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Introduction
• History of Alloy Development & High-Entropy Alloys (HEAs)

• HEAs and Complex, Concentrated Alloys (CCAs)

Refractory CCAs (RCCAs)
• Overview

• Challenges and Opportunities

Closing

Outline



The history of metallic alloys

Iron AgeBronze AgeStone Age



Are Materials a Mature Technology?
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The art of lightly alloyed base elements has become increasingly sophisticated
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✸🗯🇬🇧✷
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Two Big Ideas

“…to investigate the unexplored central region of multicomponent alloy 
phase space.” 
• Vast opportunity to discover new alloys of scientific and practical benefit

Cantor et al., Mat. Sci. Eng. A, 375-377, 213 (2004). 

Favor solid solution over intermetallic phases thru configurational entropy

• Vary entropy thru the number and concentrations of principal elements (N ≥ 5) Yeh et al., Adv. Eng. Mat., 6, 299 (2004). 

Plus many others… 
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592,000,000,000
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What is a high-entropy alloy (HEA)?

An alloy with 5 or more elements with atomic concentrations between 5-35%

Later definitions specify a magnitude for configurational entropy

• How do we know the actual configurational entropy of a composition?

• Ideal configurational entropy is assumed

A single-phase, disordered solid solution is not specified in any of the early 
definitions, but this seems to be accepted as a common requirement

• Conflation of definition and motivation

• This confusion leads to an unproductive controversy

Neither phase stability nor the attractive 
properties shown by HEAs are related to 
the magnitude of configurational entropy
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– 5 or more elements
– Nominally single-phase
– High configurational entropy

– May have <5 elements
– Can have >35% of elements
– Can have multiple phases
– Entropy doesn’t matter

HEAs and Complex, Concentrated Alloys (CCAs)

Attractive properties are found in alloys with N < 5, with 
concentrations >35% and in microstructures with more than a 
single solid solution metallic phase

Terms such as CCAs and multi-principal element alloys (MPEAs) 
are introduced to include these possibilities

CCAs

HEAs

Conventional
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High Entropy Intermetallics
Ordered compounds with metallic/covalent bonding

Iso-electronic or iso-structural substitution are common strategies to 

design new functional compounds

• Consider the half-Heusler structure 

(XYZ) for thermo-electric materials

• X = Au, Co, Fe, Ir, Ni, Pd, Pt, Rh, Ru; 

Y = Hf, Mn, Ti, Zr;  Z = Bi, Ga, Sb, Sn

• Complex half-Heusler phases already 

exist, such as Ni(Hf1-xZrx)SbySn1-y, 

Co(Hf0.5Zr0.5)Sb0.8Sn0.2, and                 

Co1-xNix(Hf0.25Ti0.5Zr0.25)Sb

• Designing with >2 elements per 

sublattice and including other principal 

elements can significantly increase 

the number of  possibilities
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High Entropy Ceramics
Ordered compounds with ionic/covalent bonding

MPEAs are an alloying approach, not a 
family of alloys, so CCAs include other 
inorganic materials

The MPEA field includes ceramic materials 
such as oxides/ borides/ nitrides/ carbides



12Distribution A: Approved for public release, distribution is unlimited

Edge – to – center (dilute – to – concentrated)
• Explore beyond the well-lit edges and corners of phase diagrams. 

• What is concentrated? 

Base element – to – multi-principal element (complex)
• There is no obvious, dominant base element. 

Locally disrupted – to – jumbled atomic structures
• From well-ordered with local accents to diverse & eclectic. 

• Not just spatial distortion, but also more ruffled energy landscape.

• Rather than a local nuisance, may change intrinsic behaviors.

• Dislocation motion and catalytic activity are two examples. 

Dozens – to – hundreds of billions
• We must move beyond equimolar compositions as a convenient proxy. 

• Fundamentally changes materials research, exploration, development. 

