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What are they?

Alloys

Mixture of multiple elements

At least one is a metal

Why?

Produce useful properties

Offset undesirable ones

Cu Zn Brass

Stainless

Steel

Pb Sn Solder

Cu Sn Bronze

Rusts!

Fe Cr



Synthesis

Choose a 

base metal

(Iron)

Melt. This 

will be the 

solvent

Add the 

solute metals

(Chromium)

Cast into 

chosen shape 

and cool

Solute must mix!



Solidification
Multi-phase (Intermetallics)

Homogenous
This means there is the same 

composition of elements everywhere

Heterogenous
This means that there are 

compounds with different 

compositions present in the alloy

M. Feuerbacher, T. Lienig, C. Thomas, Scripta Materialia, 152, 40 (2018)

V.K. Gattu, W. L. Ebert, J.E. Indacochea et al, npj Mater Degrad 6, 14 (2022)

Periodic!

Single-phase (Solid Solution)



It is one of the most important diagrams for material scientists and engineers!

It shows all the different phases at different solute-solvent percentages.

Phase Diagram

https://www.grantadesign.com/download/pdf/edupack2015/Teach_Yourself_Phase_Diagrams_and_Phase_Transformations.pdf



Source : Same 

as previous

Gibbs Phase Rule: P = C – F + 2

= 2 - 2 + 2 = 2

Tie line

https://www.grantadesign.com/download/pdf/edupack2015/Teach_Yourself_Phase_Diagrams_and_Phase_Transformations.pdf
https://www.grantadesign.com/download/pdf/edupack2015/Teach_Yourself_Phase_Diagrams_and_Phase_Transformations.pdf


Video 

Evidence

https://www.youtube.com/watch?v=6_EHAaMEc2A

Melt on Mix



Current alloying scheme

Base Metal + Additional Elements

This is also called the principal element

It has the highest concentration in the alloy

What happens if we have many elements?

Gibbs Phase rule says…

More elements, More phases

Could it be possible to get 

single-phase system with 

many base components?

Prof. Brian Cantor

Prof. Jien-Weh Yeh



Definition: 

Entropy

𝑆 = 𝑘 log(𝑁), where N refers to number of arrangements. But what does it mean?

2 unbiased coins

H H T T

TH

HT

Only one arrangement

𝑆 = 𝑘 log 1 = 0

Only one arrangement

𝑆 = 𝑘 log 1 = 0 Two arrangements

𝑆 = 𝑘 log 2

More arrangements, higher entropy!



Equilibration!

A B

Most likely value.

(Nearly!) Corresponds to 

maximum entropy

Uncertainty!

What happens 

at larger N?







Uncertainty is coming down!

But……

How much is 10,000 (104) 

molecules, in context?
𝑉 = 3.78 × 10−3 𝑚3

𝑇 = 273 𝐾
𝑃 = 1 𝑎𝑡𝑚

Ideal Gas Law : 𝑃𝑉 = 𝑁𝑘𝑇

𝑁 = 1023 molecules!

 



When 𝑁 →  ∞, there is no uncertainty. The system will go to maximum probability state.

When left alone, the system tries to maximize its entropy.

This is called the second law of thermodynamics. It’s a fundamental law of nature



What does this have to do with alloys?

𝑁 =
5!

3! 2!
= 10 𝑁 =

5!

2!
= 60

Yes. 
More elements, more entropy.

Nature favors higher entropy!

Could it be possible to get single-phase system with many base components?



Nature wants to maximize entropy. It also wants to minimize energy.

How to incorporate both? Free Energy 

Free Energy and Single Phase

∆𝐹 = ∆𝐸 − 𝑇∆𝑆

If both temperature and entropy are 

high enough, this term will dominate

∆𝑭 < 𝟎 ∆𝑭 > 𝟎 

This process will happen naturally This process must be forced through



While this idea was around since the 90s, the field 

really kicked off with this 2004 paper by Yeh et al

8 components!



Youssef et al, Materials Research Letters, 3:2, 95-99

Ye et al, Materials Today 19, 349 (2016)

Higher strength and higher ductility! Al20Li20Mg10Sc20Ti30



0

500

1000

1500

2000

2500

3000

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

N
u

m
b

e
r 

o
f 

P
a

p
e

rs

The number of papers on this topic have grown 

dramatically since 2004

This is an active and exciting field of research!



What We Do

As can be seen, there are a LOT of elements they you can make high entropy alloys out of.

However, only some of them will be useful, and we can’t make all of them in a lab.

Solution? Simulate alloys on a computer

Fast and (relatively) inexpensive

Can create any type of structure, no practical concerns

Can simulate any condition (e.g very low/high temperature or pressure)



The electrons in the system behave in accordance with the following equation 

How? Quantum Mechanics

where ψ is called the “wavefunction”. This equation can be solved on a computer. It is 
an intensive process and requires a computing cluster

−ℏ2

2𝑚
∇2𝜓 𝑟, 𝑡 + 𝑉 𝒓 𝜓 𝒓, 𝑡 = 𝑖ℏ

𝜕𝜓(𝒓, 𝑡)

𝜕𝑡

Fugaku
RIKEN Center for Computational Science 

Japan

Bridges-2
Pittsburgh Supercomputing Center

USA

Euler
Widom Research Group, CMU

USA



Phase 

Diagrams
We can use a computational 

technique called CALPHAD, which 
stands for CALculation of PHase 

Diagrams

This analysis helps experimentalists 
to determine which concentrations 

and which temperature would be 

most suitable for a given purpose.



Ductility
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We can computationally stretch the 

alloy (Hf-Nb-Ta-Ti-Mo) and calculate 

the mechanical energy and the 

induced stress as a function of the 

strain

If the stress decreases on stretching, 

the system has become unstable.

While there are more sophisticated 

methods to study ductility, this is a 

simple way to determine how 

“stretchable” an alloy is



Resistivity Study

AlxCoCrFeNi
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Experiment
FCC + BCC

This system has weird behavior in the 

intermediate (FCC+BCC) region.

The resistivity doesn’t just keep going 
up, it dips a little due to changing 

structure of the alloy.

Our computational results (the red 

curve) manages to recreate the 

experimental trend. 



Easy and inexpensive 

manufacturing.

A better understanding of the 

physics.

Applications for clean energy 

production and storage

ARPA-E program ULTIMATE: 

Designing ductile turbine blades 

at high T

Future
What’s in store for this 

exciting field?



Thank you!

Any questions?
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