et al. and over time, research has shown this RCCA system to be highly
susceptible to interstitial constituent embrittlement. In 2010 the MoNbTaW RCCA was first developed and in 2011 was quickly fol-
lowed by the observation of relatively high strength, around 500 MPa, retained at elevated temperatures of 1600 °C with elongation of
more than 25 %, outperforming some nickel based super alloys [14,21]. Compressive stress strain curves of the MoNbTaW RCCA at
room and elevated temperatures are shown below in Fig. 11 (a), adapted from Senkov et al. [21].

In these initial studies, Senkov et al. showed that at room temperature, the MoNbTaW RCCA systems undergo brittle, intergranular
fracture [21]. Microstructural characterization of the alloy showed that during solidification, the alloy formed a single BCC phase but
also underwent severe dendritic segregation. From X-Ray Diffraction (XRD) results, the lattice parameter of the alloy was extrapolated
to be 0.3213 nm [14]. At the time, the low DBTT was intrinsically attributed to the MoNbTaW RCCA system [21]. It was later shown
through a variety of mechanical tests, such as compression, tension, bending, shearing, and microhardness testing, that the as-cast
MoNbTaVW RCCA underwent cleavage, not shear, as the dominant fracture mechanism of the alloy suggesting brittle behavior
[190]. In tension, the RCCA would mostly fracture through interdendritic cracking, but in compression and in low-load microhardness
testing, slip bands and intragranular cracks were present suggesting the potential for plasticity in the MoNbTaVW RCCA at room
temperature [190]. By compressing columnar nanocrystalline pillars in a magnetron sputtered thin film of the MoNbTaW RCCA at
room temperature, plasticity of up to 15 % strain and extremely high strengths of up to 6.5 GPa were observed by Zou et al. [191]. The
same authors later showed through compression of micropillars in an arc melted and annealed MoNbTaW RCCA that within single
grains of the alloy, high strength and ductility were achievable and dependent on size [44]. By compressing a bicrystal micropillar of
the RCCA Zou et al. showed that brittle fracture occurs along the GB of the alloy [44]. The fractured bicrystal pillar from Zou et al. is
shown in Fig. 11 (b) depicting the brittle fracture along the GB [44]. Zou et al. then conducted in situ notched micro cantilever ex-
periments on specimens ion beam milled from the arc melted and annealed MoNbTaW RCCA to compare the fracture toughness of a
single crystal and bicrystal. The bicrystal sample of the MoNbTaW was found to have a fracture toughness an order of magnitude lower
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Table 3
Summarized microstructural features, processing methodologies, room temperature (RT) mechanical properties, and interstitial constituent contents of recently published RCCAs. The data in this table are
organized in descending VEC values to visualize correlations in sensitivity to interstitial constituent elements and ductility.

8T

RCCA Ref. Microstructure Processing VEC  RT Yield Strength RT Elongation Oxygen [at. Nitrogen [at. Other non-metal
[MPa] [%] %] %] impurities [at. % X]
NbRe sTiZr [160]  BCC + FCC PAM + HIP 6.08 1220 + 24* 53 + 7% 0.0090 0.0020 0.0016C
Reg sTaTiZr BCC + BCC PAM -+ HIP 6.08 1715 + 30* 10 £ 1~ 0.0110 0.0020 0.0017C
MoNbTaW [37] BCC + GB Segregants PAM 5.50 1074-1095* 1.4-1.7* 0.0147
BCC + GB Segregants PAM 5.50 1175-1207* 5.8-6.2* 0.040B
BCC + GB Segregants PAM 5.50 1255-1325* 7.6-7.8* 0.100B
BCC + GB Segregants PAM 5.50 1262-1372* 10.3-11.5* 0.500B
BCC + GB Segregants PAM 5.50  1243-1369* 7.6-9.1* 0.800B
BCC + GB Segregants PAM 5.50 1132-1190* 5.7-6.5* 0.050C
BCC + GB Segregants PAM 5.50 1323-1416* 7.6-8.7* 0.150C
BCC + GB Segregants PAM 5.50  1507-1567* 5.5-6.3* 0.500C
[161]  BCC + FCC + HCP PAM 5.50  1285* 6.5* 10.0000C
BCC + FCC PAM 5.50 1753* 4.6* 20.0000C
BCC + FCC + HCP PAM 5.50 1972* 30.0000C
[61] BCC + Amorphous Magnetron Sputtered + 5.50 1.1000
Intergranular Films Annealed
[59] BCC + Nitrides + Carbonitrides =~ MA + Sintered 5.50 23.8000
CrNb [162]  BCC + Laves PAM + HIP 5.50 1670* 0.95* 0.3020 0.3800 0.0120C
MoNbTaW [63] BCC LPBF 5.50  1196* 4.6*
BCC + Nb Carbides LPBF 5.50 1725* 7.0* 0.5000C
MoNbTaW [71] BCC EBM 5.50 1173* 8.82*
BCC + Nb, Ta Carbides EBM 5.50  1221* 7.23* 5.8900C
MoNbTavVW [163] BCC + GB Oxides MA + SPS 5.40 2612* 18* 1.4100 1.1200C
BCC + GB Oxides MA + SPS 540  2514* 12.5% 1.3300 1.5200C
BCC + GB Oxides MA + SPS 5.40  2491* 9.5* 0.9600 1.7700C
MoNbTaVW [164]  BCC LPBF 5.40
MoNbTaV [165] BCC PAM 5.25 1256* 35*
[166] BCC PAM 5.25 1500* 21%
NbTavw [167] BCC PAM 5.25 1530* 12.5%
MoNbTaTiW [168]  BCC PAM 520  1343* 14.1*
MoNbTiVW [169]  BCC + BCC PAM 520 2136* 15.31%
BCC + BCC PAM 5.20 2150* 14.25* 0.0250Si
BCC + BCC PAM 5.20 2175* 12.75* 0.0500Si
BCC + BCC PAM 5.20  2250* 12.25% 0.07508Si
BCC + BCC + MsSis Eutectic PAM 5.20  2298* 12.02* 0.1000Si
CrTaTiVW [170] BCC + TizOs Precipitates VIM 5.20 1628 8.5
MoNbTaTivVW [168] BCC PAM 5.17 1515* 10.6*
CrNbTi [162]  BCC + Laves PAM + HIP 5.00 1353* 6 0.1370 0.0230 0.0270C
CrNbTaTi BCC + Laves PAM -+ HIP 5.00 515* 0.1610 0.0330 0.0460C
MOoNbTiV [171] BCC PAM 5.00 1747* 18*
BCC + MsSi3 PAM 5.00 1869* 33* 0.25008i
MoNbTaTiV [172]  BCC PAM 5.00  1400* 30
NbTaTivVW [167] BCC PAM 5.00 1420* 20~
HfMoNbTaTi [173] BCC + Hf-N Nanoparticles PAM 480 1713~ 12% 0.0300
HfMoNbTaZr [174] BCC PAM 4.80 1524+ 13.5%
Hfy.51M00 30Ta0.10 [175]  BCC + Eutectic + HCP + Laves ~ PAM + HIP 479  1672* 2.7% 0.1100 + 0.0300 + 0.1700 + 0.005C
0.006 0.002
CrNbTa5TiZr [176]  BCC + Laves PAM 4.76  1800* 2.9%

(continued on next page)
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Table 3 (continued)

