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In the 1970s, I became excited about the idea of multicomponent alloys.
I realized that the materials we use are almost all based on a single
component with a primary property and an admixture of small amounts
of other components to provide secondary properties. Effectively, all our
known materials are at the corners and edges of a multicomponent phase
diagram consisting of all possible components. This means that there is
a vast number of possible materials in the middle of this phase diagram
which have never been investigated. It turns out that this unknown field
of materials is truly enormous, and the number of unexplored materials
is many times greater than the number of atoms in the universe.

This explains why we keep discovering exciting new materials: high-
temperature superconductors, glassy alloys, quasicrystals, compound
semi-conductors, and so on. And we will keep finding exciting new mate-
rials as long as we have the courage as experimenters to try innovative,
new mixtures of constituents. I now tell every PhD student in materials
science to be aggressive and ambitious in exploring this amazing array of
potential new materials.

In the 1970s, I found it hard to persuade other people to be similarly
enthused by my ideas on the topic of multicomponent alloys. I could
not get funding, and I could not get research colleagues to undertake
preliminary experiments. Everyone wanted to work in much better
known fields. Everyone was very conservative. Finally, I persuaded a
young undergraduate student, Alan Vincent, to do preliminary work.
He immediately found exciting results including the first high-entropy
alloys. Nearly 20 years later, I persuaded another young undergraduate
student, Peter Knight, to repeat the work. And finally, a couple of years
later, my long-standing research colleague, Isaac Chang, repeated the
experiments for a third time, but more carefully and with more time
to document the results fully and in a publishable way. We presented
the results, first found by Alan Vincent in 1979, at a conference in 2002
which was published in 2004, more than 25 years since my first idea.
In parallel, Professor S. Ranganathan (my old friend, Rangu) and
Professor J.W. Yeh (my new friend, Jien-Wei) published independently
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papers on, respectively, material cocktails and high-entropy alloys,
closely related and essentially similar concepts to my idea of multicom-
ponent alloys.

In the last few years, as a consequence of the outstanding continuing
work by Jien-Wei, the field of multicomponent and high-entropy alloys
has taken off, with literally hundreds of publications each year. Most
notably, Vincent, Knight, Chang, and I discovered in the late 1970s a
single FCC solid solution consisting of five components in equal propor-
tions, namely, FeCrMnNiCo. This alloy has been shown to have out-
standing mechanical properties, with high strength and high ductility.
I realized in the late 1970s that the mechanical behavior of this material
would be very unusual. Metal and alloy mechanical properties depend
primarily on the behavior of dislocations and how they move in response
to stress, but the concept of a dislocation as a line defect with a consistent
core structure becomes complex when there are many different compo-
nents distributed on a single lattice.

Professors Murty, Yeh, and Ranganathan have now written a book
on this new group of materials. The book covers the structure, proces-
sing, and properties of the materials, insofar as we have been able to
explore them. Some multicomponent alloys are solid solutions with high
entropy. Some are not. In either case, there are wonderfully exciting new
structures and properties to be found. This book is the first about this
field. It contains many valuable and interesting insights. But ultimately
it can only hint at the full range of new materials which remain to be dis-
covered. The authors should be congratulated on doing an important job
which will help us on our exciting, exploratory journey into the materials
of the future.

Prof. Brian Cantor

Vice Chancellor,
The University of Bradford, UK



Alloys traditionally have been based on a solvent element to which
various solute atoms are added for improving specific properties. Thus,
alloys are usually named after the major element in the alloy (e.g., Fe-,
Al-, Cu-, Mg-, and Ni-base alloys). Two people, in recent times, have
changed the way people look at alloys and they are Prof. Brian Cantor
and Prof. Jien-Wei Yeh by coming up with equiatomic and nonequia-
tomic multicomponent alloys. Incidentally, though each of them started
working on these alloys independently at different times (Cantor starting
in 1979 and Yeh starting 1996), their work came to open literature in
the same year, 2004. Interestingly, even before the papers of these two
pioneers got published in 2004, Prof. S. Ranganathan felt the impor-
tance of this new class of alloys and wrote about them in his classic
paper “Alloyed Pleasures: Multimetallic Cocktails” in 2003, which has
been cited more than 100 times now as the first publication on this class
of alloys.

Yeh christened these alloys as “high-entropy alloys (HEAs),” rightly
so, as the configurational entropy of these alloys is expected to be very
high at their random solution states. Such a high entropy is expected
to drive the tendency to form simple solid solutions (crystalline or
amorphous) rather than complex microstructures with many com-
pounds. The concept has caught the attention of many researchers and
the last one decade witnessed about 400—500 papers being published
on HEAs with various elemental combinations. Two major observa-
tions can be made from all this work, namely, the alloys do form
simple solid solutions in most of the cases and the number of phases
observed in these alloys is much less than the maximum predicted
from the Gibbs phase rule.

