Ternary Alloys

Volume 21

Science Simplified



Ternary Alloys

A Comprehensive Compendium of
Evaluated Constitutional Data and Phase Diagrams

critically evaluated by MSIT®

Volume 21

Selected Al-Fe-X Ternary Systems for Industrial Applications

Editors
Frank Stein, Martin Palm

Associate Editors
Liya Dreval, Oleksandr Dovbenko, Svitlana Iljenko

Authors
Materials Science International Team, MSIT®

Science Simplified

MSI &



Editors: Frank Stein,
Martin Palm
Associate Editors:  Liya Dreval
Oleksandr Dovbenko
Svitlana Iljenko

ISBN 978-3-932120-51-0

Vol. 21. Selected Al-Fe-X Ternary Systems for Industrial Applications. — 2022

This volume is part of the book series:
Ternary Alloys: A Comprehensive Compendium of Evaluated Constitutional Data and Phase Diagrams/
Materials Science International Services GmbH, Stuttgart, Germany

Group ISBN for the Ternary Alloys book series: 978-3-932120-41-1

Published by

MSI, Materials Science International Services GmbH, Stuttgart (Federal Republic of Germany)
Am Wallgraben 100, D-70565 Stuttgart, Germany

Postfach 800749, D-70507, Stuttgart, Germany

http://www.msiport.com

http://www.msi-eureka.com/

This book is subject to copyright. All rights reserved (including those of translation into other languages). No part of
this book may be reproduced in any form — by photoprint, or any other means — nor transmitted or translated into a
machine readable format without written permission from the copyright owner. Registered names, trademarks, etc.
used in this book, even when not specifically marked as such, are not to be considered unprotected by law.

© Materials Science International Services GmbH, D-70565 Stuttgart (Federal Republic of Germany), 2022

This book was carefully produced. Nevertheless, authors, editors and publisher do not warrant the information contained therein
to be free of errors. Readers are advised to keep in mind that statements, data, illustrations, procedural details or other items
may inadvertently be inaccurate.

Printed on acid-free paper.

Printing and binding:
WIRmachenDRUCK GmbH, Miihlbachstrafle 7, 71522 Backnang

Printed in the Federal Republic of Germany



Authors: Materials Science International Team, MSIT®

This volume results from collaborative evaluation programs performed by MSI and authored by MSIT®. In this
program, data and knowledge are contributed by many individuals and have accumulated over almost thirty five years,
up to the present day. The content of this volume is a subset of the ongoing MSIT® Evaluation Programs. Authors of

this volume are:

Nataliya Bochvar, Moscow, Russia
Anatoliy Bondar, Kyiv, Ukraine

Gabriele Cacciamani, Genova, Italy
Lesley Cornish, Johannesburg, South Africa
Oleksandr Dovbenko, Stuttgart, Germany
Liya Dreval, Stuttgart, Germany

Yong Du, Changsha, China

Kiyaasha Dyal Ukabhai, Johannesburg, South Africa
Olga Fabrichnaya, Freiberg, Germany
Lorenzo Fenocchio, Genova, Italy

Sergio Gama, Campinas, Brasil

Gautam Ghosh, Evanston, USA

Bernd Grieb, Tiibingen, Germany
Kiyohito Ishida, Sendai, Japan

Hermann A. Jehn, Stuttgart, Germany
Kostyantyn Korniyenko, Kyiv, Ukraine
Mario J. Kriegel, Freiberg, Germany
Ortrud Kubaschewski 7L, Aachen, Germany
K.C. Hari Kumar, Chennai, India
Bernard Legendre, Paris, France

Xiaojing Li, Changsha, China

Shuhong Liu, Changsha, China

Xing Jun Liu, Sendai, Japan

Annelies Malfliet, Heverlee, Belgium
Niraja Moharana, Chennai, India
Martin Palm, Diisseldorf, Germany
Jian Peng, Wuhan, China

Pierre Perrot, Lille, France

Alexander Pisch, Grenoble, France
Qingsheng Ran, Stuttgart, Germany
Maximilian Rank, Karlsruhe, Germany
Peter Rogl, Vienna, Austria

Lazar Rokhlin, Moscow, Russia

Rainer Schmid-Fetzer, Clausthal-Zellerfeld, Germany
Frank Stein, Diisseldorf, Germany
Vasyl Tomashyk, Kyiv, Ukraine
Lyudmila Tretyachenko 7L, Kyiv, Ukraine
Mikhail Turchanin, Kramatorsk, Ukraine
Oksana Tymoshenko, Kyiv, Ukraine
Thomas Vaubois, Chatillon, France
Alexander Walnsch, Freiberg, Germany
Chuanbin Wang, Wuhan, China

Cui Ping Wang, Sendai, Japan

Junjun Wang, Wuhan, China

Andrew Watson, Chesterfield, UK
Liming Zhang, Miinchen, Germany



Contents

Ternary Alloys

A Comprehensive Compendium of Evaluated Constitutional Data and Phase Diagrams

Volume 21
Selected Al-Fe-X Ternary Systems for Industrial Applications

Introduction
GeNeTal . ..o e Xl
Structure of @ System Report. . . ... ... XII
Introduction . . . . ... XII
Binary Systems . . . . ...t XII
Solid Phases. . . . ..o XII
QUAsIbINAry SYSIEIMIS . . . . o .ot ottt et e e e e e e X1
Invariant Equilibria . . ... ... .. XIII
Liquidus, Solidus, Solvus Surfaces. . ... X1V
Isothermal SECtiONS . . . . ..ottt e e XIv
Temperature — Composition SECHONS . . . .. ..ottt e e e XIv
ThermodynamicCs. . . . . ...ttt X1V
Notes on Materials Properties and Applications . . . .........ooit it XIv
MISCEIIANEOUS . . . . oottt ettt e XIv
ReTeIONCES . . . .ttt XIv
General References . .. ... .. o XVIII
Ternary Systems
Al —Fe (Aluminium — IrON) . . ..o e e e 1
Frank Stein
Al—B —Fe (Aluminium — Boron —Iron) . . . ... ... 39
Peter Rogl
Al — C—Fe (Aluminium — Carbon —Iron) . . . ... ... . o 51
Gautam Ghosh, updated by Oksana Tymoshenko, Anatolii Bondar, Oleksandr Dovbenko
Al - Co — Fe (Aluminium — Cobalt —Iron). . . . ... ... .. e 73
Hari K.C. Kumar, Martin Palm, Maximilian Rank, Alexander Walnsch, Andy Watson,
updated by Martin Palm
Al - Cr — Fe (Aluminium — Chromium —Iron). . . ... ... ... e 100
Kostyantyn Korniyenko, Liya Dreval
Al - Cu—Fe (Aluminium — Copper —Iron) . . . ... ... 147
Cui Ping Wang, Xing Jun Liu, Liming Zhang, Kiyohito Ishida,
updated by Niraja Moharana and K C Hari Kumar
Al —Fe — Hf (Aluminium — Iron — Hafnium) . . . . ... ... . e 180
Frank Stein
Al —Fe — Mn (Aluminium — [ron — Manganese) . .. ... .......ouutnureinene e, 188
Qingsheng Ran, Alexander Pisch, updated by Alexander Walnsch and Mario J. Kriegel
Al —Fe — Mo (Aluminium — Iron — Molybdenum). . .. ....... ... .. .. . . .. . 213
Junjun Wang, Jian Peng, Chuanbin Wang
Al—Fe — N (Aluminium — Iron — Nitrogen). . . . ... ...ttt 227
Hermann A. Jehn, Pierre Perrot, updated by Vasyl Tomashyk
Al—Fe — Nb (Aluminium — Iron — Niobium). . . . ... ... o e e 240
Annelies Malfliet, Frank Stein, Thomas Vaubois, K.C. Hari Kumar,; updated by Frank Stein
Al—Fe —Ni (Aluminium —Iron — Nickel) . . . ... .. . e 266
Gabriele Cacciamani, Lorenzo Fenocchio, Liya Dreval
Al —-Fe — O (Aluminium —Iron — OXygen) ............ooiiuiiiiiiiiii i, 315

Ortrud Kubaschewski’, Rainer Schmid-Fetzer, Lazar Rokhlin, Lesley Cornish, Olga Fabrichnaya
updated by Liya Dreval



Al —Fe — P (Aluminium — Iron —Phosphorus) . ....... ... .. .. .
Rainer Schmid-Fetzer, updated by Vasyl Tomashyk and Liya Dreval
Al—Fe — S (Aluminium — Iron — Sulfur) . . . ... . .
Natalie Bochvar, Bernard Legendre, Ortrud Kubaschewski',
updated by Lesley Cornish, Kiyaasha Dyal Ukabhai, Andy Watson
Al—Fe — Si (Aluminium — Iron — Silicon) . . .. .. ..ot
Gautam Ghosh, updated by Xiaojing Li, Shuhong Liu, Yong Du, Mikhail Turchanin and Liya Dreval
Al—Fe — Sn (Aluminium —Tron —Tin) . ... ...t e e e
Sergio Gama, Bernd Grieb and Lyudmila Tretyachenko f, updated by Martin Palm
Al—Fe — Ta (Aluminium — Iron — Tantalum). . . . . ... ... e e
Anatolii Bondar, Oksana Tymoshenko, Oleksandr Dovbenko
Al—Fe — Ti (Aluminium — Iron — Titanium) . ... .. ...ttt e e et e
Frank Stein, Kostyantyn Korniyenko
Al—Fe —V (Aluminium — Iron — Vanadium). . . . . ... .. ot e e
Gautam Ghosh, updated by Kostyantyn Korniyenko
Al—Fe — W (Aluminium — Iron — Tungsten) . . . ... ... ..ot
Frank Stein
Al—Fe —Zn (Aluminium — Iron — ZiNnC) . .. ..ottt e e
Gautam Ghosh, updated by Martin Palm
Al —Fe — Zr (Aluminium — Iron — ZirCONium) . . . ..o\ttt e et e ettt ettt
Frank Stein



100 Al-Cr-Fe

Aluminium — Chromium — Iron

Kostyantyn Korniyenko, Liya Dreval

Introduction

There is a number of reasons for the scientific interest in the phase relations in the Al-Cr-Fe system, particularly as
alloys of this system are employed as lightweight materials for structural applications and as accident-tolerant fuel-rod
cladding materials due to very good oxidation and radiation resistance. The existence of quasicrystal approximants is
also an interesting peculiarity of the Al-Cr-Fe system.

Reviews of the literature data concerning phase equilibria have been conducted by [1943Mon, 1953Cas, 1961Phi,
1969Wat, 1973Wil, 1976Mon, 1994Rag, 2003Rag, 2005Pal, 2012Rag, 2011Khol, 2016Lil, 2019Eze, 2019Ran,
2020Ran], concerning crystal structures of the phases - by [2009Bau, 2013Bau]; critical assessments of the available
data - by [1970Kozl, 1970Ko0z2, 1980Riv, 1987Sau, 1991Gho, 2004Gho, 2007Gho]. The most recent MSIT
evaluation of [2007Gho] covers the literature data published before 2007. New works of [2011Kho2, 2019Eze,
2019Ran, 2020Ran] presented information about the liquidus surface. Recent data about the melting points of the
alloys and the solidus surface projection constitution are given in the papers of [2008Pav3, 2009Pav, 2010Pav,
2011Khol, 2019Eze, 2019Ran, 2020Ran]. The results of experimental investigations of phase relations at different
temperatures along with isothermal sections have been recently presented by [2008Pav2, 2008Pav3, 2014Pav,
2015Zho, 2019Ran, 2020Ran]. No new experimental information besides the data of [1946Kor, 1969Bull, 1991Tre]
has been reported for the temperature-composition sections. There is a large number of papers concerning the data on
the crystal structure of the ternary phases in the Al-Cr-Fe system, including the most recent findings of [2009Bau,
2010Bau, 2010Pav, 2011Bau, 2012Ume, 2014Gas]. [2008Jac, 2013Mar] reported new data on the thermodynamic
properties of the (Cr, adFe) phase. The most recent thermodynamic assessments of the system were performed by
[2017Wan, 2019Cha, 2020Ran]. The experimental methods used by the investigators, as well as the temperature and
composition ranges studied, are presented in Table 1. Despite the fact that the knowledge of the phase equilibria in
the system has been significantly expanded, certain issues are still to be clarified.

Binary Systems

The Al-Cr system was evaluated within the MSIT Binary Evaluation Program in 2013 by [2013Khv] involving
literature data available at that moment. Later, [2014Ste, 2014Wu, 2015Kur] further studied the phase equilibria in
the system. Compared to [2013Khv], these experimental studies provided the following information. [2014Ste]
performed the DTA measurements of the Cr-rich part of the diagram and adjusted the liquidus and solidus for the (Cr)
phase, as well as phase boundaries involving the y brasses and Cr,Al. [2014Wu] confirmed that CryAly is stable in
the system and reported the temperature of its decomposition. [2015Kur] performed planar front solidification
experiments and found (Al) to form via a peritectic reaction. The Al-Cr phase was thermodynamically assessed by
[2013Hu, 2015Wit, 2017Cui]. All thermodynamic assessments result in certain discrepancies with respect to the data
of [2014Ste] and melting temperatures of CryAl;; and CrAl, as assessed by [2013Khv].