RCCA Ref. Microstructure Processing VEC  RT Yield Strength RT Elongation Oxygen [at. Nitrogen [at. Other non-metal
[MPa] [%] %] %] impurities [at. % X]
Hf15M025NbagTasTiss [177]  BCC PAM + Homogenized 4.75 0.0800 0.0200 0.0100C
NbTaTiVv [167]  BCC PAM 475  965* 50*
NbTaTi [178]  BCC + Ti rich GB Compounds PAM + HIP 4.67 724 35.4% 0.1120 0.3910 0.1320C
NbTaZr [178]  BCC + BCC + HCP + Zrrich GB  PAM + HIP 4.67  1027* 16.9* 0.1450 0.2790 0.1220C
Compounds
HfMoNbTaTiZr [174] BCC PAM 4.67 1512* 11*
Cr6NbTasTiZr [176]  BCC + Laves PAM 4.63  1514* 8.3"
Hf.56M0g.21Tag.21 [177] ~ HCP + BCC + Eutectic PAM + HIP 4.63 1496 5.3* 0.0400 + 0.1500 + 0.0900 =+ 0.005C
0.006 0.005
HfMoTaTiZr [174]  BCC PAM 4.60  1600* 3%
HfMoNbDTiZr BCC PAM 4.60 1351* 17+
Hf30 MosNbasTagsTis [179]  BCC PAM 4.60 964 + 16" 50*
Nba4oTigoV20 [180] BCC PAM + CR + Annealed 4.60 650* 37.2% 0.0450 0.0032
Cr2NbTasTiZr [176]  BCC + Laves PAM 4.57  1340* 15.69*
Hf.61Mo00.16Tag.23 [175]  HCP + BCC + Eutectic PAM + HIP 4.55  1468* 5.8* 0.1200 + 0.0100 + 0.1800 =+ 0.005C
0.006 0.002
NbTaTiZr [38] BCC PAM 450 1013+7 13.2+ 0.5
BCC PAM 450 1115+10 14.7 £ 0.8 0.3000
BCC PAM 4.50 1196 + 8 17.5+ 0.3 0.6000
BCC + GB Zr-N Nanoparticles PAM 4.50 1242 £ 15 0.9000
NbTaTiZr [38] BCC + BCC PAM + Annealed 450 1238+9 18.8 £ 0.3 0.6000
HINbTiV [181]  BCC + Nanoparticles PAM + Annealed 4.50 1004 16.1 0.3494 + 0.0105 + 0.0042 =+ 0.0004C, 0.0457
0.0891 0.0021 =+ 0.0025Si
[182]  BCC PAM 450  958* 50
BCC + FCC Carbides PAM 4.50  1048* 50* 10.000C
BCC + FCC Carbides PAM 4.50 1076* 44.8* 20.000C
HfNbTiV [182]  BCC + FCC Carbides PAM 450 1115* 37.8% 30.000C
CrgNbTasTiZr [176]  BCC + Laves PAM 450 1354* 25.08*
Cr4NbTasTiZr [176] BCC PAM 4.43 1224* 60~
Hf3Nby,Tiz;VisW3 [183]  BCC + FCC + HCP PAM 443 980 +18 19.8 + 0.55
Hf16Nb16Tig1Vay [184]  BCC PAM 4.43 953 25 0.3300
BCC + BCC PAM 4.43 1517 12 2.6800
HfNbTaTiZr [185] BCC VIM 4.40 875+ 11 16.5 £ 0.2
HfNbTatiZr [68] BCC LMD 4.40
Hf24Nby3TizgVis [181]  BCC PAM 4.38 774 20.6 0.2540 + 0.0110 + 0.0026 =+ 0.0011C, 0.0302
0.0818 0.0034 + 0.0025Si
BCC + Nanoparticles PAM + Annealed 4.38 802 22.5 0.3570 + 0.0108 + 0.0045 + 0.0038C, 0.0318
0.1051 0.0026 + 0.0038Si
NbTa6.25TiZr [176] BCC PAM 4.38 1368* 60~
Hf.60Mo0g 05Tag.26 [175]  HCP + BCC + Eutectic PAM + HIP 4.36  1647* 26* 0.1100 + 0.0100 + 0.1700 =+ 0.005C
0.006 0.002
HfsNbygTa;sTizsZras [41] BCC PAM 4.35  1200* 45* 5.0000
BCC + BCC + HCP PAM + Annealed 4.35 1700* 25% 5.0000
NbTiZr [40] BCC Magnetron Sputtered 4.33 1300 + 100~
NbTiZr [40] BCC Magnetron Sputtered + 4.33 8.0000
Annealed
BCC Magnetron Sputtered 4.33 2900 + 200* 65* 5.7000 0.5000 0.9000C
BCC + GB Segregants Magnetron Sputtered + 4.33 4200 + 200~ 65* 11.6000 0.5000 0.8000C

Annealed

(continued on next page)
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Table 3 (continued)

RCCA Ref. Microstructure Processing VEC  RT Yield Strength RT Elongation Oxygen [at. Nitrogen [at. Other non-metal
[MPa] [%] %] %] impurities [at. % X]
[28] BCC PAM + CR + Annealed 4.33 630 18 0.0214 0.0011 0.0080C
NbTiZr [160]  BCC PAM + HIP 4.33 920 + 18* 60" 0.0120 0.0063 0.0021C
TaTiZr BCC + BCC VAM + HIP 4.33 1670 + 30* 2.5 + 0.5% 0.0070 0.0020 0.0021C
NbTiZr [186] BCC + TiB, Whiskers PAM 4.33 740* 50* 0.20 wt% TiBy
BCC + TiB, PAM 4.33 905* 50~ 2.0 wt% TiB,
BCC + Coarse and Thin TiB, PAM 4.33 1010* 9+ 4.4 wt% TiB,
Fibers
Al;sNboTisgVs [180]  BCC + B2 PAM + CR + Annealed 430 750" 45.6* 0.0445 0.0030
TaTiZr [160]  BCC + BCC PAM + HIP 4.33 1670 + 30" 2.5+ 0.5% 0.0070 0.0020 0.0021C
Hf 73Tag 27 [175]  HCP + Eutectic PAM + HIP 4.27 1738 13.7* 0.1100 + 0.1300 + 0.1500 =+ 0.005C
0.006 0.005
NbogTigqZrso [187] BCC PAM 4.26 690 13 0.2260
BCC PAM 4.26 900 14 1.2580
BCC PAM 4.26 1075 15 2.4040
BCC PAM 4.26 1200 15 3.3010
BCC PAM 4.26 800 1.5 3.7120
BCC PAM 4.26 525 1 4.3720
HfNDbTiZr [39] BCC PAM 4.25 750 + 30 14.21 +£1.09
HfNbTiZr [39] BCC + Ordered Interstitial PAM 4.25 1110 + 30 27.66 + 1.13 2.0000
Complexes
BCC PAM 4.25 1300 + 20 9 2.0000
[43] BCC PAM + Homogenized + CR 4.25 2.0000
+ Annealed
BCC PAM + Homogenized + CR 4.25 2.0000
+ Annealed
HfNbg s5Tag sTiZr [46] BCC PAM 4.25 1138 10.8 0.3770 0.0420
BCC + Ordered Interstitial PAM 4.25 1138 23 2.2410 0.0390
Complexes
BCC + Ordered Interstitial PAM 4.25 1362 15 0.3830 2.2870
Complexes
HfNbTiZr [188] BCC + HCP LMD 4.25 1034 18.5
HfNbyoTiZr BCC LMD 4.20 782 13.1
MosNbsTasTigz 521425 [189]  BCC PAM 4.20 907 14.9
AlyoNbyoTig [180] B2 PAM + CR + Annealed 4.20  795* 0.3* 0.0448
MosNbsTissZras [189]  BCC PAM 415 821 9.1
HfNb15TiZr [188] BCC LMD 4.15
Nb14TiseZrsg [187] BCC PAM 4.14 600 9 0.1340
BCC PAM 4.14 800 15 1.4120
BCC PAM 4.14 950 18 2.1370
BCC PAM 4.14 1075 25.1 3.3550
BCC PAM 4.14 1150 8.5 3.8660
BCC PAM 4.14 1200 2 4.3520
NbsTasTissZrss [189]  BCC PAM 410 647 7.9
AlyoCroNbooNiysTizaVio  [67] BCC + o + TioNi DED 4.06