1773°C

2500°C

Distinguishing Features
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Commercial and societal impacts of high temperature materials
• Improved energy conversion, reduced emissions in power generation

• Improved performance and economy in aerospace turbine systems 
(transportation)

High temperature alloys  |  Motivations



14Distribution A: Approved for public release, distribution is unlimited

High temperature metallic materials

D. Furrer, COM2015
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Alloy Families | Refractory metal HEAs

Refractory metal CCAs have at least 3 of the following 
principal elements: Cr, Hf, Mo, Nb, Re, Ru, Ta, Ti, V, W, and Zr 
– and may also include Al, Co, Fe, Ni, Si…
• Inspired by motivation to develop high temperature structural alloys

⎯ Essentially the first attempt to devise a new family of CCAs for a specific set of 
requirements by intentional selection of the elements in the palette

• A wide range in melting temperatures and densities gives design flexibility

RCCAs are generally BCC and many have additional phases
• The temperature dependence of strength is complicated for BCC alloys

• Multi-phase alloys offer broader opportunities to tailor a balance of properties

Senkov et al., Intermetallics

18, 1758-1765 (2010) 
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Refractory CCAs: Risks and Opportunities

Environmental resistance
• Refractory metals and alloys

Balance of RT ductility and high-temperature strength
• BCC metals and alloys

Large number of alloy systems
• CCAs

Challenges & opportunities for: accelerated design/modelling 
(Arroyavé); synthesis (Thoma); testing (Pint); manufacturing 

(Peter) and T2M (Woodruff) will be discussed
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RCCA Properties

Some commercial refractory alloys meet Fusion P3A mechanical properties 
goals but severely lack environmental resistance

RCCAs offer improved strength and environmental resistance, but ductility 
may be a challenge

Refractory Elements & Commercial Alloys| sy (MPa) vs T (K)

ULTIMATE GOAL

FUSION P3A GOAL ULTIMATE GOAL

FUSION P3A GOAL

Single-phase RCCA | sy (MPa) vs T (K)
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Large number of alloy systems

CCAs offer a cosmically vast number of new alloy 
bases to explore

RCCAs represent a large but more workable subset 
of new alloy systems
• Palette of ~10-17 elements compared to 72 for metallic alloys

New strategies & tools can accelerate development 
by synergizing: artificial intelligence; automated 
materials synthesis; and high throughput 
computations & experiments
• Calculations can significantly accelerate exploration

• Hi thruput experiments are needed, especially for environmental 
resistance & tensile ductility
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NbTiVZr

CrNbTiZr

AlNb1.5Ta0.5Ti1.5Zr0.5

Air Oxidation
1000°C

C-103 (Nb)

Environmental properties | Four degradation mechanisms

Pest attack in some refractory metal 

aluminides, silicides

• Grain boundary oxidation near ~700°C 

produces internal stresses that eject grains

Volatilization

• Elemental Cr and MoO3 have high vapor 

pressures

Rapid, non-protective oxide formation

• Includes internal oxidation

Solid solution interstitial hardening and embrittlement
• Rapid bulk diffusion produces thick, brittle surface layers in some refractory metals/alloys 

(alpha case in titanium alloys)
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Environmental Properties | RCCAs are much better

Some RCCAs offer parabolic kinetics 
that are 100x slower than conventional 
refractory elements and alloys

ARPA-E ULTIMATE is developing new 
coating alloys and systems
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Exceptional irradiation resistance 
with self-healing as a proposed 
mechanism

Environmental Properties | Exceptional irradiation resistance

180–Vol. 45A, JANUARY 2014 METALLURGICAL AND MATERIALS TRANSACTIONS A
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HEAs and CCAs represent a new approach to materials development
• CCAs may introduce new mechanisms and a difficult-to-achieve balance of properties

‘High entropy’ may be less important than the new behaviors motivated 
by complex interactions between multiple principal elements
• ONR MURI is establishing the role of chemical short-range order (SRO) in CCAs

Significant improvements in oxidation resistance relative to conventional 
(dilute) refractory alloys are possible
• Complex oxides have reduced growth kinetics

• Al- and Cr-rich B2 alloys can serve as a bond coat for oxidation resistant coating systems

New concepts for environmental-resistant coating systems are underway

Significant increase in operating temperature (to 1300⚬C) while still 
providing RT tensile ductility and fracture toughness is possible
• Change in deformation mechanisms, tailor mobility of edge and screw dislocations

Summary
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THANKS!
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