The phase diagram of [2013Khv] was modified here to take the recent data into account. For the Cr-rich part, the phase
boundaries were adjusted according to [2014Ste]. The liquidus and homogeneity range of BCrsAlg were modified
according to [2015Wit], whose calculations show better agreement with the experimental data. For (Al), the peritectic
reaction is accepted. The coordinates of the reaction are according to [2015Wit]. The temperature of CrgAly;
decomposition is according to [2014Wu]. Below 1100°C, a series of y-brasses exists in the central part of the Al-Cr
diagram. The corresponding phase equilibria were presented by [2013Khv]. Since no experimental information
relevant to different y-brasses modifications is available for the Al-Cr-Fe system, this part of the diagram was
simplified by removing the phase boundaries between different modifications of y-brasses below 1100°C. The
resulting homogeneity range corresponds to a rhombohedrally distorted y-brass structure denoted as aCrsAlg. The
final phase diagram is presented in Fig. 1. The phase equilibria below 450°C are not included because of their
uncertainty and lack of experimental data for the ternary phase diagram. [2013Khv] mentioned several possible
crystal structures for Cr,Aly;. According to the observations of [2008Gru, 2009Che, 2008Cao], this compound has a
monoclinic C2/c structure. The Cmcm structure corresponds to the metastable e-CrAl, compound.

The accepted Al-Fe binary phase diagram is according to [2022Ste] and presented in the ‘Aluminium — Iron’ chapter.
[2010Xi0] thoroughly reviewed the phase equilibria in the Cr-Fe system. This system was subsequently assessed by
[2011Xi0, 2017Cui]. The phase diagram, as compiled by [2010Xio], is accepted in the present evaluation since it
provides the best agreement with the available experimental data.
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Solid Phases

Crystallographic data on the known unary and binary phases, as well as recently reported ternary ones, are listed in
Table 2. Only binary phases that are relevant to the phase transformation in the ternary system have been included.

Solid solutions. According to [2011Khol, 2019Eze], the addition of Cr slightly increases the solubility of iron in the
(Al) phase, while Fe almost does not affect the Cr solubility in this solid solution. Similar to the Al-Cr and Al-Fe
systems, the highest solubility of Cr and Fe is observed at solidus temperatures.

Experimental observations of [1946Kor] are the only source of data concerning the (yFe) homogeneity range in the
ternary system. The extended (yFe) solubility range, which reaches up to 7.7 at.% Al and 8.2 at.% Cr at 900 and
1000°C, is most probably due to the low purity of the samples. The as-prepared alloys contained in average
0.04 mass% C and 0.15 mass% Si.

Disordered (Cr, adFe) solution and its ordered polymorphs. There is a variety of studies on the phase equilibria
involving (Cr, adFe) and its ordered polymorphs — B2 (FeAl), D05 (Fe3Al) and its ternary L2 equivalent — Heusler
phase CrFe,Al. These phases have the same cubic lattice with a similar lattice parameter but differ in the ordering of
the Fe and Al atoms. Therefore, the ordered polymorphs can easily precipitate coherently in the Al-Fe matrix even
during severe quenching of the samples and have a very fine scale. Consequently, the XRD measurements of the
quenched structures at room temperature may show the existence of an ordered phase, though a sample had a
disordered structure at the annealing temperature. In general, the ordering type can be observed using in-situ TEM
technique. But the analysis of anti-phase domain (APD) structures in TEM foils at room temperature also allows to
retrieve the structure which has been stable at a particular annealing temperature before quenching. The chemical
driving forces for ordering in the Al-Cr-Fe are very low, so the formation of an ordered phase in the ternary system
may become apparent after long annealing at high Cr concentration. This also affects the establishment of the
order-disorder transformation temperatures resulting in a high scatter of the reported data and difficulties in
interpretation of the transformations occurring at a particular temperature. Thus, systematic and comprehensive
studies of the order-disorder transformations require the production of a series of samples at different annealing
temperatures and times, as well a combination of various techniques, such as high-resolution SEM, in-situ TEM and
TEM APD examination at room temperature, DSC and DTA. For the AlI-Cr-Fe system, there are no such experimental
investigations that meet all these requirements. But several studies reveal the complex nature of the phase equilibria
involving (Cr, a.0F¢) and its ordered polymorphs.

[1945Kor, 1946Kor, 1958Chu, 1976Vla, 1991Tre, 1997Pal, 2014Pav, 2012Ume, 2019Ran, 2020Ran] reported the
compositions of the disordered (Cr, adFe) solution at different temperatures. For the Cr-rich side of the triangle,
[2019Ran, 2020Ran] found that the addition of iron slightly increases Al solubility in the phase at 900°C. Only
[2012Ume] used a TEM technique to study the concentration region in which the formation of ordered polymorphs
was expected. They analyzed the APD structure of the CrpsFesnAlys (at.%) sample annealed at 1150°C and
subsequently quenched. [2012Ume] found that the sample had a disordered (Cr, a0Fe) structure at this temperature.
During quenching from 1150°C, FeAl precipitated so that the structure at room temperature was two-phase.

Below 500°C, the (Cr, adFe) miscibility gap exists in the Cr-Fe system. [1976Vla] studied the decomposition
behavior of a Cr-68.3Fe-10.4Al (at.%) alloy after quenching from 750°C and subsequent annealing at 490°C for up
to 200 h. The authors observed phase separation into two isomorphous solid solutions, which were depleted or
enriched in Cr, respectively.

There is a variety of studies on the phase equilibria involving the ordered B2 (FeAl), and D05 (Fe;Al)/L2, (CrFe,Al)
phases. Note that in some papers, [2004Zha, 2012Sah] for example, usage of the term “Heusler phase” is misleading
since no L2 ordering was observed by the authors. The majority of the studies [1968Bul, 1969Bull, 1969Bul2,
1969Sel, 1994Hyd, 1995Ant, 1995Yo0s, 1997Nisl, 1997Nis2, 2012Yil, 2019Ran, 2020Ran] is focused on the
establishment of the order-disorder transition temperatures though. [1972Kaj, 1974Niz, 1975Lit, 1977Tys, 1995Y os,
1997Nis1, 1997Nis2, 1997Sat, 1998Kim, 1999Wit, 2001 Alo, 2007Pad] studied the crystal structure of the samples
after slow cooling using different methods (see Table 1). [1981Bus, 19850kp, 1991Tre, 1997Pal, 1998Sun, 2001 Alo,
2008Shr, 2012Lam] produced annealed samples but detailed TEM examinations were not available to the authors.

The studies of annealed samples performed using in-situ TEM or TEM APD examination are limited to the works of
[1989McK, 1994Mor, 2012Ume]. [2006Goll, 2006Gol2, 2008Gol, 2009Gol] also examined the APD structures
using TEM. Their samples contained from 0.005 to 0.004 at.% C though, and the authors suspected the formation of
carbides in their films but did not perform further investigation of this issue. [2012Ume] observed the B2 (FeAl) phase
at CrysFesgAly5 (at.%) and 600°C. The D05 (FesAl) single-phase structure was reported to exist up to 6 at.% Cr at
28 at.% Al and 500°C by [1989McK, 1994Mor], at CrsFeggAlyg, CrgFeg7AlLys (at.%) and 477°C by [2006Goll,
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2006Gol2, 2008Gol, 2009Gol]. [1994Mor] performed further in-sitzu TEM observations between 500 and 600°C but
did not discuss their finding for the Al-Cr-Fe system in detail.

TEM APD studies performed by [2006Gol1, 2006Gol2, 2008Gol, 2009Gol] and [2012Ume] revealed formation of
very fine D05 (Fe3Al)/L2; (CrFe,Al) domains in the Cr,sFespAly5 (at.%) thin films annealed at 477°C and 400°C.
Even 20 days of annealing by [2012Ume] did not produce coarsened well-developed L2 (CrFe,Al) structure. This
shows that the stoichiometric L2; Heusler phase is not stable at either 477 or 400°C. The energy of formation of the
stoichiometric CrFe,Al compound was calculated by [2003Kel, 2016Dah] using full potential linearized augmented
plane waves method and by [2021Liu] using the Perdew—Burke—Ernzerhof functional in the generalized gradient
approximation. The calculated energies of formation are negative suggesting that the stoichiometric L2, (CrFe,Al)
Heusler phase is not thermodynamically unstable in the Al-Cr-Fe system. But whether it is metastable or forms at a
lower temperature after extremely long annealing is open to debate.

There are several studies on the occupation of Cr on the lattice sites of ordered phases. Using the mean-field
approximation, [2002Ban] has found that Cr has a stronger preference for occupying the Fe sublattice in the B2 (FeAl)
phase. Based on their neutron studies, [1997Sat, 1998Sun] also reported that preferential occupancy of the Fej sites
by Cr.

0 phase. [1955Tag] and [1958Chu] studied the phase equilibria involving the o phase, which originates from the
Cr-Fe system. The alloy used by [1955Tag] contained up to 0.09 mass% C and therefore had lower purity than
samples used by [1958Chu]. Furthermore, [1958Chu] employed a thorough heat-treatment regime and a larger
number of samples. Nevertheless, the o + (Cr, adFe) two-phase boundaries established for the Cr-Fe edge in both
studies conflict with the binary Cr-Fe phase diagram accepted in the present evaluation. On the other hand, the o
homogeneity region constructed by [1958Chu] is in satisfactory agreement with the binary data. According to
[1958Chu], the o phase dissolves between 1 at.% Al at 750°C and 3 at.% Al at 600°C. To the best of our knowledge,
no experimental data on the Al influence on the o formation temperatures were published in the literature.

Al-Cr-based compounds. [2019Eze] found that the monoclinic CrAl; compound dissolves up to 2.5 at.% Fe at solidus
temperatures. [2011Khol, 2011Kho2] reported approximately the same value in their study of the solidus surface.
[2019Eze] also measured the lattice parameters of the phase in a three-phase sample annealed at 650°C for 500 h and
subsequently quenched.

[1997Pal] performed the very first detailed study of the phase equilibria involving CrAly. It has been reported that this
compound dissolves up to 12 at.% Fe. Unfortunately, a TEM technique was not available for [1997Pal] at that time.
By using an XRD technique only, the authors could not distinguish between different ternary quasicrystal
approximants, which exist in this part of the diagram as confirmed by later TEM, neutron or electron diffraction
measurements, see for example [2008Pav2, 2009Pav, 2010Pav, 2010Bau, 2011Bau]. According to [2010Bau,
2011Bau, 2011Khol, 2014Pav], the Fe solubility in CrAl, does not exceed 2 at.%.

The experimental data about Cr,Aly are contradictory. Based on the powder XRD and TEM examinations, [2010Pav,
2014Pav] suggested that the homogeneity range of Cr,Al;; extends up to 4 at.% Fe at around 78 at.% Al. Based on
neutron diffraction and TEM measurements, [1995Sui, 1997Sui, 2010Bau, 2011Bau, 2013Bau] found that
Czochralski-grown single crystals containing 2-6 at.% Fe and around 78 at.% Al present a ternary orthorhombic phase
(o-(Cr,Fe)Aly) which has a highly modulated structure as was later reported by [2013Bau, 2014Gas]. The
argumentation of [2010Pav, 2014Pav] is essentially based on a comparison of the XRD patterns calculated using
[1991Ben]’s structural model for monoclinic Cr,Alj; and [2004Den]’s structural model for orthorhombic
0-(Cr,Fe)Al, with their own experimental powder patterns for Fe-rich compositions. [2010Pav, 2014Pav] stated that
the powder XRD calculated using both structural models showed remarkable similarity and were in good agreement
with the experimental powder patterns. However, powder diffraction data used by [2010Pav, 2014Pav] are not enough
to determine any modulation in the structure and are less reliable in comparison to the single crystal XRD as
performed by [1995Sui, 1997Sui, 2004Den, 2010Bau, 2011Bau, 2013Bau]. Finally, the o-(Cr,Fe)Al, structural model
reported by [2004Den], as well as by [2013Bau, 2014Gas], present “average” models of the real modulated structure
with the model of [2013Bau] giving the best fitting of the experimental data so far. Thus, a comparison of the powder
XRD patterns made by [2010Pav, 2014Pav] is questionable.

The majority of the data on the phase equilibria involving Cr,Al;{, including liquidus and solidus temperatures, were
reported by [2010Pav, 2014Pav] and by [2011Khol, 2011Kho2], who used the results of the former for the
interpretation of the experimental results. Liquidus and solidus temperatures of Cr,Al;; reported by [2010Pav] and
[2019Eze] are questionable as the temperatures for the L+CrAl, = CrpAl;; and L+CryAl;; = CrAl; reactions in the
Al-Cr measured in these studies suggest. [2013Khv] discussed various factors affecting this transformation in the
binary system earlier. Hence, phase equilibria with Cr,Al;; are still open to debate. In the present evaluation, it has
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been assumed that the ternary o-(Cr,Fe)Aly exists at 3-6 at.% Fe and ~78 at.% Al, and Cr,Al;; extends up to 3 at.%
Fe at ca. 80 at.% Al

No experimental data regarding the phase equilibria involving CryAl; can be found in the literature.

[1940Korl, 1946Kor] suggested that isostructural FesAlg and PCrsAlg compounds of the cubic y-brass-type form
continuous solid solution (Cr,Fe);Alg. This was later confirmed by [2011Khol, 2014Pav, 2019Ran, 2020Ran] by
considering the SEM and EPMA data. By cooling, (Cr,Fe)sAlg either transforms to room temperature aCrsAlg in
Cr-rich samples or decomposes to the mixture of the neighboring phases in Fe-rich samples. [2011Khol] also
measured the lattice parameters of this compound in several multicomponent alloys. The heat treatment of these
samples is not described in detail. Therefore, these data are not included in the present evaluation.