" Mechanical properties tested in compression,
" Targeted impurity concentrations.
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Fig. 11. The progression of understanding of the embrittlement in the MoNbTaW RCCA, starting from (a) the compressive stress—strain curves of the
alloy at elevated and room temperature from Senkov et al. [21], then (b) observation of brittle fracture along a GB in a bicrystal micropillar from
Zou et al. [44], and finally (c) APT reconstruction of a GB in the MoNbTaW RCCA and concentration profiles taken across the GB, showing presence
of interstitial constituent elements and metal-nonmetal compounds segregated at GBs from Zou et al. [45].

than the fracture toughness of the single crystal MoNbTaW microcantilever specimen. Upon further investigation of the GBs using APT,
Zou et al. found that oxygen, nitrogen, and carbon impurities had segregated and formed compounds along the GBs. The APT
reconstruction of a bicrystal of the MoNbTaW RCCA from Zou et al. is shown in Fig. 11 (c) along with concentration profiles taken
across the GB, revealing segregated impurities along the GB [45]. The concentration profile from APT revealed that concentrations of
0.75 at. % nitrogen, 0.35 at. % carbon, and 0.05 at. % oxygen had segregated to the GBs. The low fracture toughness and embrittlement
of the bicrystal microcantilever specimen are attributed to the segregation of impurities and formation of intermetallic compounds at
the GB [45]. This APT experiment of the MoNbTaW RCCA was the first observation of interstitial constituents in an RCCA. Through this
APT study, the influence of interstitial constituents on the mechanical behavior of the MoNbTaW RCCA could be assessed. Although
the interstitial constituent elements were not intentionally introduced into the MoNbTaW RCCAs described above, their presence, on
the order of ~ 100 s of ppm is inherent to the processing techniques used and can affect the GB cohesion of the MoNbTaW RCCAs as in
conventional BCC metals and alloys. The MoNbTaW RCCA is still considered intrinsically brittle with high DBTT, but the mechanism
by which it is embrittled by GB segregated interstitial constituents can be appreciated. The reason for segregation and ultimately
embrittlement of the MoNbTaW RCCA system can be understood through context from the interactions between the interstitials and
the constituent elements of the RCCA.

In the MoNbTaW RCCA system, segregation of interstitial constituent elements and poor GB cohesion of the RCCAs contribute to
the embrittlement of the alloy. Much like conventional BCC metals and alloys, the embrittlement and DBTT of the MoNbTaW RCCAs
can be controlled by dislocation motion and cohesion of the GBs [19,27,192]. Although the exact atomistic mechanisms of the motion
of dislocations in non-dilute BCC alloys such as RCCAs may be debated, poor GB cohesion can prevent the transmission of dislocations,
limiting the plasticity of the alloys. The MoNbTaW RCCA with VEC of 5.50 is made up of constituent elements from subgroups V and
VI. The subgroup VI elements molybdenum and tungsten are likely significant contributors to both poor cohesion of GBs and segre-
gation of interstitial constituents to GBs in the MoNbTaW RCCA systems. From the APT observations, subgroup V elements, especially
tantalum contribute to the formation of intermetallic compounds along GBs, where interstitial constituents have diffused and
segregated. Due to the relatively small experimentally determined lattice parameter (0.3213 nm) of the MoNbTaW RCCA, the alloy
also has relatively small effective radii and interstitial sites, especially with respect to the high electron density of the elements, much
like the subgroup VI elements. From the lattice parameter found by Senkov et al., an effective atomic radius could be calculated to then
approximate the octahedral and tetrahedral interstitial site sizes of the MoNbTaW RCCA. From the lattice parameter determined by
Senkov et al., the effective atomic radius of the MoNbTaW RCCA is calculated to be 0.1391 nm and the octahedral and tetrahedral sites
were then approximated to be 0.0215 and 0.0405 nm respectively. These interstitial sites are approximated to be smaller compared to
the subgroup VI elements, but more quantified and direct observations of the interstitial sites are necessary. Similar to subgroup VI
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elements, the MoNbTaW RCCA cannot accommodate the electronic interactions with interstitial constituents in the interstitial sites of
the lattice. Despite the strong interactions between the interstitial constituent elements and the constituent elements in the MoNbTaW
RCCA as shown by the low formation enthalpies in Table 2, the stable configuration of the interstitial constituents may be segregated at
GBs where the interstitial constituent atoms can be accommodated. The relatively fast diffusion of the interstitial constituents and
relatively slow diffusion of the constituent elements may prevent the formation of new intermetallic structures in the grain interiors
and can kinetically allow the segregation of the impurities to GBs where compound formation can then occur. After segregating to GBs,
the impurity elements may then further interact with the constituent refractory metal elements distributed at and near the GBs.

At the GBs, the interactions can be driven by the formation of compounds with the lowest formation enthalpies, in this case
subgroup V tantalum and niobium intermetallic compounds with oxygen and nitrogen, shown in Table 2. The segregated impurities
and intermetallic compounds at the GBs can then disrupt the d orbital electrons along the GBs and contribute to decohesion. Addi-
tionally, distributions of both subgroup V and VI elements may cause disruptions in the d orbital electrons along the GB which causes
poor GB cohesion. Just as in conventional subgroup VI refractory metals and alloys, the GBs of the MoNbTaW RCCAs have poor GB
cohesion and the decohesion can be exacerbated by segregated interstitial constituents and intermetallic compounds along the GBs.
This mechanism of segregation and intermetallic compound formation at the GBs in the MoNbTaW RCCA in the previously discussed
studies is most likely driven by the long annealing times and high annealing temperatures needed to produce a homogenous, equiaxed
microstructure in the alloy. The interstitial constituents are likely unintentionally introduced to the RCCA from the feedstock materials
during the synthesis processes and are driven to segregate and diffuse during secondary processing steps. Ultimately, interstitial
constituent interactions with the RCCA constituents led to the mechanisms which embrittled the MoNbTaW RCCA system but can be
mitigated to achieve RCCAs with improved strength and ductility.

Computational methods provide an effective tool to address the issue of embrittlement of the MoNbTaW RCCA system by inter-
stitial constituents, and can greatly enhance efforts in developing strong, ductile RCCAs. So far, in the continued development of
MoNbTaW based RCCAs, DFT calculations paired with experiments have been applied to understand and control interstitial con-
stituent interactions to improve the plasticity of the MoNbTaW RCCA. Most recently, Wang et al. used DFT to show that the in-
teractions between oxygen and the constituent elements of the MoNbTaW RCCA, at GBs, lead to reduced cohesion and strength of the
GBs, embrittling the alloy [37]. Through experiments, Wang et al. showed that additions of up to 8000 ppm of boron and carbon, could
improve the ductility of the MoNbTaW alloy by competing with oxygen for GB sites and improving the strength and cohesion of the
GBs. With additions of boron, a maximum compressive strain to failure of 11 % in a polycrystalline sample could be achieved. APT
experiments were used to observe segregation of oxygen to GBs in the MoNbTaW RCCA without additions of boron. After the addition
of boron, APT experiments revealed greater compositions of boron segregated to GBs than oxygen. A 3D APT reconstruction of the
RCCA with boron is shown below in Fig. 12 (a), reprinted from Wang et al. [37].

