OO UL D WN =

15 o

62
83 Q2
64
65
66

CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry B (REEE) ERE-EEN

Contents lists available at ScienceDirect * CALPHAD 752,
CALPHAD: Computer Coupling of Phase Diagrams and
Thermochemistry <y
journal homepage: www.elsevier.com/locate/calphad e ©

Accelerated exploration of multi-principal element alloys for structural

applications

O.N. Senkov*, J.D. Miller, D.B. Miracle, C. Woodward

Air Force Research Laboratory, Materials and Manufacturing Directorate, Wright-Patterson AFB, OH 45433, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 30 December 2014
Received in revised form

23 April 2015

Accepted 24 April 2015

Keywords:

Alloy design

Structural metals

High entropy alloys
Multi-principal element alloys
Calphad

A strategy for accelerated discovery and exploration of multi-principal element alloys was developed and
used to identify new alloys within a design window of desired microstructures and properties. As an
example, the strategy was applied to analyze thousands of 3- 4-, 5- and 6-component alloys at equia-
tomic compositions of the alloying elements. Currently available thermodynamic databases were used to
assess equilibrium phase diagrams for these alloys. The validity and reliability of the calculated phase
diagrams were estimated based on the extent of experimental binary and ternary data used to build the
respective thermodynamic databases. Alloys with specific characteristics, such as single-phase solid
solution alloys with the use temperature above 1000 °C, were identified using an automated analysis of
the calculated phase diagrams. The density, elastic moduli and costs of these alloys were estimated using
the rule of mixtures of pure elements and were used as additional criteria for alloy selection. This ap-
proach allowed rapid, albeit preliminary, screening of many thousands of alloys and identification of
promising candidate compositions, some of which are reported in this paper, for more time intensive

experimental validations and assessments.

© 2015 Published by Elsevier Ltd.

1. Introduction

Materials with high strength, low density and acceptable da-
mage tolerance are in high demand for transportation and energy
applications. Four alloy families are commonly used to meet the
operating requirements in these applications. In order of increas-
ing application temperature, these are aluminum alloys, titanium
alloys, iron alloys (steels and superalloys) and nickel-based su-
peralloys. Alloy density generally increases with increasing use
temperature. These alloys are each based on a single element with
additional elements added to improve the balance of properties.
The total concentration of secondary elements generally does not
exceed 10-15%, but in superalloys it can be as high as 40% [1].

Ni-based superalloys have been the material of choice for over
70 years in load-bearing applications at the highest temperatures,
especially in fracture-critical components. Alloy density has in-
creased with the gradual evolutionary changes in alloy chemistry
needed to improve the balance of properties (creep, strength, fa-
tigue) at higher temperatures [2]. Moreover, operating tempera-
tures of Ni-based superalloys are now reaching theoretical limits,
controlled by incipient melting at temperatures in the range of
1200-1300 °C. New materials with higher strength, higher oper-
ating temperatures and/or lower density are in high demand.

* Corresponding author. Fax: +1 937 656 7292.

http://dx.doi.org/10.1016/j.calphad.2015.04.009
0364-5916/© 2015 Published by Elsevier Ltd.

Numerous concepts have been pursued in the past 50 years to
surpass the balance of properties offered by these exceptional
materials, but none have been successful in displacing superalloys
[3].

Recently there has been a great deal of interest in a new alloy
design strategy focused on multi-principal-element alloys (MPEA)
where 3-6 elements are added at near equal atomic amounts [4-
8]. This approach opens up a large composition space that has
previously been unexplored and necessitates the use of a rapid
screening technique to down select compositions that would give
the best balance of properties. This assumes a-priori knowledge of
the best combinations of target phases and known metallurgical
principles provide some guidance. One variant of this approach,
known as High Entropy Alloys (HEAs), includes alloys containing
5 or more alloying elements at or near equiatomic amounts [4-6]
and is focused on stabilizing a single solid solution phase. HEAs
have interesting and unexpected microstructures and properties
[4,5,7,9-11]. In spite of the compositional complexity, many HEAs
have the tendency to form solid solution (SS) phases and the
number of phases observed in these alloys is much less than the
maximum predicted from the Gibbs phase rule [5,9,12-14]. For-
mation of a disordered SS phase in favor of an ordered IM phase in
a HEA is explained [4,5,9-11] by higher entropy of mixing of al-
loying elements, AS,x, in the multicomponent SS phase, relative
to the entropy of formation, AS;, of a competing IM compound.
The difference between AS,,ix and AS; increases with an increase
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in the number of the alloying elements and reaches its maximum
at equiatomic compositions. Thus the reduction of the Gibbs free
energy by the entropy term occurs with an increase in tempera-
ture more rapidly in SS than in IM phases. The HEA approach could
be a powerful tool for producing new SS-based high-temperature
structural alloys in an alloy composition space that has not been
previously explored.

A brief survey of the literature shows significant alloy ex-
ploration in both face centered cubic (FCC) and body centered
cubic (BCC) crystals. In the FCC's several groups have produced and
characterized HEAs containing Al, Co, Cr, Fe, Mn, Ni and Cu [14].
These can be considered an extension of austenitic stainless steels
or superalloys, which have Fe, Cr and Ni as their major con-
stituents but may also contain significant concentrations of other
elements. Another group of HEAs reported in the literature is re-
fractory containing HEAs [15,16]. The major phases in these alloys
have body-centered cubic (BCC) crystal structures and minor
phases are mainly topologically close packed Laves phases. The
BCC-based HEAs are much stronger than FCC-based HEAs, but
many of them experience brittle-to-ductile transition having low
ductility at room temperature, especially in the as-cast condition.