The low-temperature aCrsAlg phase has an extended homogeneity range [1997Pal, 2014Pav]. According to
[2014Pav], aCrsAlg can dissolve up to 35 at.% Fe. Lattice parameters of the phase in dependence of Fe content were
measured by [1997Pal] (Fig. 2). According to [2011Kho1, 2011Kho2, 2014Pav], the addition of Fe also increases the
aCrsAlg melting temperatures. It forms via a three-phase peritectic reaction at 1185°C according to [2011Khol].

Based on their XRD and metallographic observations, [1958Chu] suggested that Cr,Al (MoSi,-type) might dissolve
a significant amount of Fe. This was experimentally confirmed later by [1969Kal, 2015Sus, 2019Ran, 2020Ran].
According to the EPMA/WDX results of [2019Ran, 2020Ran], the Fe solubility in this compound extends to up to 22
at.% at 700°C. [1969Kal, 2015Sus] measured the lattice parameters for a series of the Cr,_,Fe Al alloys. The authors
did not describe the heat treatment procedure of the samples in detail. Therefore, it is not clear to which temperature
the measured values can be attributed. The results of [1969Kal, 2015Sus] are in good agreement though and show that
the a parameter diminishes, and the ¢ parameter slightly increases with increasing Fe content: a =300.4-295.4 pm and
¢ =864-874 pm for 0-13.3 at.% Fe. The effect of iron on the formation temperature of Cr,Al is not studied. The Cr,Al
compound exhibits antiferromagnetic behavior. As shown by [1969Kal, 2015Sus], the doping with Fe results in rapid
suppression of the antiferromagnetic order and a decrease of the Néel temperature. Reported temperatures differ
significantly, especially for higher Fe concentrations.

Al-Fe-based compounds. FeAl,, Fe,Als, and FeyAl 5 dissolve up to 4.5, 6.2, and 7 at.% Cr according to [1997Pal,
2014Pav, 2019Ran, 2020Ran]. Cr has no effect on the formation temperatures of these compounds.

Ternary phases. Four quasicrystal approximants and a decagonal phase are usually denoted using either Greek or
Latin letters, for which no ideal stoichiometries were reported. This type of denomination with certain amendments
was accepted in this evaluation.

The icosahedral e-(Cr,Fe)Al, approximant has an orthorhombic structure. [2011Kho1] found that it belongs the Pbnm
space group, while [2014Pav] proposed the /mmm space group. Detailed XRD study of the Czochralski-grown single
crystal by [2010Bau, 2011Bau] showed that this phase has a Cmcm structure. It originates from the Al-Cr system
being however metastable in the binary system. Small additions of the third component stabilize this compound, so it
becomes a real ternary phase. e-(Cr,Fe)Al, forms via a three-phase peritectic reaction at 1055°C according to
[2011Kho1]. It is stable in a narrow composition range at around 2-3 at.% Fe and 78-77 at.% Al [2010Bau, 2011Bau,
2011Khol].

The decagonal approximant o-(Cr,Fe)Al, was for the first observed by [1995Sui] and by [1997Sui] (reported as
0O-AlFeCr), [1998Lia] and later confirmed by [2004Den, 2009Bau, 2010Bau, 201 1Bau, 2013Bau, 2014Gas] As it was
already discussed above, o-(Cr,Fe)Al, has a highly modulated structure according to [2013Bau, 2014Gas] and is
structurally very similar to the binary Cr,Al;; compound. The o-(Cr,Fe)Aly crystal structure is still not fully solved.
The structural models reported by [2004Den, 2010Bau, 2011Bau, 2013Bau, 2014Gas] present an “average” model.
The model of [2013Bau] was accepted in the present evaluation since it yields the best fitting of the experimental data.
The available experimental data on the phase equilibria with o-(Cr,Fe)Al, are scarce. As suggesting the data of
[2010Bau, 2011Bau, 2014Pav], this compound most probably forms between 1000°C and 1042°C and has small
homogeneity range (see Table 2).

The decagonal approximant O; was observed in a slowly cooled multiphase sample by [2000Dem] (denoted as Cs y)
and later confirmed by [2008Pav2, 2010Pav, 2014Pav] in their studies of equilibrated samples. Its structure is still not
solved, and the lattice parameters were reported without specifying the composition of the phase. While [2000Dem]
reported orthorhombic primitive cell with @ = 3270 pm, b = 1250 pm, ¢ = 2380 pm, [2008Pav2] suggested a
B-centered orthorhombic cell with a = 3270 pm, b = 1240 pm, ¢ = 2340 pm. Neither [2010Pav] nor [2014Pav] made
attempts to further clarify the Oy crystal structure. The results of [2010Pav, 2011Kho1, 2011Kho2, 2014Pav] suggest
that the homogeneity range extends between approximately CrsoFej; Al to Crig-Fes3Al;60 and
Cr;5 oFeg 9Alg | to Cryg 3Feg Al ¢ (at.%). According to [2011Kho1], O; forms via a three-phase peritectic reaction
at 1087°C.
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[1999Sui, 2000Mo, 2003Zou, 2008Pav3, 2010Bau, 2011Bau] reported on the formation of a ternary hexagonal
icosahedral approximant — H phase. Based on their high-resolution electron microscopy measurements, [1999Sui,
2000Mo] concluded that this compound with a Cry;FegAlg; (at.%) composition belongs to the P6;/m space group.
[2008Pav3] and later [2010Pav] claimed that this type of structure was not found in their samples containing the H
phase. Detailed study of the Cri,,6Fe745Alg029 and Crj3 35Feg g3Algg oo (at.%) single crystals grown by the
Czochralski-method using the XRD method by [2010Bau, 2011Bau] revealed that the H compound has a
rhombohedral R3 structure with a large elementary cell containing 1512 atoms. This structure was accepted in the
present evaluation. The H homogeneity range extends between approximately Cry, oFeg gAlgg ¢ to Cryg7Fe4 3Al76 ¢
and Cry oFeg 3Algy 7 to Cry3 sFe; gAlyg 4 (at.%) [2019Eze, 2011Khol]. According to [2011Khol], this phase forms
via a four-phase peritectic reaction at 998°C.

A decagonal phase, D, was for the first time reported by [2008Pav2] as a result of their TEM examination. [2009Pav]
and later [2020Ma] reported that this phase has periodicity along the 10-fold symmetry axis, and its structure is similar
to the D3 decagonal phase in the Al-Mn-Pd system [1994Ste, 1999Gru]. According to [2009Pav, 2014Pav], D is
structurally related to the O; compound so that these phases can be reliably resolved using the TEM technique only.
The D homogeneity range extends from 70 to 72 at.% Al and from 14 to 18 at.% Cr. It forms via a three-phase
peritectic reaction at 1096°C according to [2011Khol1].

Metastable phases. In the Cr-Fe system, the metastable miscibility gap of (Cr, a0Fe) is observed between 500 and
600°C - in the temperature range of the o phase existence, if the formation of the latter is suppressed. In spite of
numerous investigations, the determined location of the metastable miscibility gap seems still ambiguous even in the
binary system, especially for the critical temperature of the miscibility gap. In the ternary system, [1971Yam] studied
the influence of Al on the metastable miscibility gap of (Cr, a0Fe). The authors studied several Cr-rich samples that
were annealed for 5 hours at around 1200°C and subsequently aged at 480°C. According to [1971Yam)], the critical
temperatures of the miscibility gap slightly increase due to the addition of aluminium. The region itself extends up to
5 at.% Al inside the ternary system.

[1993Sta, 1995Sta, 1995Zia, 2006Kar] observed an icosahedral six-dimensional structure (denoted as 7 in the present
evaluation) in the CrgFegAlgg, Crs 4FegAlgg ¢, CrsFesAlgy, CroFeyAlgy, CryFe Algy (at.%) alloys. Earlier a metastable
icosahedral ternary phase was also reported by [1987Wou, 1988Man, 1989Man, 1988Sch, 1989Law1, 1989Law?2,
1989Man]. According to [1993Sta, 1995Sta], the value of the six-dimensional hypercubic lattice constant is
agp = 654 pm. [1995Zia] performed the EDX measurements using a scanning transmission electron microscopy and
suggested the composition of the phase to be Cry,, Fe,,1Aly5, 05 (at.%). The i phase is metastable and emerges
during the rapid solidification of the samples. The as-prepared structure usually consists of the icosahedral phase
distributed in the (Al) matrix. Upon heating, the i phase decomposes into a mixture of stable and metastable phases
depending on the heat treatment conditions [1993Sta, 1995Sta, 1995Zia, 2006Kar]. Equilibrium Fe;Al4, CrAl;, and
metastable FeAlg phase are often reported among the products of the icosahedral phase decomposition. [1995Zia] also
detected an unknown metastable phase with an orthorhombic structure. The authors argued that this structure could
be an allotrope of Fe;Al 4. The crystal structure however remained unsolved.

[1999Sui, 2000Dem, 2001Dem, 2006Dem] reported several other structures to exist in multiphase samples:
hexagonal k-(Al-Cr-Fe) [1999Sui], orthorhombic decagonal O;-AlCrFe approximant [2000Dem, 2001 Dem], and two
decagonal approximants denoted as O 5-(Al-Cr-Fe) and Og-(Al-Cr-Fe) by [2006Dem]. The orthorhombic O;-AICrFe
approximant was also observed in thin films produced by a flash evaporation technique by [2004Dem]. [2004Dem]
also reported cubic B-AlCrFe phase, orthorhombic decagonal Og-AlCrFe and Og-AlCrFe approximants, and
monoclinic X-AICrFe phase. None of these structures were observed in the subsequent studies on the phase equilibria
published since 2008. [2000Dem, 2001Dem, 2006Dem] provided neither compositions nor stoichiometries of the
observed phases. The compositions measured by the EDS technique [2004Dem] are doubtful, as suggested by the
values measured for the Fe,Alj; compound. Hence, the structures reported by [2000Dem, 2001Dem, 2004Dem,
2006Dem] were not included in Table 2.

Invariant Equilibria

The data on the invariant equilibria were reported by [1932Tail, 1932Tai2, 1943Mon, 1960Z0ol2, 1973Wil, 1976Mon,
1987Sau, 1995Zia, 1995Sta] (discussed in the previous evaluation by [2007Gho]) and recently by [2011Kho2,
2019Eze]. The reaction scheme shown in Fig. 3 is based on that drawn by [2011Kho2], which is the most detailed
one. But further modifications were introduced to preserve consistency with the Al-Fe and Al-Cr phase diagrams
accepted in the present evaluation and to take the recent results of [2010Bau, 2011Bau, 2013Bau, 2014Gas] on
0-(Cr,Fe)Al; and [2019Eze] for liquidus and solidus projections into account. In particular, reactions with
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0-(Cr,Fe)Al, were introduced in the reaction scheme. They are shown with dashed lines because of the contradictions
in the data reported for this compound and closely related Cr,Al; (see the discussion in the ‘Solid Phases’ section).

[2010Bau, 2011Bau] observed o-(Cr,Fe)Al, instead of Cr,Aly; being in equilibrium with the liquid phase at around
1000°C. Based on the experimental data of [2010Bau, 2010Pav, 2011Bau, 2011Khol, 2011Kho2, 2014Pav], it has
been therefore assumed in the present evaluation that o-(Cr,Fe)Al, forms at around 1026°C. The peritectic L +
e-(Cr,Fe)Al; + O; = CryAly; reaction as reported by [2011Kho2] was replaced by L + e-(Cr,Fe)Aly + O; =
0-(Cr,Fe)Al, (denoted as P; in Fig. 3). In the subsequent U5 and U reactions, the participation of o-(Cr,Fe)Al, instead
of Cr,Al;; was assumed.

Despite the scatter in the reported liquidus and solidus temperatures measured by [2010Pav, 2011Khol, 2011Kho2,
2014Pav], the reported values reveal that Fe increases the CryAl;; melting temperature. Therefore, it has been
suggested in the present evaluation that CryAl;; forms between 913 and 985°C in the ternary system via the P53
peritectic reaction. The additional U; reaction at 900 < 7'< 980°C was introduced in the reaction scheme to preserve
agreement with the data reported by [2011Kho1, 2011Kho2, 2014Pav, 2019Eze] for lower temperature.

The L + H=CrAl; + (Al) and L + H=Fe, Al 3 +(Al) reactions reported by [201 1Kho1, 201 1Kho2] for 660 and 657°C
were replaced by L + H= CrAl; + Fe Al; 3 (Ug) and L + CrAl; = FeyAl 3 + (Al) (U () found by [2019Eze]. [2019Eze]
used longer annealing at sub-solidus temperatures for their samples than [2011Khol, 2011Kho2], which allowed
achieving a greater equilibrium state in the samples at low temperatures. The temperatures of Ug and Uy, as well as
of the Uy reaction, are accepted after [2011Kho2]. The values determined by [2019Eze] for Ug and Ug are most
probably too high due to the overheating effect as the temperature measured for the L+Cr,Al; ;=CrAl; reaction in the
Al-Cr system suggests. The compositions of solid phases participating in the P, and Ug reactions are also accepted
according to [2011Khol], as these values are in better agreement with the data reported by [2010Bau, 2011Bau,
1997Pal, 2014Pav] than those measured by [2019Eze].