Using DFT calculations, Wang et al. found that boron and carbon have lower segregation energies than oxygen, suggesting a greater
propensity for boron and carbon to segregate to GBs, preventing oxygen from segregating and occupying GB sites, as shown in Fig. 12
(b) from Wang et al. [37]. The DFT calculations also showed that the segregated interstitial boron and carbon impurities could improve
the strengthening of the GBs of the RCCA. Wang et al. then studied the types of bonding and charge density distributions between the
interstitial constituents segregated at GBs and the RCCA constituents of the alloy. The charge density distributions of the segregated
interstitial constituents, calculated using DFT, are shown in Fig. 12 (c), reprinted from Wang et al. [37]. It was found that stronger
bonds with greater sharing of electrons between boron and carbon impurities and the constituent elements at GBs were formed which
helped to strengthen and improve the cohesion at GBs, revealing ductile behavior of the RCCA at room temperature [37]. In this study,
boron and carbon were intentionally added, but as shown in conventional alloys with trace amounts of boron and carbon, these
interstitial constituents energetically favor segregation to GB sites and can compete with other interstitial constituents which may
segregate to GBs [105]. Unlike oxygen and nitrogen, boron and carbon segregated to the GBs of some alloys can enhance the cohesion
of the GBs, improving the ductility of the alloy. In both RCCAs and conventional refractory alloys, the segregation energies of boron
and carbon and their contributions to the cohesion of the GB could be studied and quantified using DFT [37,105]. Through the use of
DFT calculations, experimental results can be validated and mechanistically understood for future development of ductile RCCAs.

However, this method is not necessarily predictive or driven by specifically intended mechanisms. Thus far, few computational
techniques have been utilized to understand the influence of interstitial constituents in the MoNbTaW RCCA system. Although the
ductility of the MoNbTaW RCCA could be improved by the addition of boron or carbon and the mechanisms by which interstitial
constituents embrittle the GBs are being understood, it is still not yet fully known how individual constituent elements may directly
contribute to the interactions with the interstitial constituents. For example, the additions of other constituent elements, such as ti-
tanium or rhenium, can improve the ductility of the MoNbTaW RCCA, and have been attributed to changes in dislocation motion, but
titanium and rhenium likely have strong interactions with trace interstitial constituent elements in the alloy but have not yet been
characterized in the MoNbTaW RCCA [168,193-197]. In another study using DFT calculations to support experiments, Tong et al.
showed that by removing molybdenum from the MoNbTaW RCCA, ductile transgranular fracture could be achieved [198]. The
improved ductility was attributed to improved GB strength by removing molybdenum but the interactions between interstitial con-
stituents and RCCA constituents at the GBs were not characterized. The exact roles of each of the subgroup V and VI constituent el-
ements in the MoNbTaW RCCA require further understanding. Through DFT calculations, a recent study has suggested there are
attractive interactions between subgroup V elements and oxygen in the lattices of the MoNbTaW RCCAs, but further studies especially
considering interfacial defects are necessary [199]. Through the use of computational techniques, the interactions between interstitial
constituents and the constituent elements of RCCAs can be understood to help guide and justify experimental findings. The use of
computational techniques can also aid the development of predictive models to develop more ductile RCCAs.

Experimental and computational results reveal that the MoNbTaW RCCA system is particularly sensitive to interstitial constituents
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Fig. 12. (a) An APT reconstruction of the MoNbTaW RCCA with additions of boron along with a 1D compositional line profile taken across the GB,
and higher magnification analysis of the GB showing 1.37 at. % boron iso-surfaces which revealed the segregation of boron to GBs, competing with
oxygen, (b) the DFT results of the segregation energy and strengthening energy of various interstitial constituents in the MoNbTaW RCCA, with
negative values suggesting greater segregation tendency and greater GB strengthening respectively, and (c) charge density distribution maps of
various interstitial constituents segregated along the GBs of the MoNbTaW RCCA, reprinted from Wang et al. [37].

and susceptible to embrittlement by the segregation of trace amounts of interstitial constituents to GBs. The MoNbTaW RCCA appears
to have a limit of approximately 100 ppm of oxygen and nitrogen interstitial constituents which embrittle the alloy. The segregation
and resultant bonding of oxygen and nitrogen atoms with the RCCA constituent elements along GBs caused the weakening and
decohesion of the GBs. DFT calculations proved useful in predicting the segregation energies and bonding of interstitial constituents at
GBs. Future work regarding the MoNbTaW RCCA system should aim to understand the role of each of the subgroup V and VI con-
stituent elements in the interactions with interstitial constituents, especially at interfacial defects such as GBs or secondary phase
boundaries. By better understanding these interactions, holistic design of RCCAs with high strength and room temperature ductility
can be achieved.

4.2. The HfNbTaTiZr system

In 2011, around the same time the MoNbTaW RCCA was initially discovered, the equiatomic HfNbTaTiZr RCCA was also studied
for the first time. After arc melting, the HfNbTaTiZr alloy solidified into a single phase BCC microstructure with dendritic micro-
segregation. Through XRD, the lattice parameter of the single phase BCC alloy was found to be 0.3403 nm [22]. Unlike the MoNbTaW
RCCA system however, the HfNbTaTiZr RCCA was found to have high ductility at room temperature. After arc melting and HIP
consolidation to close porosity, the HINbTaTiZr RCCA had a compressive yield strength of 929 MPa and greater than 50 % strain to
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failure [22]. The room temperature compressive stress strain curve of the HfNbTaTiZr RCCA is shown below in Fig. 13 (a), from Senkov
et al. [22].

The compressive stress strain curves of the MoNbTaW and MoNbTaVW RCCAs are shown in Fig. 13 (a) for comparison. The
HfNbTaTiZr RCCA has much higher strain to failure and work hardening behavior than the MoNbTaW RCCA at room temperature. The
high room temperature ductility of the HfNbTaTiZr RCCA was attributed to enhanced dislocation motion and twins which reduced
stress along GBs. However, upon high loading, cracks were observed to form along GBs. Like conventional BCC metals and alloys, the
GBs of the HINbTaTiZr RCCA most likely have relatively low cohesion, compared to the bulk grain interiors, but the RCCA appeared to
be less sensitive to trace amounts of interstitial constituents.

