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a b s t r a c t

Improving our fundamental understanding of the oxidation of multicomponent alumina-forming alloys is
crucial to their ongoing development. In this work, high-throughput methods were developed to study
oxidation of AlxFeyNi1�x�y alloys in dry air at 427 �C using composition spread alloy films as combinato-
rial libraries (x = 0 ? 1, y = 0 ? [1�x]). The results divide the AlxFeyNi1�x�y composition space into four
regions of phenomenologically distinct oxidation behaviour. The boundary defining the critical Al
concentration, N�Al (x, y), for establishment of a passivating Al2O3 scale was determined across the entire
continuous AlxFeyNi1�x�y composition space.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Internal vs. external oxidation and N�Al in alumina-forming alloys

Metal alloys are ubiquitous in modern technology, with applica-
tions in areas ranging from structural materials to electronics,
catalysis, and more. Properly designed alloys can achieve other-
wise-unattainable combinations of mechanical, chemical, and eco-
nomic characteristics that are superior to those of any of their pure
elemental components. An alloy’s functional properties arise from
interactions among its component species and with the local oper-
ating environment, and can vary drastically with atomic composi-
tion (i.e. atomic fraction of each component). When this is the case,
composition optimization becomes an integral part of alloy design.
Oxidation-resistant alloys are an important example of alloys for
which key properties are highly dependent on composition [1,2].
Many next-generation structural applications of alloys require
continuing development and improvement of their oxidation resis-
tance for use in high-temperature environments. Selection of alloy
composition is often critical to achieving the desired combination
of mechanical properties and oxidation resistance in thermochem-
ically harsh environments [1–3].

‘‘Alumina formers’’ are a type of metal alloy widely developed
for oxidation resistance in high-temperature applications. An alu-
mina former is an alloy that, under operating conditions, preferen-
tially forms a continuous alumina (Al2O3) layer or ‘‘scale’’ at or near
its surface, creating a diffusion barrier that ‘‘passivates’’ the under-
lying material against further oxidation, greatly retarding bulk oxi-
dation [3–7]. Passivation of an alloy surface by oxide scale
formation is referred to as ‘‘external oxidation’’, while progressive
oxidation of the bulk is known as ‘‘internal oxidation’’ [2,7–12].
Provided that a sufficiently dense and adherent scale is main-
tained, Al2O3 can remain stable and protective in oxidizing envi-
ronments at temperatures >1280 �C [1–4,6,13]. The a-phase of
Al2O3 is the most desirable and protective, but is only formed sig-
nificantly at temperatures >950 �C by the conversion of more rap-
idly growing, pseudo-stable Al2O3 structures [4,14,15]. A minimum
‘‘critical Al concentration’’, N�Al, is required in an alloy for initial
establishment of a continuous Al2O3 scale; for sub-critical Al con-
centrations, discontinuous Al2O3 is formed, leaving diffusion paths
that allow continuing oxidation of the bulk [2,6,8,12,13,16]. The
value of N�Al is dictated by a balance between the rate of oxygen
permeation into the alloy and the diffusion of Al to the alloy sur-
face [8]. Design of alumina-forming alloys is complicated by the
fact that increasing Al content tends to mechanically compromise
alloys by increasing their brittleness [2,9,13,17–19]. For this rea-
son, it is desirable in structural applications to use the lowest Al
content possible, while still providing adequate oxidation resis-
tance. Therefore, rational design of any multicomponent alumina
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former requires a thorough understanding of how N�Al varies across
the viable composition space.

1.2. Development of AlFeNi-based alumina formers

Al, Fe, and Ni are three of the main components in many alu-
mina-forming structural superalloys [7,17,20–23]. Cr is often
included as a fourth major component because it lowers the N�Al

needed for establishment of an Al2O3 scale by what is termed a
‘‘third-element effect’’ [1–3,6,7,20,21]. In many oxidation-resistant
alloys that do not contain Al (such as traditional stainless steels), Cr
is incorporated to allow protective Cr2O3 scale formation, but these
materials exhibit oxidation resistance at >900 �C that is inferior to
that of the alumina formers. This is particularly true in environ-
ments containing both H2O and O2 due to the formation of volatile
Cr-oxyhydroxides and the resulting evaporation of the scale
[1–3,5,7,17,20,24,25].

AlCrFeNi-based alloys constitute a class of superalloys that
behave as alumina-forming austenitic stainless steels (AFASSs) in
various environments at temperatures <900 �C [7,17,20,21].
Increasing the Fe content of an AlCrFeNi-based AFASS decreases
raw-material cost and increases the melting point. However, Ni
must be maintained at a high enough concentration to induce for-
mation of a mechanically robust, austenitic (face-centred cubic)
matrix structure [7,17,20,21]. Increasing the Fe, Al, and/or Cr con-
tent of the AFASS stabilizes a ferritic (body-centred cubic) matrix
structure (observed at <912 �C in pure Fe), which causes brittleness
at low temperatures and poor creep resistance at high tempera-
tures [7,17,20,21]. As a consequence, increases in the Al and/or
Cr content to improve oxidation resistance requires the replace-
ment of some fraction of Fe with Ni in order to maintain mechan-
ical integrity, which both makes the alloy more expensive and
lowers its maximum operating temperature. Thus, as is the case
with most alumina formers, accurate knowledge of the depen-
dence of N�Al on composition is central to the design of AFASS alloys.