The resulting reaction scheme is shown in Fig. 3, and the coordinates of the invariant reactions are given in Table 3.

Liquidus and Solidus Surfaces

[2007Gho] evaluated the experimental data [1932Tail, 1932Tai2, 1935Gru, 1945Kor, 1951Pra, 1954Chi, 1960Zol1,
1960Zo12, 1970Kozl, 1970K0z2, 1987Sau, 1991Tre] and calculation results [1970Kozl, 1970K0z2, 1974Vya,
1987Sau] published for the Al-Cr-Fe liquidus and solidus surfaces until 2007. At that time, the corresponding
information was limited to the partial liquidus surface in the Al corner and tentative isotherms of liquid phase drawn
in the composition range between 0-60 at.% Al. The studies of [2011Khol, 2011Kho2, 2019Eze] significantly
contributed to the establishment of liquidus and solidus surface projections at 50-100 at.% Al. For lower Al content,
new experimental data are limited to the works of [2019Ran, 2020Ran], who measured liquidus and solidus
temperatures for four alloys containing 5-35 at.% Fe at 52.5 at.% Al and three alloys containing 13-28 at.% Fe at
66 at.% Al. [2020Ran] thermodynamically assessed the Al-Cr-Fe system and calculated a liquidus surface projection
in the whole composition range. Not all invariant reactions reported by [2011Khol, 2011Kho2, 2019Eze] could be
reproduced in the calculations by [2020Ran], which is probably due to the fact that homogeneity ranges of ternary
compounds were not modeled, and O reported by [2004Den, 2008Pav2] and o-(Cr,Fe)Al, found by [2010Bau,
2011Bau, 2013Bau, 2014Gas] were considered as the same ternary phase. This assessment is still of high importance
as it presents a good attempt to model quite complex phase equilibria in the whole composition range.

The liquidus surface projection in the whole composition range is shown in Fig. 4a. It is a combination of the liquidus
surface projection reported by [2011Kho2] for 55-100 at.% with amendments described in the ‘Invariant Equilibria’
section and liquidus surface projection calculated by [2020Ran] for 0-50 at.% Al with modifications described below.

No invariant reactions were reported in the composition range between 0 and 50 at.% Al. The isotherms of the liquid
phase calculated by [2020Ran] were adjusted to preserve consistency with the Al-Cr and Cr-Fe phase diagrams. In
the Cr-rich part, the deviation between the liquidus lines of the Al-Cr and Cr-Fe phase diagrams accepted in the
present evaluation and those used by [2020Ran] is significant. Therefore, the isotherms at 1550-1800°C were drawn
based on the data for the binary phase diagrams and ternary system reported by [1945Kor, 1991Tre]. The relevant
experimental information is scarce and uncertain. Hence, the isotherms are shown with dashed lines. The isotherms
at 1350-1500°C calculated by [2020Ran] were slightly adjusted.

The type and coordinates of the invariant reaction between liquid, (Cr, a6Fe), ordered FeAl, and (Cr,Fe)sAlg were
neither established experimentally nor calculated by [2020Ran]. The extension of the corresponding monovariant
lines into the ternary system is schematical. The reactions and monovariant lines involving o-(Cr,Fe)Al, and CryAly;
are also tentative since the relevant experimental data are contradictory (Fig. 4b).
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Figure 5 shows solidus surface projection in the range of compositions 60-100 at.% Al. It is based on the solidus
presented by [2011Khol] with further amendments required to preserve the consistency with the binary Al-Cr and
Al-Fe diagram, as well with the reaction scheme and liquidus surface constructed in the present evaluation. The
tie-lines corresponding to the maxima in the monovariant lines were added to the solidus surface projection in the
present evaluation. The position of the tie-lines is tentative and drawn with dashed lines based on the experimental
data [1997Pal, 2011Khol, 2011Kho2, 2014Pav]. The solubility of iron in Fe4Al; 3 below 998°C (the P, reaction) was
adjusted, taking the data reported for the isothermal sections by [1997Pal, 2014Pav] into account.

Isothermal Sections

Partial isothermal sections were constructed by [1945Kor, 1946Kor] at 1150°C, by [1958Chu] at 600-900°C, by
[1997Pal] and [2008Pav2] at 1000°C, by [2009Pav] at 1075°C, by [2014Pav] at 700-1160°C, by [2015Zho] at 700°C,
and by [2019Ran] at 700, 900°C. [2017Wan] calculated phase equilibria at 50-100 at.% Al and 700-1160°C. Full
isothermal sections were calculated by [2019Cha] at 320-925°C and [2020Ran] 700-1160°C. The calculated sections
present a simplification of the phase equilibria in the ternary system, since the homogeneity ranges of ternary phases
and CrAl, were not modeled. None of the assessments includes o-(Cr,Fe)Al, found by [2010Bau, 2011Bau, 2013Bau,
2014Gas]. The sections by [2020Ran] were however used in the present evaluation to construct the phase equilibria
in the Cr- and Fe-rich part of the system in view of the lack of reliable experimental data for this composition region.
The order-disorder transition as modeled by [2020Ran] is not included in the sections because of the controversial
nature of the data used for the modeling (see ‘Solid Phases’ section). The extension of the corresponding phase
boundary into the ternary system is tentative in all the sections.

Figure 6 shows an isothermal section at 1160°C. [2014Pav] reported only six tie-lines for this section. The
corresponding segments of the (Cr, Fe);Alg homogeneity range and the (Cr, Fe)sAlg + FeAl phase boundary are
shown with solid lines. The rest of the phase boundaries are tentative. The aCrsAlg homogeneity range,
L+aCrsAlg+(Cr, adFe) tie-triangles, and phase boundary involving the liquid phase are constructed based on the
liquidus and solidus data by [2011Kho1, 2011Kho2]. The (yFe) homogeneity range is according to [2020Ran]. This
section shows a continuous solid solution existing between BCrAlg and FesAlg. Figure 7 shows the isothermal section
at 1100°C. The phase equilibria, which were experimentally confirmed by [2014Pav], are shown with solid lines. The
phase equilibria involving the liquid phase were slightly amended in accordance with the liquidus and solidus data by
[2011Khol, 2011Kho2]. The phase boundaries involving (Cr, «0Fe) and (yFe) are reproduced according to the
modeling of [2020Ran]. All phase boundaries were adjusted to preserve compatibility with the Al-Cr and Al-Fe
diagrams.

The isothermal section at 1075°C in Fig. 8 is based on the data reported by [2014Pav] with the (Cr, adF¢) and (yFe)
phase boundaries accepted after [2020Ran]. Small adjustments to preserve compatibility with the Al-Cr and Al-Fe
diagrams were introduced. The main change introduced in this section concerns the O phase. Contrary to [2011Khol,
2011Kho2], [2009Pav, 2014Pav] stated that O; does not exist at 1075°C but forms at 1048°C according to the DTA
measurements performed by [2014Pav]. First and foremost, the proposed temperature of the O formation is only 6°C
higher than the isothermal section at 1042°C (Fig. 9) also constructed by [2014Pav]. In this section, O, already has a
large homogeneity range suggesting that the ternary phase forms at temperatures higher than 1048°C. Since
[2011Khol, 2011Kho2] and [2014Pav] used comparable annealing times at approximately the same temperatures, the
data of [2011Khol, 2011Kho2] were preferred to those of [2009Pav, 2014Pav]. The O; homogeneity range and the
corresponding phase equilibria were added in the section. Figure 8 also shows the U, plane as reported by [2011Khol,
2011Kho2]. Figure 9 shows phase equilibria at 1042°C. The partial isothermal section reported by [2014Pav] was
complemented by the (Cr, ad0Fe) and (yFe) phase boundaries reported by [2020Ran]. At this temperature,
e-(Cr,Fe)Aly is already stable in the ternary system.

The isothermal section at 1000°C (Figs. 10a and 10b) is based on the data of [1997Pal, 2011Khol, 2011Kho2,
2014Pav, 2020Ran]. The phase equilibria confirmed experimentally are shown with solid lines. The o-(Cr,Fe)Al,
homogeneity range and relevant phase equilibria are constructed taking the data of [2010Bau, 2011Bau, 2013Bau,
2014Gas] into account. The phase transformations involving o-(Cr,Fe)Aly, e-(Cr,Fe)Aly, and CrAl, (Fig. 10b) are
tentative and require further experimental confirmation.

The isothermal sections at 900°C (Figs. 11a and 11b) and 700°C (Figs. 12a and 12b) constructed by [2019Ran] were
adopted in the present evaluation. They were further modified to take the homogeneity ranges of D, Oy, o-(Cr,Fe)Aly,
e-(Cr,Fe)Al, and H into account. This was done using the data of [2011Khol, 2011Kho2, 2014Pav, 2019Eze]. The
tie-line and tie-triangles measured by [2015Zho] in the Al-corner at 700°C were ignored in the present evaluation.
They contradict other experimental datasets in the ternary system and the Al-Fe and Al-Cr phase diagrams. The phase
boundary involving Cr,Al at 900°C was added in the present evaluation to preserve agreement with the accepted
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binary phase diagram. The (YFe) and ¢ phase boundaries are according to [2020Ran]. The o homogeneity range at
700°C is in good agreement with the experimental data of [1958Chu], while the (Cr, adFe)+o region is much wider
than that constructed by [1958Chu].

650°C is the lowest temperature at which the isothermal section was constructed in the present work. The
experimental data at this temperature are limited to the data of [2019Eze] in the Al-rich corner and [1958Chu] for the
o phase. The isothermal section at 650°C shown in Fig. 13 is very similar to that at 700°C. The main difference is the
CrAl,+(Al)+Fe4Al; 5 and CrAl,+H+FeyAly 5 tie-triangles that replace L+H+Fe, Al 5 and L+H+CrAl; as a result of the
Uy reaction according to [2019Eze]. The o homogeneity range is reproduced according to [1958Chu]. The (Cr,
«0Fe)+o boundary is drawn in the present evaluation and is tentative.

The partial isothermal sections at 1150°C by [1945Kor, 1946Kor], at 600, 750°C by [1958Chu], and at 800°C by
[2014Pav] do not provide any new information on the phase equilibria. The available experimental data are too scarce
to construct full sections, and no calculations were performed at these temperatures. Hence, these sections are not
reproduced in the present evaluation.

Temperature — Composition Sections

Attempts to construct the vertical sections were made by [1969Bull, 1946Kor, 1991Tre, 2019Ran, 2020Ran].
[1946Kor] gave four isopleths at constant mass ratios of Cr/Fe. These diagrams contradict the isothermal sections
shown in Figs. 6 to 13. Partial isopleths at 25 at.% Al and 75 at.% Fe constructed by [1969Bull] include the
order-disorder transformations only. As discussed in the ‘Solid Phases’ section, the relevant experimental data are
contradictory, and the formation of the stoichiometric Heusler phase reported by [1969Bull] is doubtful. [2019Ran,
2020Ran] constructed a partial isopleth at 52.5 at.% Al. This isopleth contradicts both the Al-Cr and Al-Fe phase
diagrams. The available information is not enough to correct it. Therefore, the vertical sections reported by
[1969Bull, 1946Kor, 1991Tre, 2019Ran, 2020Ran] are not reproduced here.

Figure 14 shows the temperature-composition section Cr-FeAl of the phase diagram according to [1991Tre] with
slight corrections according to the accepted boundary binary Al-Fe system constitution. The order-disorder
transformation reported by [1991Tre] was not included in the diagram.

Thermodynamics

The experimental studies on the thermodynamic properties of the Al-Cr-Fe phases were performed by [1961Gul,
19770st, 1992Hil, 1997Rud, 2008Jac, 2013Mar]. [19770st] studied the heats of dissolution of aluminium in a melt
of Cr3pFe;( (at.%) at temperatures between 1550 and 1600°C. The experimental results, which have been available
in the literature at that time, are in good agreement with calculations based on the application of the subregular model.
The heat capacities of the Fe;Al-based alloy with a Cr content of 5 at.% have been measured in the temperature range
from 20 to 700°C by [1997Rud] (also cited in the review of [2004Sim]).

[1961Gul, 1992Hil, 2008Jac, 2013Mar] measured activities of Al, Cr, Fe in the (Cr, adFe) phase using different
methods. [2008Jac] analyzed the experimental data reported by other research groups and came to the conclusion that
the results of [1961Gul] are not consistent with those of [1992Hil, 2008Jac]. [1992Hil] studied the vaporization of the
Cr;g gFe75 4Al4 g (mass%) (Crg ggFe7g 72Alg 35 1n at.%) alloy using Knudsen effusion mass spectrometry (KEMS) in
the temperature range 1040-1283°C. This composition virtually agrees with those of the commercial Aluchrom and
MA956 alloys. [ZOOSJaC] studied two Samples — Cr15.1Fe45.1A139.8 and Cr30.2Fe49.9A119'9 (at%) —in the temperature
range between 877 and 1277°C using KEMS. [2013Mar] investigated the vaporization of seven ternary alloys in the
temperature range 961-1335°C by KEMS. This later study reveals the deviation from Raoult’s law is slightly positive
for ac,, negative for ac,, and sign-changing for a,|. The obtained thermodynamic data are summarized in Table 4.