The high ductility of the HfINbTaTiZr RCCA led to its use as the basis for the development of many other RCCAs with high room
temperature ductility and inspired theories of ductility prediction in RCCAs. From this system, several non-equiatomic HfNbTaTiZr
based RCCAs have been developed with high deformability and cold rolling capabilities [185,200,201]. Because of the relatively low
sensitivity of the HfNbTaTiZr RCCA system to interstitial constituents, the influence of interstitial constituents on the mechanical
properties of the RCCA systems were not directly studied until more recently. In 2018, Lei et al. arc melted HfNbTiZr alloys with
additions of 2 at. % oxygen and 2 at. % nitrogen [39]. The addition of 2 at. % nitrogen increased the strength of the HfNbTiZr alloy to
above 1200 MPa but reduced the tensile elongation to 10 % and was attributed to the larger atomic radius of nitrogen, compared to
oxygen. However, the addition of 2 at. % oxygen resulted in increased strength and an anomalous increase in ductility of the alloy.
Using high angle annular dark field (HAADF) and annular bright field (ABF) techniques in scanning transmission electron microscopy
(STEM), Lei et al. observed regions described as having chemical short range ordering (CSRO) [39]. CSRO is the preferential ac-
commodation of lattice sites at relatively short length scales, such as nearest neighbors, and has been observed in several CCAs and is
predicted in some RCCAs as well [12,202-204]. CSRO is suggested to be due to the preference or avoidance of an element with other
element species or with itself. In the HINbTiZr RCCA, some regions of CSRO were enriched in titanium and zirconium, and some were
enriched in hafnium and tantalum. From STEM-ABF, oxygen was shown to occupy both tetrahedral and octahedral interstitial sites and
showed preference for interstitial sites near the titanium and zirconium enriched CSRO regions, forming ordered oxygen complexes
(O0Cs). Using APT, Lei et al. showed the OOCs could reach up to 10 at. % oxygen and internal friction measurements were used to
detect the ordered structural state of oxygen in the OOCs. An APT reconstruction of the alloy with OOCs is shown in Fig. 13 (b),
reprinted from Lei et al. [39]. 3 at. % oxygen isocompositions were highlighted to visualize the oxygen enriched complexes on the
nanometer scale in the matrix of the alloy [39]. The occupation of oxygen atoms in the titanium and zirconium rich complexes in an
orderly manner is attributed to the increased plasticity and work hardening of the alloy. It was suggested that the OOCs can distort the
local lattice, creating a strain field around them and can promote cross slip. Ultimately, Lei et al. showed that interstitial elements in
solution may interact with each constituent element in an RCCA preferentially, resulting in new ordered complex structures which
improved strength and ductility by 50 and 100 % of the original RCCA strength and ductility, respectively.

In another study of interstitials in 2020, Lei et al. arc melted HfNb sTag sTiZr alloys with additions of 2 at. % oxygen and 2 at. %
nitrogen [46]. In both cases, the added oxygen and the added nitrogen interstitials contributed to the formation of ordered interstitial
complexes (OICs) and resulted in improvements to both the strength and ductility of the starting alloy [46]. Using internal friction
measurements, Lei et al. were able to deconvolute the contributions to mechanical properties of the ordered complexes and randomly
distributed interstitial constituents. Furthermore, through internal friction measurements, Lei et al. observed Snoek-type stress
induced switching of interstitial site configurations. The final and intermediate Snoek-type jumps by interstitials between
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Fig. 13. The progression of understanding of the HfNbTaTiZr RCCA system over time, starting from (a) the compressive stress strain curve of the
RCCA at room temperature, reprinted from Senkov et al. [22], (b) APT reconstruction of the HfNbTiZr RCCA which led to the observation and
assessment of OOCs from Lei et al. [39], and finally (c) mapping of localized charge transfer distribution between interstitial constituents and RCCA
constituents in a HfNbTaTiZr RCCA determined through DFT from Ye et al. [43].
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configurations yielded high damping performance in the alloy [46]. The damping behavior of the HfNbg sTag 5TiZr alloys with OICs
are compared to conventional interstitially doped alloys below in Fig. 14 (a), reprinted from Lei et al. [46].

The OICs of the alloys were identified through APT experiments and the resulting reconstruction is shown in Fig. 14 (b), from Lei
et al. [46]. These findings showed that constituent elements in RCCAs can dictate the mechanisms by which interstitial constituent
elements influence the mechanical properties of the RCCAs and could potentially be controlled to target exceptional combinations of
strength and ductility in RCCAs.

Recently, many more studies of the interstitial constituents in HfNbTaTiZr based alloys have been published
[38,41,43,184,187,205]. In 2022, Liu et al. developed and studied a BCC single phase massive interstitial solid solution (MISS) alloy
from an equiatomic NbTiZr RCCA with additions of up to 12 at. % oxygen. The initial equiatomic NbTiZr RCCA constituent elements
were chosen for their high solubilities of oxygen interstitials. Calculated phase diagrams (CALPHADs) were used to analyze the binary
phase diagrams of the constituent elements with oxygen to approximate and design for high solubility of oxygen in the alloy. In
addition to the 12 at. % oxygen interstitials, 1 at. % carbon, and 1 at. % nitrogen were also added to the alloy to segregate to and
strengthen and stabilize the GBs of the alloy without detrimental formation of carbides or nitrides along the GBs. The segregation of
nitrogen and carbon to GBs suppressed localized deformation and embrittlement of the GBs and the 12 at. % oxygen in solution
significantly improved the strength of the alloy. It is also possible the addition of the carbon and nitrogen helped compete with and
prevent the segregation of oxygen to the GBs of the alloy. The (NbTiZr)gs012C1N; MISS alloy was magnetron sputtered and subse-
quently annealed to allow diffusion of interstitials and formation of any thermodynamically stable intermetallic compounds. Upon
annealing, no new phases formed; a single phase BCC massive solid solution was retained. Through micropillar compression testing,
the yield strength of the MISS alloy was found to be 4.2 GPa, near the theoretical limit of ~ G/10 and more than 65 % strain to failure
with significant strain-hardening behavior. A stress strain curve from microcompression tests of the NbTiZr alloys is shown below in
Fig. 15 (a), reprinted from Liu et al. [40].

Upon deformation, Liu et al. found that the oxygen interstitials promoted dislocation multiplication. The dislocation multiplication
during deformation and enhanced strength of the GBs promoted deformation-driven grain refinement in the alloy, owing to the high
strain-hardening [40]. Through intentional RCCA design, interstitial constituents can be exploited to improve strength and defor-
mation mechanisms of RCCAs. Although the HfNbTaTiZr RCCA system and similar RCCAs are not highly sensitive to embrittlement by
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Fig. 14. (a) Comparison of the high damping performance of the HfNbg sTag sTiZr alloy against conventional damping alloys and (b) an APT
reconstruction of a sample of the HfNbg sTag sTiZr alloy revealing OICs presented with a 1D compositional line profile taken across the boundary
between the alloy matrix and an OIC, reprinted from Lei et al. [46].
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interstitial constituents as in the MoNbTaW RCCA system, interstitial constituents still play an important role in contributing to the
strength and ductility of the alloys. Because of the solubility of interstitials in the HINbTaTiZr RCCAs, interstitial alloying is an effective
strengthening strategy for the HfNbTaTiZr based RCCAs. The mechanisms by which the interstitial constituents influence the
HfNbTaTiZr based RCCA systems can be understood and controlled by considering the interactions between the interstitial constituent
elements and the RCCA constituent refractory metal elements.