A significant limitation to determining optimum compositions
of high-temperature AlCrFeNi-based alloys is that experimental
studies of their properties have focused on single-composition
samples [7,17,20,21,23]. Understanding of the influence of compo-
sition on oxidation behaviour has been achieved by cumbersome
methods using large numbers of samples. Efforts to rigorously
maximize the potential of these alloys must focus on development
of materials models for accurate prediction of oxidation behaviour
as a function of composition. Such models would be significantly
improved by comprehensive experimental measurement of oxida-
tion behaviour across continuous, multi-dimensional composition
spaces, but this is prohibitively time consuming when using sin-
gle-composition alloy samples.

1.3. High-throughput assessment of AlxFeyNi1�x�y oxidation

Experimental study of alloy properties across composition
space traditionally requires preparation and characterization of a
large set of discrete, single-composition samples. The time invest-
ment required for thorough exploration of a composition space
quickly becomes impractical as either the number of components
or the desired composition resolution increase. Measurement of
properties in alloys can be greatly expedited through the use of
composition spread alloy film (CSAF) sample libraries [26]. CSAFs
are substrate-supported alloy films with continuous, lateral com-
position gradients. Since a ternary composition is specified by
two, bounded degrees of freedom, an entire ternary composition
space can, in principle, be contained on a finite, two-dimensional
surface. CSAFs with properly positioned gradients can, therefore,
serve as libraries containing all possible compositions of a ternary
alloy, as shown in Fig. 1. When coupled with rapid, spatially

resolved characterization techniques, CSAFs allow measurement
of composition-property relationships across the entire ternary
composition space in a single experiment. Such combinatorial
methods have been used increasingly for study of a diverse range
of problems in materials science [15,19,26–29].

We have used AlxFeyNi1�x�y (subscripts designate atomic frac-
tions) CSAF libraries to develop an experimental methodology for
high-throughput assessment of oxidative passivation across alloy
composition spaces. Basic oxidation behaviour relevant to AFASS
alloys and other alumina formers of interest can be observed in
the ternary AlxFeyNi1�x�y system. Of particular interest are the
AlxFeyNi1�x�y composition regions that establish a protective
Al2O3 scale under a given set of oxidation conditions, i.e. the
exposure history of an initially clean alloy to various temperatures
and partial pressures of ambient O2 and/or other oxidizing
species. Spatially resolved characterization of an oxidant-exposed
AlxFeyNi1�x�y CSAF can reveal whether or not oxidation of a given
composition has resulted in the establishment of a continuous
Al2O3 passivation layer. Depending on alloy composition and
the environment to which an alumina former is exposed, a
passivating Al2O3 scale may develop either at the surface or in the
subsurface beneath one or more layers of other oxides [2–4,6,8–
10,12,17,18,22,30–33]. Once a continuous Al2O3 layer is established,
further oxidation by scale thickening occurs with a slow parabolic
growth rate [2,6,15]. Using AlNi alloys, Pettit showed that a second
critical Al concentration, N��Al , is required for an alloy to supply
sufficient Al to maintain this slow parabolic growth and ensure
long-term scale stability, but his findings suggest that N��Al is only
greater than N�Al at temperatures >630 �C [34].

In this work, AlxFeyNi1�x�y CSAFs spanning all of ternary compo-
sition space (x = 0 ? 1, y = 0 ? [1�x]) were deposited across
14 � 14 mm2 polycrystalline Mo substrates and used for high-
throughput, oxidation-characterization experiments. The targeted
composition spread geometry is shown in Fig. 1. Our CSAF deposi-
tion capabilities limit their thickness to <200 nm. Therefore, we
have focused on the early oxidation mechanisms occurring in CSAFs
exposed to dry air for 64 h at 427 �C (relatively mild conditions for
alumina formers). The goal was to locate the boundaries between
composition regions that exhibit different internal and external oxi-
dation behaviour, particularly the boundary defining the critical Al
content for establishment of a passivating Al2O3 scale, N�Al (x, y).
To accomplish this, we developed a novel methodology for
high-throughput oxidation studies on CSAFs. Characterization of
AlxFeyNi1�x�y CSAF composition gradients was performed in a
scanning electron microscope (SEM) by automated composition
mapping using energy-dispersive X-ray spectroscopy (EDX). For
CSAFs exposed to dry air at 427 �C, visual analyses of oxidation-
induced colour changes on their surfaces were sufficient to identify
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Fig. 1. Targeted spatial distribution of AlxFeyNi1�x�y CSAF compositions on the
substrate surface. The central triangular region contains all ternary compositions
and is surrounded by full-range binary and pure-component regions.
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