Thermodynamic properties of ordered phases were calculated by [1988Hoc, 2003Kel, 2016Dah, 2019Wan, 2021Liu].
Applying a defect model, [1988Hoc] calculated the activity of Cr in FeAl, assuming that FeAl is either a compound
or a solid solution. The calculated results do not show a significant discrepancy, and both cases suggest complete solid
solubility between Cr and FeAl. The energy of formation of the ordered CrFe,Al (L21) compound was calculated by
[2003Kel, 2016Dah, 2021Liu]. The calculated energies of formation are negative suggesting that the stoichiometric
L2, Heusler phase can form in the Al-Cr-Fe system. By combining first-principle and cluster variation method
calculations, [2019Wan] calculated energies of formation of the phases with different ordering types and isothermal
sections between 327 and 2727°C. The authors predicted the formation of a B32 ternary ordered phase in the system.
The modeling of [2003Kel, 2016Dah, 2019Wan, 2021Liu] does not include other phases which are stable in the
ternary system. Hence, they did not give an answer whether the L2; and B32 phases are equilibrium or metastable in
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the Al-Cr-Fe system. For the same reason, the isothermal sections of [2019Wan], which include only (Cr, a:dFe), and
its ordered polymorphs do not reflect the real phase equilibria in the system.

[1975Kau, 1970Ko0z2, 1987Sau] performed the very first thermodynamic modeling of the phase equilibria in the
system. [2000Sub, 2017Wan, 2019Cha, 2020Ran] performed thermodynamic assessments of the Al-Cr-Fe system in
the frameworks of the standard CALPHAD method. [2020Ran] presented the most comrehensive assessment of the
system by calculating the isothermal sections between 700 and 1160°C, as well as the liquidus surface. However,
these works present a simplification of the phase equilibria in the ternary system, since the homogeneity ranges of
many phases, in particular ternary ones, were not modeled.

Notes on Materials Properties and Applications

Al-Cr-Fe alloys are of interest as lightweight alloys for structural applications, in particular, for the production of
protective coatings formed by alumina scales from alloys of compositions that lie in the Al-rich corner of the system.
Al-Cr-Fe quasicrystal approximants are also potential candidates for new applications because of their specific
properties. Alternatively, the addition of chromium to Fe;Al- and FeAl-based alloys produces excellent candidates
for moderate and high-temperature applications. The Al-Cr-Fe alloys serve as a basis of high-chromium-containing
single-phase ferritic alloys surfaces that are commonly used in high-temperature radiant heating applications. Data on
some investigations regarding materials properties are listed in Table 4.

[2005Pal] showed that strengthening of Al-Fe-based alloys at high temperatures could be achieved through
solid-solution hardening, precipitation of incoherent or coherent particles and by ordering. However, in the Al-Cr-Fe
ternary system, within a large composition region (up to 50 at.% Al) strengthening of the alloys can be achieved only
through solid solution hardening. At higher Al contents, the possibility of precipitating a second phase, e.g.
(Cr,Fe)5Alg phase, exists.

Mechanical properties of FesAl-based alloys were investigated by [1991Sikl, 1993Kni, 1998Sun, 2004Hua].
According to [1991Sik1], room-temperature tensile ductility of the samples with 2 to 5 mass% Cr (1.3 and 3.3 at.%,
respectively), prepared using the melting process described in [1991Sik2], approach 20%, which should be acceptable
for many practical applications, and [1993Kni] established that increasing the Cr content from 2 to 5 mass% has a
small effect on the ductility of the alloys based on FesAl. [1998Sun] established that chromium significantly affected
the room temperature tensile properties in a vacuum. In comparison with binary FesAl, in the Crs3gFe7q 40Aly 490
(at.%) alloy (arc melted, then forged at 1000°C, rolled into plates with thickness of 1.0-1.2 mm within the temperature
range between 950 and 600°C; the plates were then annealed at 750°C for 1 h, followed by ordering treatment at
500°C for 13 d) a decrease in yield strength from 841 to 695 MPa, increase in elongation from 5.18 to 9.1% and
ultimate tensile strength from 990 to 1084 MPa take place. Two large ingots weighing 269 or 104 kg, with the
approximate composition of 5.5Cr-78.6Fe-15.9A1 (at.%) and the presence (according to the conventional chemical
analysis) of small amounts of C, Si, Mn, P and S, were prepared by [2004Hua] using vacuum induction melting and
top cast. They had a satisfying surface appearance, and no crack was detected. Conventional thermomechanical
processes were used to produce bars, sheets and seamless tubes. By controlling the thermomechanical treatment, a
room temperature ductility with a value of more than 10% was achieved. The creep lifetime at 600°C and 200 MPa
was more than 2000 h after annealing.

A high-temperature alloy CrsFeg, sAly, 5 (mass% or Cry 7Fe, 55Al55 75 in at.%) has been developed for applications
in the range from room temperature to 300°C. The billets of the alloy were obtained by [2013Nei] in two ways: using
gas-atomized and water-atomized powders. Structural analysis shows that particles of the second phase in the
water-atomized powders are finer and their number in the aluminum matrix is greater than that in the gas-atomized
powders. The rods extruded from the water-atomized powders have much higher hardness, ultimate strength, and
yield stress than those from the gas-atomized powders, plasticity being acceptable at all temperatures (20, 190, and
300°C). An additional powder metallurgy operation — pulsed hot pressing — does not increase the strength of billets
from either the water-atomized or gas-atomized powders. The alloy based on the water-atomized 0-63 pm powder
shows the maximum strength: 483, 332, and 261 MPa at 20, 190, and 300°C, respectively.

Electrical resistance anomaly in FejAl-based alloys, in particular with chromium, is analyzed in the review of
[1998Nis]. It was noted that the electrical resistivity shows an anomalous temperature dependence: an appearance of
a resistance maximum near the Curie point and a negative resistivity slope at higher temperatures.

It was noted by [2011Kim] that the alloy Cry,Fe; 5Als g (mass%) or Crpy gFegq 95Al11 15 (at.%) has been drawing
industrial attention for its outstanding high-thermal and oxidation resistance as well as for its applicability as a filter
and support material.
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The main modes of isothermal oxidation of Al-Cr-Fe, Al-Cr-Ni, and Al-Cr-Co alloys in oxygen at 1000 and 1200°C
are summarized in [1971Sto]. It was noted that where protective aAl,O5 scales always predominate, their ease of
formation was in the order Al-Cr-Fe > Al-Cr-Ni > Al-Cr-Co, however, where catastrophic breakaway is possible,
Al-Cr-Fe produces the most locally catastrophic breakaway. [2002Dem] concluded that resistance to oxidation in
water as well as at high temperatures is signicantly enhanced thanks to the addition of Cr. Electron energy loss
spectroscopy measurements of the very thin Al-Cr-Fe films (10-30 nm) obtained by the flash evaporation technique
show that all of them are not oxidized except for the presence of a native oxide layer that forms in an ambient
atmosphere with a thickness that cannot exceed 0.3 nm [2004Dem]. It was concluded by [2005Zha] that the addition
of chromium is obviously beneficial for the oxidation resistance of FegyAl;( (at.%) by inhibiting the formation of
fast-growing Fe-containing oxides and promoting the development of an exclusive alumina layer, however, the effect
of chromium is different from the classical third-element effect.

The catalytic activity of the Al-Cr-Fe alloys was studied by [2008For]. As a whole, catalytic devices play a very
important role in drastic reduction of the noxious contaminants released by combustion engines. Common devices
consist of functionalized ceramic monoliths; an interesting alternative can be realized with a support material made
of a high-temperature compatible metal alloy, like Al-Cr-Fe. In [2008For], the Cr,5Fe;(Als (at.%) fibers used to make
a device similar to the ceramic monolith were thermally treated to obtain alumina whiskers, which were
homogenously covered with alumina or ceria-zirconia-alumina washcoats. Pt or Pt and Pd have been loaded over the
functionalized fibers obtaining an innovative oxidation catalyst. The good catalytic activity after severe aging
treatments conrms the possibility of use of these innovative functionalized metallic stacks in air pollution control
applications [2008For]. The Al-Cr-Fe alloys are proposed for use as a support for monolithic catalysts
Cu,Co4,/Al,05/CrFeAl for toluene catalytic combustion [2010Zha].

A review of the mechanical properties and application of the Al-Fe-based, particularly Al-Cr-Fe, alloys is presented
by [2005Pal].

Miscellaneous

[1970Ko0z3] reported the solubility of C in liquid Al-Cr-Fe alloys at different temperatures. The formation and growth
characteristics of iron-based aluminide diffusion layers at the Al-Fe interface have been analyzed by [1998Akd] in
terms of interfacial interaction potentials based on the statistico-thermodynamical theory of multicomponent alloys
combined with electronic theory in the pseudopotential approximation. The pairwise interatomic interaction
potentials and partial ordering energies have been calculated to predict the effect of various alloying additions, in
particular, of chromium, on the activity coefficient of Al atoms and considered up to 1 at.%. The calculation results
show that chromium decreases the activity coefficient of Al atoms in (aFe). So as to reduce the thickness of the Al-Fe
intermetallic diffusion layer. The influence of aluminium on the kinetics of the ¢ phase formation in alloys at the
equiatomic Cr/Fe ratio with fine- and coarse-grained structures was studied by [2000Bla] using >TFe Mossbauer
spectroscopy. It was found that the addition of 0.2 at.% Al slightly accelerated the kinetics in the coarse-grained
samples, and practically did not affect the fine-grained samples. On the other hand, doping with 1 at.% Al resulted in
significant retardation of the o phase formation both in the fine-grained samples as well as in the coarse-grained
samples.

[1989Aku] measured interdiffusion coefficients at 31 points in the (e:dF¢) phase at 900°C. The results indicate that
Dfc,c, falls quickly with increasing chromium concentration, with aluminium concentration more than 20 at.%, but
is not a strong function of aluminium content. Conversely, DF®y;; is not a strong function of aluminium
concentration but decreases with increasing chromium content.

According to [2010Air], ab initio calculations combined with experiments on the CrygFegyAl;( (at.%) alloy show that
the beneficial effect of Cr on the oxidation resistance is signicantly related to bulk effects. The comparison of
experimental and calculated results indicated a clear correlation between the Cr-Fe chemical potential difference and
the formation of the protective oxide scales.

[2015Sus] have performed an experimental and theoretical study comparing the effects of Fe-doping of Cr,Al, an
antiferromagnet with a Neel temperature of 670 K, with known results on Fe-doping of antiferromagnetic bcc Cr.
(Cr_Fe,),Al materials are found to exhibit a rapid suppression of antiferromagnetic order with the presence of Fe,
decreasing Ty to = 170 K for x = 0.10. Antiferromagnetic behavior disappears entirely at x = 0.125, after which point
increasing paramagnetic behavior is exhibited. This is unlike the effects of Fe doping of bcc antiferromagnetic Cr, in
which Ty gradually decreases, followed by the appearance of a ferromagnetic state. Theoretical calculations explain
that the Cr,Al-Fe suppression of magnetic order originates from two causes: the first is band narrowing caused by
doping of additional electrons from Fe substitution that weakens itinerant magnetism; the second is magnetic
frustration of the Cr itinerant moments in Fe-substituted Cr,Al. In pure-phase Cr,Al, the Cr moments have an
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antiparallel alignment; however, these are destroyed through Fe substitution and the preference of Fe for parallel
alignment with Cr. This is unlike bulk Fe-doped Cr alloys in which the Fe anti-aligns with the Cr atoms, and speaks
to the importance of the Al atoms in the magnetic structure of Cr,Al and Fe-doped Cr,Al.
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Ordering in Aly4Cr sFe;,”, Nature Comm., 11(1), 1-7 (2020), doi:10.1038/s41467-020-20077-4
(Crystal Structure, Experimental, 29)

Rank, M., “Thermodynamic-Kinetic Investigations in the Al-Cr-Fe System for ODS Steel Analyses”
(in German), PhD Thesis, Karlsruher Institut fuer Technologie, Karlsruhe, Germany, 1-244 (2020)
(Crystal Structure, Morphology, Phase Diagram, Phase Relations, Assessment, Experimental,
Review, Interphase Phenomena, Transport Phenomena, #, 283)

Liu, Y., Zhang, L., Cui, S., Li, W., “Effects of Transition Metal (Cr, Mn, Mo, Ni, Ti, and V) Doping
on the Mechanical, Electronic and Thermal Properties of Fe3Al”, Vacuum, 185, 110030 (2021),
doi:10.1016/j.vacuum.2020.110030 (Calculation, Crystal Structure, Electronic Structure, Mechanical
Properties, Transport Phenomena, Thermodynamics, 48)

Milosavljevic, M.D., Burkhardt, U., Moll, P.J., Koenig, M., Borrmann, H., Grin, Y., “Crystal
Structures of AlCr, and MoSi,: Same Structure Type vs. Different Bonding Pattern”, Chem. Eur. J.,
27(57), 14209-14216 (2021), doi:10.1002/chem.202100817 (Crystal Structure, Experimental, 46)
Stein, F., “Al-Fe Binary Phase Diagram Evaluation”, in MSI Eureka, Watson, A. (Ed.), MSI,
Materials Science International Services GmbH, Stuttgart (2022), Document ID: 20.10236.2.7 (2022),
doi:10.7121/msi-eureka-20.10236.2.7 (Crystal Structure, Phase Diagram, Phase Relations,
Assessment, 311)