Unlike the MoNbTaW RCCA systems, the HfNbTaTiZr based RCCAs are much less sensitive to interstitial constituent elements and
the interactions between the RCCA constituent refractory metal elements and the interstitial constituent elements can be accommo-
dated in the lattice. The BCC lattice of the HfNbTaTiZr RCCA can accommodate the interactions with oxygen and nitrogen impurities in
solid solution interstitial sites as stable configurations. The subgroup IV and V elements have relatively large atomic radii with respect
to their relatively low electron density which enables stable attractive forces between the RCCA constituents and interstitial elements
and the accommodation of the impurities in interstitial sites. Since the HfNbTaTiZr RCCA has a relatively large lattice parameter
(0.3403 nm) compared to the MoNbTaW RCCA, the associated large interstitial sites may be able to accommodate the attractive
electronic interactions with interstitial constituents. From the lattice parameter found by Senkov et al., an effective atomic radius could
be calculated to then approximate the octahedral and tetrahedral interstitial site sizes of the HfNbTaTiZr RCCA. From the lattice
parameter determined by Senkov et al., the effective atomic radius of the HINbTaTiZr RCCA is calculated to be 0.14735 nm and the
octahedral and tetrahedral sites were then approximated to be 0.0228 and 0.0429 nm respectively. These interstitial sites are
calculated to be smaller than those of subgroup IV, V, and VI metals. Using an average of the atomic radii of the HINbTaTiZr RCCA
constituents, the octahedral and tetrahedral interstitial sites are approximated to be 0.0306 and 0.0575 nm, respectively and are
potentially more representative of the interstitial site sizes calculated in the subgroup IV and V refractory metals. Further research to
precisely observe, measure, and quantify the interstitial sites in RCCAs is still needed. Much like conventional BCC refractory metals
and alloys, the HINbTaTiZr RCCA may have relatively lower cohesive forces at the GB compared to the bulk grain interiors. Because
any inherent interstitial constituent elements are accommodated in solid solution, they may have less direct impact on the GB
cohesion. Furthermore, the bonding between the RCCA constituents and interstitial constituents at GBs may improve the cohesion of
the GBs as suggested by Liu et al. [40]. Just as in conventional subgroup IV metals and alloys, oxygen and nitrogen can occupy
interstitial sites and tend to prefer sites near titanium and zirconium. In conventional titanium based alloys, repulsive forces produced
by substitutional solutes caused preferential occupation of interstitial sites near titanium [122]. In the HfNbTaTiZr based RCCAs, a
similar phenomenon may be occurring, suggested by the observation that OOCs are titanium and zirconium rich and separate CSRO
regions of hafnium and tantalum were also observed, depleted of oxygen. The non-dilute solid solution of subgroup IV and V metals
may have reduced repulsive interactions with interstitials since not all the interstitial constituents contributed to the formation of
ordered complexes and some are still randomly distributed. It is possible that in the HfNbTaTiZr based RCCAs, titanium and zirconium
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Fig. 15. (a) Stress strain curves from the microcompression tests of the MISS NbTiZr alloy, compared to the NbTiZr alloy with no interstitial
constituents intentionally added along with electron micrographs of the compressed alloys, revealing high deformability and shear bands in the
alloys. (b) An APT reconstruction of the MISS NbTiZr alloy before deformation and a 1D compositional line profile across the GB of the alloy,
revealing carbon and nitrogen at GBs and oxygen in solution, not segregated to GBs, reprinted from Liu et al. [40].
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may form more attractive cohesive bonding with interstitial elements than hafnium and tantalum. Because they can be accommodated
in the lattice, the interstitial oxygen and nitrogen atoms in solution significantly contribute to the interstitial solid solution
strengthening of the alloy. Nitrogen’s larger atomic radius than oxygen yields a larger impact on the increase in strength of the alloy
and induces embrittlement and may form nitrides more easily and at lower concentrations than oxygen. In the HfNbTaTiZr based
RCCAs, OICs also contribute to the strength and the ductility of the alloy. The strong cohesive forces between the constituent metals
and interstitials in the complexes require higher energy to initiate deformation. The accommodation of dislocations by the ordered
complexes can contribute to the ductility and work hardening of the alloy. Furthermore, the Snoek-type stress induced jumps by
interstitials between stable interstitial configurations may produce the high work hardening and ductility of the alloy. A more complete
understanding for why OICs tended to contain more titanium and zirconium as opposed to hafnium is still needed. It may be that the
titanium and zirconium elements have greater attractive forces for oxygen and nitrogen due to a lower electron density and that the
other substitutional solutes hafnium, niobium, and tantalum, may produce repulsive forces due to strain fields and higher electron
densities in the lattice. Further studies understanding the interactions between RCCA constituents and interstitial constituent elements
are needed. Ultimately the interactions of interstitial constituents with the constituent RCCA elements can produce beneficial in-
fluences on the mechanical properties of RCCAs. By understanding the mechanisms of the interactions between impurities and RCCA
constituents, RCCAs can be designed to have low sensitivity to interstitial constituent elements and to even take advantage of the
mechanisms for more holistic design of RCCAs.

Computational techniques can be useful tools in the understanding of interstitial constituent element interactions in HfNbTaTiZr
based RCCAs and the understanding of the influence of interstitial constituents on the mechanical behavior of the RCCA. In 2020, Ye
et al. studied the influence of interstitial constituents on the dislocation motion of the HfNbTiZr RCCA using nanoindentation ex-
periments paired with DFT calculations [43]. Equiatomic HfNbTiZr RCCAs were arc melted without intentional interstitial constituents
and with additions of 2 at. % oxygen and 2 at. % nitrogen. The arc melted alloys were then homogenized, cold rolled to 80 % reduction
in thickness, and finally annealed achieving homogenous, equiaxed grains in the size range of 30 to 350 pm for nanoindentation
experiments. The load versus displacement curves obtained from the nanoindentation experiments of the HfNbTiZr RCCA are shown
below in Fig. 15, reprinted from Ye et al. [43].

From the nanoindentation experiments of the alloys, a linear, elastic load-displacement relationship was observed [43]. From the
linear, elastic region, the Young’s modulus was found to increase in the RCCAs with additions of 2 at. % oxygen and 2 at. % nitrogen
compared to the RCCA without intentionally added interstitial constituents. Following the linear, elastic region of the load
displacement curve, a “pop-in” event caused by a displacement burst was observed, as shown in Fig. 16 above, reprinted from Ye et al.
[43]. The “pop-in” event is indicative of the onset of yielding and plastic deformation of the alloy. From the “pop-in” loads, shear
moduli (G) on the order of 3 GPa were calculated, and the maximum shear stress was found to be near the theoretical strength of ~ G/
10. Most likely due to the larger atomic radius of nitrogen, the RCCA alloyed with 2 at. % nitrogen had a larger increase in shear stress
than the 2 at. % oxygen alloyed RCCA. By the Frank-Read source model, it was assumed that the “pop-in” displacement burst is due to
the sudden nucleation and multiplication of dislocations. However, the deformed volume under the nanoindentation depth is too small
to accommodate the nucleation and multiplication of dislocations at the scale described by the Frank-Read model. So, Ye et al. used
DFT calculations to understand the “pop-in” event and the influence of interstitial constituents on the “pop-in”. From the DFT cal-
culations and TEM characterization of the indented samples, Ye showed that the plastic deformation of the alloy with and without
interstitials is mediated by {110} (111) slip and that the oxygen and nitrogen atoms may occupy both the octahedral and tetrahedral
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Fig. 16. Load versus displacement curves of the HINbTiZr RCCAs, revealing “pop-in” events during the nanoindentation of the alloys, reprinted
from Ye et al. [43].
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interstitial sites of the alloy [43]. Ye et al. used DFT calculations to analyze the local charge transfer between the interstitial con-
stituents and neighboring RCCA constituents. It was found that the interstitial oxygen and nitrogen elements draw more charge from
their respective nearest neighbor metal atoms [43]. The localized Bader charge distribution map of the interstitial constituent ele-
ments, surrounded by neighboring metal elements from DFT calculations are shown in Fig. 13 (c), reprinted from Ye et al. [43]. From
the charge distribution DFT calculations, oxygen and nitrogen are found to attract significant electrons from their local environments.
The observed charge transfer results in more ionic-like bonding between the metals and interstitials in solution, increasing the atomic
cohesion between them. This ionic-like bonding of the interstitial constituents and RCCA constituents resulted in the formation of
metal-interstitial complexes. The enhanced cohesion between the interstitial constituents and RCCA constituents in the complexes
required higher energy and stress to shear the bonds of the interstitial complexes. The increase in shear strength caused by the presence
of interstitial constituents and associated charge transfer agreed well with the experimental results. In the study by Ye et al., DFT
calculations paired with nanoindentation experiments were used to develop an understanding of the influence of interstitial con-
stituents on the mechanical behavior of the HfNbTiZr RCCA. The use of computational techniques, especially when paired with
experimental findings, can aid the understanding of the mechanisms by which interstitial constituents influence mechanical properties
of RCCAs. By understanding the mechanisms of interstitial constituents in RCCAs through computational models and simulations,
RCCAs can be designed to achieve high strength and high ductility.