As the entropy term of the Gibbs free energy decreases linearly
with a decrease in temperature, high-temperature SS phases are
expected to become metastable at lower temperatures. Indeed,
detailed microstructure analysis revealed formation of multi-
phase structures consisting of SS and IM phases in many HEAs
after annealing and/or thermo-mechanical treatment at tempera-
tures below 1000-1200 °C, and only few HEAs retained SS struc-
tures [17-21]. Unfortunately, experimental studies of equilibrium
phases in HEAs at T< 1000 °C are challenged by slow diffusion
kinetics [22]. At the same time, only alloys with no first order
phase transformations in the temperature range of the application
use should be selected to ensure structural stability. Therefore,
equilibrium phase diagrams of these new alloys must be available.

In spite the large number, over ~ 200, of new MPEAs reported
(i.e., in average, ~20-25 alloys per year), a vast number of com-
positional possibilities have yet to be explored. Indeed, the amount
of alloy systems increases with factorial speed when the number
of principal alloying elements increases. For example, a pallet of 27
elements results in 27 alloy systems with a single principal ele-
ment, 2925 alloy systems with 3 principal elements and 296,010
alloy systems with 6 principal elements. It is impossible to eval-
uate such huge number of alloy systems within a reasonable
period of time using traditional methods. For example, if one alloy
can be made and characterized in one week, it would take ~20
years to evaluate 1000 alloys, and it is not certain that some of
these alloys would have properties superior to currently available
commercial alloys. New approaches are required to quickly and
efficiently screen promising alloy compositions for particular
applications.

A strategy to design and evaluate MPEAs for structural use in
the transportation and energy industries has recently been pro-
posed [7]. A systematic design approach uses palettes of elements
chosen to meet target properties and gives methods to build
MPEAs from these palettes. The developed strategy includes both
single-phase SS MPEAs, as well as two phase systems consisting of
a SS matrix and an intermetallic phase for precipitate hardening.
To systematically screen and evaluate the vast composition space
offered by MPEAs and HEAs, high-throughput computations and
experiments with a feedback loop for validation have been sug-
gested [7]. The idea is to quickly reject systems with some critical
property deficiency and to focus resources on characterizing the
remaining systems.

In this work, we use the proposed strategy [7] to develop a
methodology to quickly identify, screen and analyze hundred
thousand alloy compositions for required microstructure and

properties. To achieve this goal, screening criteria for alloy selec-
tion are proposed, CALPHAD calculations are used to identify the
critical thermodynamic properties and microstructural features,
and computer programs are developed to automate alloy selection,
property calculations, analysis and screening processes. Due to a
huge number of possible MPEA compositions, only equiatomic
MPEAs were analyzed in this work to validate the proposed
screening approach. Expanding our approach to the non-equia-
tomic composition space is our next step, which we are currently
pursuing and which is beyond the scope of this paper.

2. Approaches and methods
2.1. Identification of elements and alloy properties for screening

As the first step, a master list of elements for prospective MPEA
systems that can be used in intermediate temperature (MT) and
high temperature (HT) applications has been identified [7]. Goal
properties for these two MPEA families should exceed the char-
acteristic properties of Ti and Ni alloys, respectively, by a margin
sufficient to warrant the extra risk and cost of development, scale-
up, certification and insertion. Thus the alloying elements are se-
lected to satisfy the requirements of the target application window
based on their intrinsic properties. Starting with the periodic table
of elements and excluding all non-metals, halogens, noble gases,
toxic and radioactive elements, semi-metals (except Si), elements
with the melting temperature, Ty, less than 900 °C (except low
density Mg and Al), as well as extremely rare, costly, dense or
compliant elements, 27 elements have been selected. These are Ag,
Al Co, Cr, Cu, Dy, Fe, Gd, Hf, Lu, Mg, Mn, Mo, Nb, Ni, Re, Rh, Ru, Sc,
Si, Ta, Ti, Tm, V, W, Y, and Zr. The reasons why low-density Mg and
Al are left in the list are discussed in our previous paper [7]. To
develop the methodology for alloy selection and to validate the
approach, only equiatomic-composition alloys (hereafter we call
them equiatomic alloys) with 3-6 elements from the selected list
have been evaluated in this work. Thus the processed MPEA sys-
tems include not only HEAs with 5 or more elements, but also 3-
and 4-component MPEAs. The number of 3-, 4-, 5-, and 6-com-
ponent equiatomic alloys that can be produced from the selected
27 elements are 2925, 17,550, 80,730, and 296,010, respectively, i.e.
397,215 alloys.

As the second step, the alloy properties used for alloy selection
and the methods to calculate these properties have been identi-
fied. The first set of screened properties includes thermodynamic
properties of an alloy. For example, only alloys with no first order
phase transformations in the temperature range of the application
use should be selected to ensure structural stability. Therefore, all
phase reaction temperatures, if present, must be above the max-
imum use temperature, T,s.. Good ductility and fracture toughness
require a solid-solution (SS) primary phase, while potent
strengthening mechanisms (e.g. SS and precipitation strengthen-
ing) may require a second (SS or intermetallic, IM) phase that can
be dissolved and re-precipitated above T,s. but below solidus, Ty,.
The number and volume fraction of IM phases should be restricted
to retain acceptable ductility and fracture toughness. Thus the
temperatures and types of all solid state reactions, as well as the
number and type of phases at T, and below Ty should be esti-
mated for every selected alloy. These properties cannot be esti-
mated using the rule of mixtures of pure elements and CALPHAD
calculations are used as outlined in the next section. For a given
alloy, Tyse is the lower of 80% of absolute Ty, and the lowest tem-
perature below which no solid state phase reactions occur.

The second set of properties used for the alloy screening in-
cludes alloy density, p, elastic modulus, E, and cost, P. They are
calculated using the rule of mixtures and the respective properties
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