(Phase Diagram, Phase Relations, Thermodynamics,

Table 1: Investigations of the Al-Cr-Fe Phase Relations, Structures and Thermodynamics

Reference Method/Experimental Technique Temperature/Composition/Phase Range Studied

[1932Tail] Thermal analysis 94-100 at.% Al, liquidus surface

[1932Tai2] Thermal analysis 94-100 at.% Al, liquidus surface

[1935Gru] Thermal analysis Cry9.97Fe59 g6Al g 17 (at.%)

[1940Korl] Thermal analysis Whole range of compositions, liquidus surface

[1940Kor2] Thermal analysis Whole range of compositions, liquidus surface

[1945Kor] Thermal analysis Whole range of compositions, liquidus surface,
isothermal section at 1150°C

[1946Kor] Optical microscopy, thermal analysis 800-1300°C, whole range of compositions,
liquidus surface, isothermal section at 1150°C

[1951Pra] Optical microscopy, X-ray diffraction (XRD), 425°C, 600°C, the Al-rich corner

thermal analysis, chemical analysis

[1954Chi] Thermal analysis, optical microscopy 0-50 at.% Al

[1955Tag] XRD, optical microscopy, thermal analysis 500-1000°C; 20-35 at.% Cr, 0-4 at.% Al
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Reference Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1958Chu] XRD, optical microscopy, thermal analysis 600-1000°C, whole range of compositions
[1958Tag] XRD, optical microscopy, thermal analysis 500-1000°C; 20-35 at.% Cr, 0-4 at.% Al
[1960Zol1], XRD, optical microscopy, thermal analysis Al-rich corner
[1960Z0o12]
[1961Fel] XRD, electron diffraction Cry4 gFe75 0pAlp 15 (mass%) or
Cry6.1Fe73.54Al0 36 (at.%)
[1968Bul], XRD, dilatometry < 1000°C; 0-25 at.% Cr, 50-100 at.% Fe
[1969Bull],
[1969Bul2]
[1969Kal] Neutron diffraction 700-1000°C, Cr,_Fe Al (x = 0 to 0.25)
[1969Sel] High-temperature XRD < 1000°C; 0-25 at.% Cr, 50-100 at.% Fe
[1970Kozl1], Optical microscopy, thermal analysis, XRD 0-70 mass% Fe, 0-40 mass% Al
[1970Ko0z2],
[1970K0z3]
[1971Sto] Optical microscopy, XRD, Cryy gFegs gAly 3, Cryg 1Fes3Aly o,
scanning electron microscopy (SEM) Cry; sFegn gAls 7, Cry7 gFeg7 3Al, g (mass%)
[1971Yam] Differential thermal analysis (DTA), 36-39 at.% Cr, 64-56 at.% Fe, 0-5 at.% Al
Maéssbauer absorption spectroscopy
(F657, C057), optical microscopy
[1972Kaj] XRD, neutron diffraction 25 at.% Al
[1974Niz] XRD, neutron diffraction 25 at.% Al
[1975Lit] XRD, neutron diffraction 25 at.% Al
[1976Vla] XRD, optical microscopy 490°C, Cry gFes 5Algs g, Cry 3Fes 5Algg 0,
Crj gFes 5Algs 7 (at.%)
[19770st] Solution calorimetry 1550-1600°C; aluminium solutions in
Fe4(Cr3 (at.%) melt
[1977Tys] XRD, neutron diffraction 25 at.% Al
[1981Bus] XRD 800°C, CrysFesgAlys (at.%)
[1982Nao] XRD, optical microscopy, transmission electron 10-50 at.% Cr, 5-40 at.% Al
microscopy (TEM)
[1983Bus] XRD 800°C, CrysFesgAlys (at.%)
[19850kp] XRD, neutron diffraction, optical microscopy, 830°C, Cr( sFeAly 5, Cr( 4FeAly g
electron microscopy
[1986Sme] Optical microscopy, SEM, EDXD 1050°C, Crys p4Feq1 37Al3 39 (mass%)
[1987Wou] Angular dispersive XRD (ADXD), EDXD, Crg 7Fe( 3Alg
TEM, Mégssbauer spectroscopy
[1988Man] XRD 850-900°C, > 92 at.% Al
[1988Sch] ADXD, TEM, EDXD 50 at.% Al
[1989Lawl] XRD, DTA, TEM, electron diffraction 86 at.% Al
[1989Law2] XRD, DTA 86 at.% Al
[1989Man] XRD 80 at.% Al
[1989McK] Optical microscopy, SEM, TEM Fe;,Alyg (at.%) with additions 2-6 at.% Cr
[1990I0a] XRD, optical microscopy, TEM Cr, 13Feq sAlg7 37 (at.%)
[1991Pra] SEM, EDXD, wavelength dispersive X-ray 50-80 at.% Fe, < 20 at.% Cr
spectrometry (WDS)
[1991Tre] XRD, optical microscopy, DTA < 1800°C, Cr-FeAl section
[1992Hil] Knudsen effusion mass spectroscopy (KEMS)  1040-1283°C, Cry9 gsFe7¢ 72Alg 3, (at.%)
[1993Kni] XRD, SEM, TEM, electron energy loss Fe; Al with 2 or 5 mass% Cr
spectroscopy (EELS)
[1993Sta] XRD, DSC, Méssbauer spectroscopy CrgFegAlgg (at.%)
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Reference Method/Experimental Technique Temperature/Composition/Phase Range Studied
[1994Hyd] Electrical resistivity measurements Cry gFe7n 69Alys 51, Crg 29Fegg 74Alx5 97 (at.%)
[1994Mor] XRD, TEM, DSC CrsFe,gAlg7 (at.%)
[1995Ant] XRD, high-temperature DTA, differential CrFes3Aly6, CroFespAlyg, CryFeqpAlyg (at.%)
scanning calorimetry (DSC)
[1995Sta] XRD, DTA, EDXD CrgFegAlgg (at.%)
[19958Sui] XRD, TEM CrFe,Al;,
[1995Y0s] Electrical resistivity measurements, TEM CryFes3Aly5, CryFespAlyg (at.%)
[1995Zia] XRD, SEM, TEM, DSC Cr3Algy, Cr3FeAlgg, CrzFesAlgy (at.%)
[1997Nisl], Vickers hardness measurements, electrical (Feq_Cr,);Al series
[1997Nis2] resistivity measurements, XRD
[1997Pal] XRD, electron microprobe analysis (EPMA) 1000°C, 40-100 at.% Al
[1997Rud] DSC, EPMA 20-700°C, Fe;Al-5 at.% Cr
[1997Sat] XRD, neutron diffraction, Mossbauer studies 10-300 K, Cr,Fe;_ Al
[1997Sui] XRD, high-resolution electron microscopy CrFe,Al;,
(HREM)
[1998Kim] Neutron diffractometry, XRD, TEM 25-1100°C, CrsFeg;Alyg (at.%)
[1998Lia] Electron diffraction, HREM CrFe,Aly,
[1998Sun] Neutron diffractometry, XRD, SEM, TEM 500°C, FesAl + 5 at.% Cr
[1999Sui] Electron diffraction, TEM CrFe,Al,
[1999Wit] TEM, EDXD, atomic force microscopy (AFM), 0-18 at.% Cr, 7-25 at.% Al
lateral force microscopy (LFM)
[2000Bla] EPMA, Mdssbauer spectroscopy 1200°C, < 1 at.% Al
[2000Dem]  DTA, TEM, SEM, EMPA Cry FegAlg,
[2000Mo] TEM, HREM, XRD CrFe,Al},
[2000Spi] XRD, TEM 9.3-18 at.% Cr, 7.6-25.5 at.% Al
[2001Alo] XRD, Méssbauer spectroscopy 830°C, CrFej 7_Alg 3 (x < 0.35)
[2001Dem]  DTA, TEM, SEM, EPMA Cry FegAlg,
[2002Ban] Calculation based on the Bragg-Williams theory Atomic ordering in (Cr,Fe)Al
of order-disorder transformation
[2003Zou] High-resolution TEM, electron diffraction CrFe,Al,
[2004Dem] TEM, EDXD, EPMA 25-584°C, thin films Cry3 3Feq jAlg7 6,
CrysFegAlyg, Cryg sFegAly; 5, Crys gFeg 7A175 5,
Cry4.5FegAly7 5 (at.%)
[2004Den] XRD (on the single crystal), EPMA CrFe,Aly,
[2004Wu] X-ray Laue back reflection technique 400°C, Cr3Fes7Aly (at.%)
[2004Zha] XRD Cr,5FespAlys (at.%)
[2005Bel] XRD, SEM, backscattered electron (BSE) Cry¢.5FegAl77 5 (at.%)
imaging, EDXD
[2005Regl] SEM 500°C, 14.5 and 19 at.% Al, 1, 2 and 5 at.% Cr
[2005Reg2] SEM 500°C, 14.5 and 19 at.% Al, 1,2 and 5 at.% Cr
[2005Zha] XRD, SEM, EDXD 1000°C, CrsFegsAly( and CrygFeggAl;q (at.%)
[2006Bih] XRD, SEM, optical microscopy, EDXD, BSE  CrgsFegAl;; 5, Cryq sFegAls; 5,
imaging Cry3 7Feg 1Algy ¢ (at.%)
[2006Dem] TEM, electron diffraction 65-81 at.% Al
[2006Goll], Inductively coupled plasma optical emission Fe;Al + (2.5-25) at.% Cr
[2006Gol2] spectroscopy (ICPOES), TEM, SEM, optical
microscopy, XRD, DSC
[2006Kar] Melt spinning, high-temperature XRD CryFeyAlgy, Cr; 4FegAlgg ¢ (at.%)
[2006Sha] TEM, SEM, optical microscopy 600-1000°C, Cr3FegqAlyg (at.%)
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Reference Method/Experimental Technique Temperature/Composition/Phase Range Studied

[2007Chi] Chemical analysis, optical microscopy CrsFeq7Alyg, CryFeqsgAlyg (at.%)

[2007Cho] SEM, EDXD, optical microscopy CrgFegoAlys (at.%)

[2007Pad] XRD, Méssbauer spectroscopy 400°C, Cry; sFesy sAlys, CrosFespAlys,
Cry7 5Feq7 5Al5 (at.%)

[2007Pan] Auger electron spectroscopy (AES), XRD 300°C, 400°C, 500°C, Cr/Al/Fe thin films

[2008For] SEM Fibers Cr,5Fe;(Als (at.%)

[2008]ac] KEMS, EDXD, SEM 877-1277°C, Cry5 1Fey5 1 Alsg g,
Cr3gFeq9 9Al 9 g (at.%)

[2008Lu] XRD, EPMA, SEM, EDXD 600°C, 5-20 at.% Cr, 10 at.% Al

[2008Pav1] TEM, DSC CrsFeggAlyg (at.%)

[2008Pav2] EDXD-SEM, electron diffraction 1000°C, 70-81 at.% Al

[2008Pav3] SEM, EPMA, TEM, DTA 800°C, 80-90 at.% Al 5-15 at.% Cr

[2008Pin] SEM, EPMA 900-1000°C, 10-19 at.% Al, 1-20 at.% Cr

[2008Shr] XRD Crys5FespAly5 (at.%)

[2009Bau] Czochralski method, neutron diffraction CrigFesAl;g (at.%)

[2009Dea] Combustion-infrared absorbance, inert gas CrsFegsAl;, CrsFeg, sAl , 5 (mass%)

fusion-thermal conductivity,
inductively-coupled plasma analysis, Netzsch
STA 409 high-temperature thermogravimetric
analysis (TGA), SEM, EDXD

[2009Gol] XRD, TEM, DSC 25-28 at.% Al, 3-25 at.% Cr
[2009Pav] XRD, SEM, EDXD, TEM, DTA 700-1000°C, ~Cr;¢Fe;,Al, (at.%)
[2010Bau], Bridgman method, Czochralski method, optical 75-81 at.% Al, 1-11 at.% Cr
[2011Bau] microscopy, neutron diffraction measurement,

EPMA, single crystal XRD, DTA, X-ray

topography
[2010Bra] SEM, EPMA, high angle annular dark field CrygFeqpAlyq (at.%)

(HAADF) scanning transmission electron

microscopy (STEM)
[2010Gal] XRD, TEM, DSC CI'2~8FC4‘2A193'0 (at%)
[2010Kob] Optical microscopy, SEM, TEM 475°C, < 20 at.% Al, 10-30 at.% Cr
[2010Kra] SEM, TEM, secondary ion mass spectrometry ~ Water-atomized powders, 5-8 at.% Cr,

(SIMS), AES 1.5-5 at.% Fe
[2010Pav] XRD, SEM, EDXD, TEM, DTA 700-980°C, 78.0-82.3 at.% Al < 4.9 at.% Fe
[2010Sch] XRD, SEM, BSE imaging, energy dispersive  Cry oFegg ¢Alyg 4 (at.%)

spectroscopy (EDS)

[2011Khol] Optical microscopy, XRD, DTA, SEM, EPMA 600-1165°C, 58-100 at.% Al
[2011Kho2] Optical microscopy, XRD, DTA, SEM, TEM,  58-100 at.% Al

EPMA

[2011Kim] Optical microscopy, XRD, SEM, field Cry,Feq; ,Als g (mass%) or Cry; gFegg 95Al17 15
emission-scanning electron microscopy (at.%)
(FE-SEM), EPMA