Most recently, CSRO and ordered complexes in the NbTiZr alloy have been intentionally manipulated through compositional
design of both the RCCA constituents and the interstitial constituents. Jiao et al. synthesized NbTiZr alloys with varying amounts of 14
— 30 at. % niobium and O to 4 at. % oxygen through PAM [187]. The contents of oxygen were near the targeted concentrations and
could be used to suggest trends in OOC formation with respect to the compositional design of the RCCA constituents. In the NbTiZr
alloy with 26 at. % niobium, the addition of oxygen increased the lattice parameter nearly linearly from 0.3392 nm with 0 at. % oxygen
to 0.3401 nm with 4 at. % oxygen [187]. In the alloys with only 14 at. % niobium, the addition of oxygen would lead to increased
strength and increased ductility, up to 3.5 at. % oxygen, while in the alloys with 30 at. % niobium, additions of oxygen would lead to
increased strength but not ductility [187]. Jiao et al. attributed this phenomenon to CSRO and OOC formation. In Fig. 17 below,
reprinted from Jiao et al., contributions to CSRO and OOC formation from the RCCA constituents and interstitial constituents are
summarized [187].

As depicted in Fig. 17, Jiao et al. showed that niobium stabilized the BCC structure in the NbtiZr alloy and further niobium ad-
ditions would cause titanium and zirconium rich CSRO in the alloy. Jiao et al. used DFT to determine that in the NbTiZr alloy, the CSRO
was caused by niobium atoms preferring niobium nearest neighbor atoms [187]. At 30 at. % niobium and above, the amount of CSRO
would reduce. In the NbTiZr alloys with CSRO, the addition of oxygen would lead to the formation of OOCs and above 3 at. % oxygen
would lead to GB segregation and eventually embrittlement. The high affinity for oxygen of titanium and zirconium in the CSRO
regions would cause the formation of the OOCs but no phase transformation was observed via XRD or HRTEM [187]. Ultimately, Jiao
et al. used experimental and DFT studies to design RCCAs by considering the interactions between RCCA constituents and interstitial
constituents to achieve alloys with both high strength and high ductility.

Through both experimental and computational studies, the HINbTaTiZr RCCA and similar systems have shown to have relatively
low sensitivity to interstitial constituents which can improve the strength and ductility of the RCCA. The HfNbTaTiZr RCCA appears to
have a sensitivity limit of nearly 3 at. % oxygen in the alloy before detrimental embrittlement occurs. The electronic interactions
between the RCCA constituents and the interstitial constituents and the relatively large interstitial sites enable the accommodation of
interstitial constituents in the lattice, reducing the sensitivity of the RCCA to interstitial constituents. The interactions between the
RCCA constituents and the interstitial constituents may lead to the formation of nanometer scale OICs. The charge distributions and
bonding in the OICs and their interfaces with the surrounding matrix can impede the motion of dislocations and cause the nucleation of
more dislocations improving both strength and ductility of the RCCAs. The use of computational methods such as DFT proved useful in
understanding the charge distributions which lead to the mechanisms and microstructural features observed in the HfNbTaTiZr
RCCAs. CALPHAD modeling may also be useful in designing similar RCCAs which have high solubilities of interstitial elements and
have extremely low sensitivities to interstitial constituents. More computational and experimental studies are clearly needed to
properly establish an in-depth understanding of the role of interstitial constituents in RCCAs and how RCCAs can be developed to take
advantage of inherent interstitial constituents through holistic design approaches.

5. Holistic design of interstitial constituents in RCCAs

RCCAs can be designed to target alloys with specific properties for intended performance across an entire industrial application,
from synthesis to use. Just as many conventional alloys are designed with intended processing conditions, deformation mechanisms,
and performance limits, holistic approaches to the design of RCCAs should consider the synthesis of RCCAs, mechanisms which in-
fluence the properties of the RCCAs, and the final properties needed for intended applications. Since many processing techniques were
developed to enable the application of specific conventional alloys, further process developments may be required to bring RCCAs to
full industrial scale applications. For now, conventional processing techniques need to be used with alloy design criteria to control
mechanisms and interactions of interstitial constituents in RCCAs.

To design RCCAs with improved ductility at room temperature and high strength at elevated temperatures, the interactions of
interstitial constituents with the RCCA constituent elements and the effects of processing on those interactions need to be considered.
Specific synthesis and processing techniques can control the introduction and mechanisms of interstitial constituents in RCCAs. The
use of specific synthesis and processing methods and the targeting of intended interstitial constituent mechanisms should drive the
design of RCCAs with certain constituent elements. The selection of certain RCCA constituents may in turn also drive the need for
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Fig. 17. A schematic diagram of the variations in CSRO and OOCs, which can be manipulated by compositional design of the NbTiZr RCCA,
reprinted from Jiao et al. [187].

specific processing techniques and interstitial constituent interactions. A schematic diagram of an example of selection criteria for
more holistic RCCA design, driven by targeted properties, is proposed below in Fig. 18.

By intentionally choosing specific selection criteria, intended mechanisms or effects in designed RCCAs can be targeted to influence
mechanical properties such as strength and ductility. For example, powder metallurgical techniques may be needed to develop mo-
lybdenum based RCCAs to offset the costs of solidification processes and other secondary processing to achieve a ductile, homogenous
alloy. Because powder metallurgical techniques introduce significantly more interstitial constituents and subgroup VI elements such as
molybdenum are highly sensitive to interstitial constituents, the RCCA constituents and other powder metallurgical processing con-
ditions should be intentionally designed to control the mechanisms of the interstitial constituents which are inherently expected in the
molybdenum based RCCA. Since molybdenum and other subgroup VI elements are highly sensitive to interstitial constituents,
mechanisms need to be discovered and controlled to design RCCAs which utilize subgroup VI elements, but have lower sensitivities to
interstitial constituents. It may be possible that the OOCs observed in HfNbTaTiZr-based RCCAs can be achieved in MoNbTaW-based
RCCAs through intentional compositional design and may lower the MoNbTaW RCCA’s sensitivity to interstitial constituents resulting
in improved room temperature ductility. Up to now, several design criteria and guidelines for RCCAs with room temperature ductility
have been suggested but may not fully account for the unintended interactions between interstitial constituents and RCCA constitu-
ents. More holistic design approaches to RCCAs can encapsulate previously suggested design criteria, such as VEC, as starting points for
RCCA design to fully develop industrial application specific RCCAs with targeted properties by considering how interstitial constit-
uents influence RCCAs. Since interstitial constituent interactions with RCCA constituents may be driven by electron configurations and
atomic sizes, average VEC and electron densities may be useful criteria for initial design of RCCAs with intended interstitial constituent
mechanisms to account for expected amounts of inherent interstitial constituents. Ultimately, designing RCCAs by considering
interstitial constituents and the processing routes necessary to produce them can result in more ductile RCCAs for targeted industrial
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Fig. 18. A schematic diagram of considerations for holistic RCCA design to target properties and intended industrial applications. At the points of
the triangle are selection criteria which can drive mechanisms and effects which influence the mechanical properties of the final RCCA.

applications.