There are also clear indications that the high entropy in these multi-
component equiatomic and nonequiatomic alloys is not able to act like
a glue holding all the atoms together in a single solid solution, and
there are reports on the formation of two or more phases in which
intermetallic phase formation and even segregation of certain elements
were observed. This could be related with the various thermodynamic
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and kinetic factors. There has been intense activity in past few years to
predict the phases that can form in such multicomponent alloys
through various modeling approaches including integrated computa-
tional materials engineering (ICME) using various tools such as
CALPHAD, ab-initio, molecular dynamics, Monte Carlo, and phase
field approaches, which have been supported by materials genome
initiative (MGI).

Besides the scientific curiosity, researchers also feel that HEAs can
substitute conventional materials in advanced applications so that the
limitations of the latter in service life and operational conditions could
be overcome by providing superior performance of the former. A num-
ber of processing routes, including conventional melting and casting,
mechanical alloying, various coating techniques, and even combinato-
rial materials science approaches are being used to synthesize and pro-
cess this new class of alloys. There have been a lot of studies on
understanding both the structural and functional properties of these
alloys. The results of HEAs and HEA-related materials reported so far
by various research groups are very encouraging for their applications
in a wide range of fields such as materials for engine, nuclear plant,
chemical plant, marine structure, tool, mold, hard facing, and func-
tional coatings.

It is just over a hundred years since Walter Rosenhain wrote his
seminal book on Physical Metallurgy. A century of research resulted
in spectacular progress but the field became mature and the excitement
began to wane. At the beginning of the third millennium, the discovery
of High-Entropy Alloys has ushered in a renaissance in physical
metallurgy.

This book presents a comprehensive insight into all the above aspects
of this exciting new class of alloys. The book, being a short format one,
is written keeping a beginner in the field in mind to give him/her an idea
on various facets of HEAs that he/she can pursue.

B.S. Murty, J.W. Yeh and S. Ranganathan
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A Brief History of Alloys and the Birth
of High-Entropy Alloys

1.1 INTRODUCTION

Alloying is the greatest gift of metallurgy to humankind. The English
language insists on unalloyed pleasures, thereby implying that the sen-
sation of pleasure must be pure and not admixed with other emotions.
Exactly the opposite rules in metallurgy, where pure metals have few
uses but lot more upon alloying. The power of this idea of alloying is
not confined to metals. The same principle of alloying applies in poly-
mers and ceramics. It can be carried further by mixing two classes of
materials to create a variety of composites.

The civilizational journey of humankind began with the discovery of
native metals such as gold and copper as pure metals. Nowadays we
have access to an incredible number and variety of materials. Ashby
map (Ashby, 2011) shown in Figure 1.1 gives a panoramic view of the
development in the use of materials over 10 millennia. A graphic depic-
tion of the different classes of materials from ceramics to metals, poly-
mers, and more recently to composites is vividly displayed. The passage
from discovery through development to design of materials can be
noted. Ashby’s (2011) map in term of strength versus density shown in
Figure 1.2 demonstrates the filling of material—property space in a vivid
fashion from 50,000 BCE up to the present scenario. In time scale, the
largest filling has occurred in the past 50 years during which envelopes
of metals, ceramics, and composites had a large expansion, and new
envelopes of synthetic polymers and foam materials take a significant
space. But, the filled area also seems to approach some fundamental
limits beyond which it is difficult to go further (Ashby, 2011).

In many ways, the history of alloying is the history of metallurgy
and materials science. Books and treatises have been written. An ele-
gant and brief history is by Ashby (2008). Cahn (2001) has offered a
magisterial survey of “The coming of materials science”. Ranganathan
(2003) wrote on alloyed pleasures—an ode to alloying. In the following
sections, a few episodes in this epic journey are covered.
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Figure 1.1 Historical evolution of engineering materials-  marked with the birth of HEAs published in Advanced
Engineering Materials ( Yeh e al., 2004b). Adapted from Ashby (2011).
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Figure 1.2 The explosion in the diversity of materials in the modern era ( Ashby, 2011); (A) prehistoric era
(50,000 Bce:) and (B) current status.

1.2 THE COMING OF ALLOYS

Native alloys such as tumbaga and electrum are alloys of gold—copper
and gold—silver, respectively. When platinum was discovered in 1735,
it was compared with silver. Also, mixtures of platinum metals are
found to occur in nature. It is an early example of multicomponent