[2011La] Optical microscopy, XRD, EPMA, TEM Fe;Al + 5 (10, 15) mass% Cr

[2011Tom] Optical microscopy, XRD, SEM 44.8-48.0 at.% Al, 1-11.7 at.% Cr

[2012Lam)] ICPOES, optical microscopy, DSC, mechanical CrgFes;Aly5, CrysFesgAlys (at.%)
spectroscopy (MS), DTA

[2012Sah] EDXD, SEM, XRD 1000°C, CrFe,Al
[2012Ume] Optical microscopy, EPMA, DSC, XRD, 600°C, 400°C, Cr,s5FespAlys (at.%)
electron diffraction, TEM
[2012Yil] EDXD, SEM-EPMA, XRD, DSC 400°C, Cr FespAlyg (at.%)
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Reference Method/Experimental Technique Temperature/Composition/Phase Range Studied
[2013Bau] Czochralski method, XRD, neutron diffraction = Alyq ;Cr 7 gFes | (at.%)
[2013Mar] KEMS, wavelength dispersive X-ray (WDX) 961-1335°C, 11-31 at.% Al, 13-35 at.% Cr
analysis
[2013Nei] Melt atomization, pulsed hot pressing (PHP), 20, 190, and 300°C, CrsFeg; sAl;, 5 (mass%) or
hot extrusion (HE), XRD, SEM Cry 7Fes; 55Al55 75 (at.%)
[2014Gas] XRD, EPMA, X-ray topography, TEM, Cry7gFes 1Alyg 1 (at.%) single crystal
HAADF STEM
[2014Pav] XRD, SEM, EDXD, TEM, DTA 700-1160°C, 50-100 at.% Al
[2015Sus] XRD 1050°C, 33.3 at.% Al, < 33.3 at.% Cr
[2015Zho] XRD, SEM-EDXD, BSE imaging 700°C, 70-100 at.% Al
[2016Lil] XRD, SEM, EPMA, DTA As-cast, 1000°C, Cr,Fe;;Alg (at.%)
[2016Sve] XRD, SEM, EDXD, EBSD technique As-cast, 460-1200°C, Cr,Fe;,Alyg (at.%)
[2017Kra] XRD, TEM 26 at.% Al, 0 to 8 at.% Cr
[2019Cha] XRD, EDXD Magnetron-sputtered films, 60-75 at.% Fe
[2019Eze] XRD, SEM, DTA, EPMA 81-99.6 at.% Al
[2019Ran], XRD, SEM-EDXD, EPMA, ICPOES, carrier 10-70 at.% Al
[2020Ran] gas hot extraction (CGHE), DSC, DTA,
dilatometry, diffusion couples (DC) technique
[2019Wan] Kohn-Sham equations of the density-functional FeAl, Fe;Al, 327-2727°C
theory, cluster variation method, cluster
expansion method
[2020Ma] TEM, HAADF STEM, selected-area electron ~ 1000°C, Cr;sFe 1 Al;4 (at.%)
diffraction, energy dispersive X-ray
spectrometry
[2020Ran] Calphad-type assessment Calculated isothermal sections between 700 and

1160°C, isopleth at 47.5 at.% Cr, liquidus
surface

Table 2: Crystallographic Data of Solid Phases

Phase/ Pearson Symbol/ Lattice Parameters =~ Comments/References
Temperature Range Space Group/ (pm)
°O) Prototype
(Al) cF4 a =404.96 pure Al at 25°C [Mas2]
<660.452 Fm3m solubility of Cr: <0.39 at.% [2015Wit] (Al-Cr)
Cu solubility of Fe: 0.023 at.% [2019Ran] (Al-Fe)
dissolves up to 0.08 at.% Fe at 0.3 at.% Cr
(Al-Cr-Fe) [2019Eze]
(Cr, adFe) cl2 Strukturbericht designation: 42
<1863 Im3m
Cr W a=1288.48 pure Cr at 25°C [Mas2]
<1863
aFe a=286.65 at 25°C [Mas2]
<912
OFe a=293.15 [Mas2]
1538-1394 solubility of Al in (adFe): 45.0 at.% [1993Kat,
2007Ste] (Al-Fe)
solubility of Al in (Cr): up to 53 at.% [2014Ste]
(Al-Cr)
(yFe) cF4 a=364.67 at 915°C [V-C2, Mas2]
1394-846 Fm3m solubility of Al: 1.35 at.% [1993Kat] (Al-Fe)
Cu solubility of Cr: < 11.9 at.% [2010Xio0] (Cr-Fe)
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Phase/ Pearson Symbol/ Lattice Parameters =~ Comments/References
Temperature Range  Space Group/ (pm)
(°C) Prototype
CrAl; mC104 sometimes named CryAly3, Cr;Alys, 0-CrAl; or 6
<794 C2/m from 86.6 to 86.9 at.% Al [2013Khv]
V;Als a=2065.0+0.2 single crystal [2020Bou] (denoted as Cr7Alys)

b=759.78+0.08

c=1096.74:0.11

B=(107.308+0.002)°

a=2060.28 for Cr11A3F62‘4A186.3 (at.%) [2019EZ€]

b="758.50

¢ =1093.85

B=107.33°

solubility of Fe: <2.5 at.% [2019Eze] (Al-Cr-Fe)

CrAly, mC616 sometimes named CrAls, n-Cr,Al;; or n

(913<T<985)-(~500-~ C2/c

from 83.5 to 84 at.% Al [2013Khv]

600) CrAlj, a=1773.48+0.10 single crystal [2008Cao]
b=3045.55+0.17
c¢=1773.44:0.10
B =(91.052+0.012)°
a=1771.5+1.2 for Cr;6 gFey 9Algg 3 (at.%) at 910°C [2010Pav]
b=3069+3
c=1773.8£2.5
B =(90.39+0.05)° solubility of Fe: up to ~3 at.% at around 80 at.%
Al [2010Pav] (Al-Cr-Fe)
CrAly hP574 sometimes named p-CrAly or p
<1040 P63/mmc from 78.7 to 81.3 at.% Al [2013Khv]
MnAly a=2019.11+0.15 single crystal [2017Cao]
¢ =2485.40+0.19
a=2013.79+0.04 single crystal Cryq gFe( 7Al7g 7 (at.%) [2010Bau]
¢ =2482.92:0.09 Solubility of Fe: < 1.7 at.% [2011Khol]
(Al-Cr-Fe)
CrsAly4 aPl15 sometimes named v
<829 Pl a=5089+0.5 [2006Gru]
MH4A111 b=903.3+0.8
c=504.4+0.2
=(91.84:0.08)°
B=(100.77+0.07)°
vy=(107.59+0.09)°
aCrsAlg (1) hR78 Strukturbericht designation: D8
<1138 R3m sometimes named CrsAlg(l), y,-CrsAlg or v,
CrsAlg a=1272.8 [V-C2]
c=794.2
a=1271.5+0.1to 58.0to 67.9 at.% Al [1989Ell]
1281.3+0.1
c=792.820.1to
795.10.1
a=1253.7 for 31.2 at.% Fe at 1000°C [1997Pal]
c=1779.1

solubility of Fe: up to ~35 at.% [2014Pav]
(Al-Cr-Fe)
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Phase/ Pearson Symbol/ Lattice Parameters =~ Comments/References
Temperature Range ~ Space Group/ (pm)
°C) Prototype
CryAl 16 Strukturbericht designation: C11y,
<910 14/mmm ~28.6 to ~35.5 at.% Al [2013Khv]
MoSi, a=300.86 + 0.02 [2021Mil]
¢=86531+0.11 Solubility of Fe: up to 22 at.% Fe [2019Ran,
2020Ran] (Al-Cr-Fe)
o, CrFe tP30 ~50.2 to ~57.3 at.% Fe [2010Xio]
820-(~500-~510) P45/mnm a=2879.95+0.04 single crystals [1954Ber]
CrFe ¢=454.42+0.02
solubility of Al: up to 3 at.% [1958Chu]
(Al-Cr-Fe)
Fe;Al cF16 sometimes named o; phase
<545 Fm3m Strukturbericht designation: D03
BiF; ~24 to ~34 at.% Al at 400°C [1993Kat]
a=579.30 at 23.1 at.% Al, water-quenched from 250°C
[1958Tay]
a=578.86 at 35.0 at.% Al, water-quenched from 250°C
[1958Tay]
FeAl cP2 sometimes named o, phase
<1318 Pm3m Strukturbericht designation: B2
CsCl 23.5 to ~53 at.% Al [2007Ste]
a=289.5310290.90 at36.2to 50.0 at.% Al, water-quenched from
250°C [1958Tay]
FeAl, aP18 sometimes named ( phase
<1146 P1 64.7 to 66.7 at.% Al [2022Ste]
FeAl, a=487.45 at 66.4 at.% Al [2010Chu]
b=645.45
c=873.61
o =87.930°
B =74.396°
y = 83.062°
a=486.3 at 4.5 at.% Cr at 1000°C [1997Pal]
b=0645.4
¢ =880.1
o =91.92°
B=7295° solubility of Cr: up to 4.5 at.% [1997Pal]
Yy =96.87° (Al-Cr-Fe)
Fe,Als 0C24 sometimes named mn phase
1159 - ~331 Cmcem 68.4 to 72.5 at.% Al [2022Ste]
F€2A15
a=765.59 + 0.08 at 71.5 at.% Al [1994Bur]
b=641.54 + 0.06
c=421.84 + 0.04
a=769.4 at 6.2 at.% Cr at 1000°C [1997Pal]
b=0644.3
c=4227 solubility of Cr: up to 6.2 at.% [1997Pal]
(Al-Cr-Fe)
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Phase/ Pearson Symbol/ Lattice Parameters =~ Comments/References
Temperature Range  Space Group/ (pm)
°0) Prototype
FeyAl;; mC102 referred to as FeAl; in old literature before ~1995
<1150 C2/m sometimes named 0 phase
FesAly5 74.5 to 76.9 at.% Al [2022Ste]
a=1548.8 £ 0.1 single crystal grown by Czochralski
b=2808.66 + 0.05 technique [2008Gil, 2010Pop]
c=1247.69 + 0.08
B =(107.669+0.004)°
a=15543 at 6.4 at.% Cr at 1000°C [1997Pal]
b=2802.9
c=1245.0 solubility of Cr: up to 7 at.% [2019Ran, 2020Ran]
B=107.47° (Al-Cr-Fe)
FeAlg 0C28 metastable
Cmc2, a="744.0 single crystal [1965Wal]
FeAlg b=646.4
c=8779
(Cr,Fe)sAlg cI52 Strukturbericht designation: D8,
<1185 I43m Continuous solid solution at 1160°C [2014Pav]
BCrsAlg (h) CusZng sometimes named CrsAlg(h), y{-CrsAlg or y;
1321-1060 (Al-Cr)
59.2 to 68.4 at.% Al [2013Khv, 2015Wit]
a=909.0+0.1 at 67.3 at.% Al [1992Bra]
a=910.4+0.1to 58.0to 70.0 at.% Al [1989Ell]
904.7+0.1
FesAlg sometimes named € phase (Al-Fe)
1231-1095 56.0 to 64.5 at.% Al [2016Li2]
a=2897.57 + 0.02 at 1120°C, 59.4 at.% Al [2010Ste]
*e-(Cr,Fe)Aly oC584 sometimes named as e-Al,Cr or €
<1055 Cmcm a=1252.1+0.1 single crystal [1997Li] (metastable in Al-Cr).
b=3470.5+0.2
¢=2022.3:0.1
a=1249.841+0.03  for Cryg3Fe; gAlsg ¢ (at.%), single crystal
b=3473.73+0.09 [2010Bau]
¢=2021.29+0.05
This phase is metastable in Al-Cr. It is stabilized
in Al-Cr-Fe at around 2-3 at.% Fe and 78-77 at.%
Al[2010Bau, 2011Bau, 2011Khol]
*0-(Cr,Fe)Aly oP* a=1248.0+0.1 Compound possesses a highly modulated
<~1026 Pmm?2 b=2502.9+0.1 structure [2013Bau]
c=3058.1+0.1 Homogeneity range extends between 3 and 6 at.%
Fe at around 78 at.% Al [2010Bau, 2011Bau]
*Oq o* Stoichiometry is unknown.
<1087 sometimes named as O or C; j-Al-Cr-Fe
a = 3270 [2008Pav2]
b = 1240
c = 2340 Homogeneity range extends between ca.

Cr15.0F€11.0A174.0 to Cr19.7Fe4_3A176_0 and
Cry50Feg 9Al7g 1 to Cryg sFeg 9Aly g (at.%)
[2011Khol, 2011Kho2, 2014Pav]
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Phase/ Pearson Symbol/ Lattice Parameters =~ Comments/References

Temperature Range  Space Group/ (pm)

(°O) Prototype

*H hR1512 Stoichiometry is unknown.