Furthermore, for RCCAs to compete with the applications of conventional refractory and Ni-based superalloys, RCCAs must also
have high temperature creep strength, oxidation resistance, and relatively low density. So, achieving RCCAs with high ductility at
room temperature is only part of the holistic design challenge. To achieve high temperature strengths in RCCAs, certain elements and
phases with high temperature strengths and stabilities are necessary, but may be highly sensitive to interstitial constituents, so further
processing and alloy design are needed to achieve low sensitivity to interstitial constituents and room temperature ductility. Since
some of the subgroup VI elements are ideal for achieving high temperature creep strength but are also severely sensitive to interstitial
constituents, highly dense, and not resistant to oxidation, RCCA design must make use of subgroup IV and V elements as well as other
transition metal elements not conventionally used in the design of refractory alloys.

6. Key takeaways and future directions

By now it is well understood that the mechanical behavior of RCCAs is influenced by the interactions between interstitial con-
stituents and RCCA constituents. Just as in conventional refractory metals and alloys, the fracture of BCC RCCAs can be controlled by
dislocation motion and cohesion at GBs. The observation of the DBTT in RCCAs can be influenced by interstitial constituents. If not
characterized, the interactions between interstitial constituent elements and RCCA constituent elements may convolute the un-
derstandings, observations, and predictions of mechanical properties of RCCAs. In this review, the mechanisms by which interstitial
constituents influence the mechanical properties of RCCAs are summarized and examined in depth with context from understandings
of conventional refractory metals and alloys. The key findings from this review of the current state-of-the-art literature are summarized
below:

e As a result of both experimental and computational techniques, we now have a better understanding of the interactions between
interstitial constituents and RCCA constituents. The interactions have been shown to be driven by electron configurations which
dictate valency, bonding, atomic size, and electron density of the RCCA constituents.

e RCCAs can have a wide range of mechanical properties and the MoNbTaW and HfNbTaTiZr systems represent distinct sensitivities
to interstitial constituents in RCCAs. The MoNbTaW RCCA is highly sensitive to interstitial constituents, above 100 ppm, which
segregate to GBs and contribute to brittle or ductile failure. The HfNbTaTiZr RCCA has low sensitivity to interstitial constituents
and can form solid solutions up to approximately 3 at. % oxygen or nitrogen and even OICs which can improve both strength and
ductility of the alloy.

e By understanding how interstitial constituents may influence mechanical properties and deformation mechanisms of RCCAs, more
holistic RCCA design can be achieved. Holistic RCCA design approaches must also consider the interactions between RCCA con-
stituents and interstitial constituents and the use of synthesis and processing techniques to control those interactions for desired
mechanisms and thus mechanical properties.
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o Ultimately, holistic approaches to the design of RCCAs can help achieve high temperature structural alloys with low sensitivities to
interstitial constituents and thus high strength and room temperature ductility. In addition to room temperature ductility, RCCAs
must also have high temperature creep strength, relatively low density, and oxidation resistance to outcompete conventional re-
fractory and Ni-based superalloys.

This review of recent literature has highlighted several studies which have reported on the influence of interstitial constituents on
the mechanical properties of RCCAs, but further research is needed if deeper understandings of the governing mechanisms are to be
established. Areas which require further advancements to better understand and control interstitial constituents in RCCAs are sum-
marized below:

e Some computational techniques such as DFT and CALPHAD calculations have been used to better understand and predict the
interactions between interstitial constituents and RCCA constituents. However, further understanding is needed to better predict
how constituent elements may compete and interact with interstitial constituents in RCCAs. To better characterize the interactions
and driving forces between interstitial constituents and RCCA constituents, and to aid holistic design of RCCAs, computational
modelling and simulations continue to be necessary. Additional use of DFT calculations will benefit the understandings of in-
teractions between interstitial constituents and competing RCCA constituents to understand what types of mechanisms may in-
fluence the mechanical properties of an RCCA. Further CALPHAD calculations can also be used to aid predictions of interstitial
constituent mechanisms in RCCAs to drive holistic RCCA design targeting intended mechanisms, but more binary and ternary
interactions with interstitial constituents need to be assessed to accurately compute phase diagrams. MD simulations may also be
useful in developing the understanding of interstitial constituent interactions with RCCA constituents during synthesis and in the
presence of GBs to aid holistic design considerations to control and target intended mechanisms. More interatomic potentials which
include interstitial constituents need to be developed for MD simulations.

In some literature, the influence of processing techniques on the interactions and mechanisms of interstitial constituents in RCCAs
was reported and examined but is still not fully characterized. Further understandings of the influence of synthesis and processing
techniques are also required to accurately characterize the influence of interstitial constituents in RCCAs. Processing techniques
may require further developments to produce RCCAs with more industrially representative contents of interstitial constituents. A
closer look at the use of advanced processing techniques for RCCAs, such as additive manufacturing and molten alloy degassing,
may be necessary to bring RCCAs to industrial application.

To understand the mechanisms and interactions of interstitial constituents in RCCAs, the continued use of nanoscale and atomistic
characterization techniques becomes more necessary. As described in this review, nanoscale characterization techniques such as
APT and various TEM, STEM, and HRTEM techniques were necessary to observe the structural features resulting from interstitial
constituents in RCCAs. In some cases, microanalysis characterization techniques such as electron backscattered diffraction, energy
dispersive x-ray spectroscopy, and XRD may be useful in identifying changes to phases, microstructural features, and lattice pa-
rameters due to changes in interstitial constituents. Though changes to lattice parameters in RCCAs with interstitial constituents
have been noted and quantified, it is not yet clear to what degree the interstitial constituents in RCCAs may result in further
distortion or straining of the BCC lattice. Furthermore, the interstitial site sizes in RCCAs may differ in size and range of sizes from
conventional refractory alloys and may not yet be fully understood. The existence of CSRO in RCCAs may further disrupt and
contribute to the possible ranges and distributions of interstitial site sizes in RCCAs.

Furthermore, interstitial constituents will likely play significant roles in the elevated temperature properties of RCCAs. In addition
to understanding processing of RCCAs at elevated temperatures, more extensive data to describe service life of RCCAs such as creep
rates, oxidation resistance, and phase stabilities need to be understood and considered in the design of RCCAs. Additionally, further
understanding of interstitial constituents beyond oxygen and nitrogen are necessary, especially for elevated temperature proper-
ties. The behaviors of boron, carbon, and hydrogen in RCCAs must also be understood for the development of high temperature
structural materials.

Due to the nature of the challenges associated with controlling and measuring interstitial constituent elements, advanced modeling,
synthesis, and characterization continue to be necessary for the design of RCCAs from an atomistic level.

In some RCCAs which have been shown to have high ductility at room temperature, it is possible that the specific combinations of
constituent elements of the RCCA are not sensitive to inherent interstitial constituents, but the influence of the impurities is not
addressed. Therefore, in many RCCAs developed and studied thus far, the precise interactions of interstitial constituents and con-
stituents are not yet fully understood or predictable. As new RCCA compositional space is explored, the interstitial constituents
inherent to specific processing techniques and their interactions should be considered and reported. In non-dilute solutions of metals,
the activities and chemical potentials of the elements likely change, thereby changing their interactions with interstitial constituents,
especially during processing, but are not yet fully characterized. More holistic approaches to RCCA design still require additional
understanding of how interstitial constituents interact with the non-dilute RCCA constituent elements and how their mechanisms
influence mechanical properties. With further characterization of the mechanisms by which interstitial constituents influence me-
chanical behavior of RCCAs, holistic design approaches can be used to develop strong, ductile RCCAs.
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