<998 R3 Also named v, H-(Al-Fe-Cr) or H-Al4(Cr,Fe)

a=177228 £ 0.03  for Cr;3 35Feq 63Alg0 02 (at.%), single crystal
c=28068.1+0.2 [2010Bau, 2011Bau]

Large homogeneity extends between
approxirnately Cr12~0F68.0A180.0 to

Cryg.7Feq 3Al760 and Cry ogFeg 3Alg) 7 to

Cry3 sFe; oAl 4 (at.%) [2011Khol, 2019Eze]

*D - Stoichiometry is unknown.
<1096 P10s/mmc n = 1230 Cr5Fe 1 Aly4 (at.%) single crystal [2020Ma]
- along the 10-fold
symmetry axis Homogeneity range may extend from 70 to 72
at.% Al and from 14 to 18 at.% Cr [2011Khol1]
i(m) simple metastable phase emerging at high cooling rates
icosahedral-type Proposed composition is Cry;, 1Fejs,1Al75.0 5

(at.%) [1995Zia]
agp= 6542+ 02  [1995Sta]

Table 3: Invariant Equilibria

Reaction T(°C) Type Phase Composition (at.%)

Al Cr Fe
L + (Cr, Fe);Alg = aCrsAlg 1185 p3, max L ~69.5 ~17.7 ~12.8
L = aCrsAlg + Fe,Als 1136 €5, max L ~67.2 ~10.2 ~22.6
L = (Cr, Fe)sAlg + aCrsAlg + FeyAls 1125 E; L 66 10 24

(Cr, Fe)sAlg 63.1 130 239
aCrsAly  63.4 137 228

Fe,Als 702 43 25.5
L = aCrsAlg + Fe Al 5 1115 ¢3, max L ~704  ~107  ~18.9
L = Fe,Al}; + aCrsAlg + Fe,Als 1105 E, L 692 100 208
FC4A113 74.0 4.5 21.5
aCrsAly  64.8 184 168
Fe,Als 712 53 235
L+ aCrsAlg=D 1096 Ps5, max L ~72.1 ~13.6 ~14.3
L =D + Fe,Al 3 1093 €4, Max L ~732  ~114 ~154
L+ aCrsAlg = Oy 1087 Pg> Max L ~76.2 ~15.7 ~8.1
L =D + FeAlj; + aCrsAlg 1085 E; L 71 11 18
D 69.8 16.4 13.8
FC4A113 74.0 52 20.8
aCrsAly 660 219 12.1
L+ aCrsAlg = O; + D 1085 U, L 743 145 11.2
aCrsAly 670 238 92
0O ~72.8 ~18.3 ~8.9
D 71.4 18.0 10.6
L+ D=0, + FeAl ~1075 U, L 748 13.0 12.2
D 72.4 15.3 12.3
0, 74.0 15.0 11.0
Fe,Al;; 755 6.0 18.5
L + aCrsAlg = e~(Cr,Fe)Aly 1055 p7, max L ~82.6 ~15.0 ~2.4
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Reaction T (°C) Type Phase Composition (at.%)
Al Cr Fe
L + aCrs;Alg = e-(Cr,Fe)Al, + O, 1045 Uy L 82.4 14.3 33
aCfSAlg ~70 ~27 ~3
e-(Cr,Fe)Al, ~77 ~20 ~3
O, ~76 ~20 ~4
L + aCrsAlg = e-(Cr,Fe)Al, + CrAl, 1035 Uy L 83.0 15.0 2.0
aCrsAlg ~70 ~28 ~2
e-(Cr,Fe)Al, ~77 ~21 ~2
CrAl, ~78 ~20 ~2
L + e-(Cr,Fe)Al; + Oy = o-(Cr,Fe)Al; ~1026 Py L ~84 ~13 ~3
L+ O; +FeyAlj3=H 998 P, L 84.0 9.0 7.0
0O, 77.1 14.7 8.2
Fe, Al 76.7 4.8 18.4
H 80.0 12.0 8.0
L+ e-(Cr,Fe)Aly = CrAl, + o-(Cr,Fe)Al, ~985 Us L ~85 ~13 ~2
L+ O =o0-(Cr,Fe)Al; + H ~980 Ug L ~85 ~9 ~6
L + CrAly + o-(Cr,Fe)Al, = CryAly4 913<T<985 P; - - - -
L + o-(Cr,Fe)Aly = CryAl;; + H 900<7<980 Uy - - - -
L + Cr,Al}; = CrAl; + H 750 Ug L 96.8 2.3 0.9
CrAlyy ~83.0 ~15.5 ~1.5
CrAl, ~86.0 ~13.0 ~1.0
H ~82.3 ~14.2 ~3.5
L+ H = CrAl; + FeyAlj5 660 Uy L 97.6 0.6 1.8
H 82.7 11.0 6.3
CrAl, 86.0 11.5 2.5
FC4A1 13 ~T77 ~4 ~1 9
L + CrAl; = FeyAl 3 + (Al) 657 Uy L 98.0 0.3 1.7
CrAl; 86.6 11.0 2.4
FC4A113 ~77 ~1 ~22
(Al) 99.7 0.2 0.1

* Compositions of liquid phase for the maxima in the monovariant lines are as-read from the original figure by [2011Kho2]

Table 4: Thermodynamic Properties of the (Cr, a0Fe) Phase

Phase Temperature Property per mole of atoms Comments
O (J, mol, K)
(Cr, a0Fe) 1227 an =33 = 1.4)1073 Cry9.gFeq7; 2Alg (at.%), Knudsen effusion mass
ac;=0.28 £ 04 spectrometry [1992Hil]

age =0.50 + 0.07
Fua =-42.0 = 7.0
Fuer =43+ 1.9
Fupe=—4.4+2.0

(Cr, adFe) 1177 [2013Mar], Knudsen effusion mass
spectrometry
ap1 = 0.11 CI']3F656A131 (at%)
acy=0.19
ape =033
AG;=-18.4
ap1 = 0.07 CI']7F654.5A128.5 (at%)
acy =023
ape = 0.35
AG;=-19.1
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132 Al-Cr—Fe
Phase Temperature Property per mole of atoms Comments
(°O) (J, mol, K)
(CI', (xﬁFe) 1177 ap| = 0.048 CI'19F655A126 (at.%)
(continued) (continued) ac,=0.26
ape = 0.38
AG;=-19.0
ap| = 0.16 CI'21F644A135 (at.%)
ac,=0.23
ape=0.19
AG;=-20.2
ap| = 0.031 CI'24‘4F655A120‘5 (at.%)
ac,=0.28
dfe = 0.41
AG;=-18.2
ap| = 0.028 Cr31Fe48A121 (at.%)
ac,=0.34
aFC = 035
AG;=-19.2
ap| = 0.009 CI'35F654A111 (at.%)
ac, =043
aFe = 053
AG;=-14.0
(Cr, adFe) 1027 [2008Jac], Knudsen effusion mass spectrometry

AH,p =-22.74 + 2.0
AH =—11.05 + 1.1

Cry5 1 Feys 1 Alzg g (at.%)
Cry0 2Fesq 9Alg ¢ (at.%)

Table 5: Investigations of the Al-Cr-Fe Materials Properties

Reference Method/Experimental Technique Type of Property

[1940Kor2] Electrical measurements Electrical resistivity

[1946Kor] Brinell indentation, electrical measurements, Hardness, electrical resistivity, thermal

dialtometry expansion RT to 1000°C

[1955Tag], Rockwell indentation Hardness

[1958Tag]

[1968Bul] Brinell hardness test, electrical measurements  Hardness, electrical resistivity RT to 950°C

[1969Kal] Magnetic measurements, neutron diffraction Magnetic susceptibility RT to 500°C, magnetic
moment, Néel temperature

[1971Sto] TGA in O, atmosphere Oxidation behaviour at 1000°C and 1200°C

[1974Niz], Magnetic measurements, neutron diffraction Magnetic susceptibility -170°C to 500°C,

[1975Lit] magnetic moment

[1981Bus] VSM Curie temperature, magnetization at RT

[1982Nao] Vickers indentation, tensile tests, bending tests, Microhardness, yield stress, UTS, elongation,

electrical measurements and electrical resistivity at RT; temperature

coefficient of resistivity RT to 500°C

[1983Bus] VSM, Kerr rotation measurements Curie temperature, saturation moment at
-269°C, magnetization at RT, Kerr rotation

[19850kp] VSM Magnetization and magnetic susceptibility
-196°C to RT

[1986Sme] Oxidation tests in air Oxidation behaviour at 1050°C

[1989McK] Tensile tests (0.2%) yield stress at RT and 600°C

[1991Pra] Knoop indentation on melt-spun ribbons Microhardness

[1991Sik1] Tensile tests 0.2% yield stress, UTS, elongation, creep
behaviour 450 to 704°C
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Al-Cr-Fe 133
Reference Method/Experimental Technique Type of Property
[1993Kni] Tensile tests Yield stress and elongation 700 to 850°C
[1994Hyd] Electrical measurements Electrical resistivity RT to 1200°C
[1995Sta] VSM Magnetic susceptibility -273 to -73°C
[1996Jim] Compression tests Creep behaviour 750°C to 1000°C
[19978Sat] Magnetic balance, neutron diffraction Magnetization at -196°C and RT, magnetic
moments at -263°C, -196°C and RT
[19988Su] Tensile tests 0.2% yield stress, UTS and elongation at RT
[1998Sun] Tensile tests UTS and elongation at RT
[2000Spi] Compression tests Compressive yield stress, work-hardening
behavior
[2002Zho] Torsion measurements Internal friction RT-620°C
[2004Dem] Optical measurements and wetting of thin films Reflectivity, absorption and contact-angle
[2004Hua] Tensile tests 0.2% yield stress and elongation at RT & 600°C,
creep behaviour at 600°C
[2004Wu] VSM Magnetization -196°C to RT
[2004Zha] SQUID, electrical measurements Magnetic susceptibility, magnetization, and
electrical resistivity -273°C to RT, DOS
[2005Bel] SQUID, electrical measurements, NMR Magnetic susceptibility and electrical resistivity
spin-lattice relaxation, SXES -273°C to RT, relaxation rates -196°C to RT,
DOS
[2005Regl], TGA Oxidation, sulfidation and oxidation/sulfidation
[2005Reg2] behaviour at 500°C
[2005Zha] TGA in O, atmosphere Oxidation behaviour and mass gain at 1000°C
[2006Bih] SQUID, electrical measurements, heat flow Magnetization, electrical resistivity -269°C to
RT, thermal conductivity -265°C to 42°C
[2006Gol1], Mechanical spectroscopy, DSC, VSM, Vickers Curie temperature, magnetization RT to 650°C,
[2006Gol2] indentation internal friction RT to 600°C, microhardness
[2006Sha] Tensile tests Yield stress 600°C to 1000°C
[2007Chi] TIG weldability study, Vickers indentation, Microhardness, time-to-failure in humid air and
four-point bending WDA40 oil
[2007Cho] Electrochemical corrosion tests Ecor Etvanss Epps 1n » I in 0.1M H»SOy4 and
0.1 M H,SO4 + 0.001M KSCN; pitting
corrosion in 0.1 M HCI
[2007Pad] Magneto balance, SQUID Curie temperature, magnetization -273°C to
70°C, magnetic saturation & magnetic moment
at -269°C
[2007Pan] Nanoindentation, electrical measurements Nanohardness, electrical conductivity
[2008For] Catalytic activity measurements Hydrocarbon and CO conversion ability
[2008Lu] Corrosion tests in H,-CO, and Corrosion behavior at 600°C
H,-HCI-H,S-CO,
[2008Pav1] Magnetometer, mechanical spectroscopy Curie temperature, magnetization RT to 650°C,
internal friction -180°C to 650°C
[2008Pin] Cyclic oxidation tests in air Oxidation behaviour and mass gain 700°C to
1000°C
[2009Dea] Sulfidation-oxidation tests Corrosion behaviour at 500°C and 700°C, mass
change
[2009Gol] Mechanical spectroscopy, VSM Internal friction 400°C to 650°C
[2010Air] Oxidation tests in O, Oxidation behavior at 1000°C
[2010Bra] Sulfidation-oxidation tests in H,S-H,-H,O-Ar  Corrosion behaviour at 600°C
[2010Gal] Tensile tests UTS RT to 355°C
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134 Al-Cr—Fe
Reference Method/Experimental Technique Type of Property
[2010Kob] Vickers indentation Microhardness at 475°C
[2010Kra] Tensile tests Tensile strength
[2010Sch] Tensile tests, fatigue tests 0.2% yield stress, UTS, Young's modulus, LCF
at RT & 300°C
[2011Hei] Oxidation, XPS, DFT-EMTO Initial stages of oxidation
[2011Kim] Oxidation tests in air Oxidation behavior 900-1100°C
[2011La] Vickers indentation, compression tests Hardness, compressive 0.2% yield stress at RT
[2011Tom] Electrochemical corrosion tests in 0.1 mol/L Anodic polarization curves, mass change
HC1
[2012Lam] Mechanical spectroscopy, DSC Internal friction, Curie temperature
[2012Ume] SQUID, VSM Magnetization, thermomagnetization -273°C to
100°C, magnetic moment, Curie temperature
[2013Nei] Vickers indentation, tensile tests Microhardness; yield stress, UTS, and
elongation RT to 300°C
[2015Sus] Physical property measurements, SQUID Magnetic susceptibility -273°C to 100°C,
magnetic ordering, DOS
[2016Lil] Vickers indentation, four-point bending tests, =~ Martens microhardness, brittle-to-ductile
compression tests transition temperature (BDTT), compressive
0.2% yield stress at 600°C to 1000°C
[2016Sve] Dilatometry Thermal expansion
[2017Kra] Compression tests Compressive 0.2% yield stress at 800°C
[2019Cha] Nanoindentation Hardness, Young’s modulus
2000
. 1 1863°C
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