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Abbreviations and Symbols

a0 Lattice constant a
A2 Strukturbericht symbol
AIM Air induction melting
at.% Atom percent
B2 Strukturbericht symbol
B20 Strukturbericht symbol
BDTT Brittle-to-ductile transition temperature
b.c.c. Body-centered cubic
◦C Degrees centigrade
cm Centimeter
cP8 Pearson symbol
CVD Chemical vapor deposition
D88 Strukturbericht symbol
D03 Strukturbericht symbol
ε̇ Strain rate
ECorr corrosion potential
ESR Electroslag remelting
f.c.c. Face-centered cubic
g Gram
GPa Gigapascal
h Hour
hcp Hexagonal close-packed
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hP6 Pearson symbol
hP16 Pearson symbol
HCF High-cycle fatigue
kp Parabolic rate constant
L21 Strukturbericht symbol
LMD Laser metal deposition
m Meter
μB Bohr magneton
MPa Megapascal
μm Micron meter
oC48 Pearson symbol
� Ohm
ORNL Oak Ridge National Laboratories
s Second
σ 0.2 0.2% yield stress
SCE Saturated calomel electrode
SOFC Solid oxide fuel cell
TC Curie temperature
TCP Topological close-packed
tP3 Pearson symbol
TRIP Transformation-induced plasticity
TRW Inc. Thompson Ramo Wooldridge Incorporated
US United States
V Voltage
VIM Vacuum induction melting
vol.% Volume percent
wt.% Weight percent
YSA Yield stress anomaly

10.1 Introduction

Intermetallic phases – commonly abbreviated as intermetallics – are phases which
have different crystallographic structures than the elements they constitute of [1].
They can appear as precipitates, e.g., Laves, μ, or σ phase in steels, or form the
base material like FeAl and Fe3Al in iron aluminide-based alloys or Fe3Si in Fe–
Si alloys. The ordered intermetallic phases are usually rather strong, and many of
them are stable up to high temperatures. Therefore, they have been considered as
strengthening precipitates since long.

The most prominent example of precipitation hardening of steels by intermetallic
phases are classical maraging steels. In these low-carbon steels with Ni contents
of about 12–25 wt.% and additions of Ti, Al, Nb, Mo, Co etc., finely distributed
intermetallic phases are precipitated when martensite transforms to austenite during
aging (maraging) at 400–500 ◦C [2, 3]. Which intermetallic phases form depends



10 Iron-Based Intermetallics 425

on alloy composition, temperature, and time of maraging. Besides (Ni,Fe)Al, Ni3Ti,
Ni3Mo, and NiTi, the σ-phase FeMo and the Laves phases Fe2Ti and Fe2Mo are
frequently observed intermetallic precipitates. The fine intermetallic precipitates
effectively hinder the movement of dislocations. The resulting high-strength steels
are, e.g., used as tool steels for application at high temperature. More recently, the
concept of maraging has been transferred to other steels and combined with the
transformation-induced plasticity (TRIP) effect [4]. On the other hand, Laves and
σ-phases have been considered as detrimental in steels and superalloys because they
may cause grain boundary embrittlement [5–7] and a loss in creep strength after
prolonged service [8].

This chapter focuses on ferrous materials that are based on intermetallics, i.e.,
iron aluminides and iron silicides, as well as ferrous materials which gain there
properties from specific microstructures achieved by intermetallic phases.

10.2 Iron Aluminides

Alloys based on the phases Fe3Al and FeAl are lightweight (densities 5.7–
6.7 g/cm3) Fe-based materials with high wear resistance and excellent corrosion
resistance. For applications, alloys in the composition range between about 15 and
40 at.% Al (8–24.5 wt.% Al) are of specific interest. The lower value corresponds
to the Al content necessary to form protective Al2O3 scales; above the upper value
the alloys become inherently brittle. Already around 1900 it was recognized that
Fe becomes wear and oxidation resistant by alloying with Al. From the 1940s
onward, numerous alloy developments were carried out, however usually with the
outcome that brittleness and insufficient strength at high temperatures precluded
their industrial application. New alloy concepts and economic pressure to minimize
the use of strategic elements have revived industrial interest in these alloys in recent
years [9].

10.2.1 Phases and Phase Diagram

Figure 10.1 shows the Fe–Al phase diagram. The liquidus temperatures in the Fe–Al
system were established in 1908 and the outline of the phase equilibria by 1930, and
then the first compendium on binary phase diagrams already contained a version,
which was close to the present one [10]. The system contains six intermetallic
phases in all. The three Al-rich phases FeAl2, Fe2Al5, and Fe4Al13 all have low-
symmetrical crystal structures, which make them rather brittle. They have only
limited homogeneity ranges and melting temperatures between 1150 and 1158 ◦C.
The phase Fe5Al8 is only stable above 1095 ◦C and decomposes eutectoidally even
during quenching.
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Fig. 10.1 Fe–Al phase diagram constructed on the basis of [11] with changes in the Al-rich part
according to [12]

In view of structural applications, the two Fe-rich phases Fe3Al and FeAl are
of interest. The cubic D03-ordered phase Fe3Al is stable between about 23 and
36 at.% Al and up to a temperature of 545 ◦C. B2-ordered FeAl is also cubic.
It has a wide homogeneity range between 23 and 53 at.% Al and is stable up
to 1318 ◦C. On heating, Fe3Al transforms to FeAl by a second-order transition.
Alloys of up to 45 at.% Al transform from FeAl to disordered cubic (αFe), and the
transition temperatures increase markedly with increasing Al content. On cooling
both transformations cannot be suppressed by quenching.

10.2.2 Alloy Developments

The first reports about “aluminum steels” and Al in cast iron date from 1890 [13,
14]. By the 1930s patented alloys exited in Russia (Cugal) and in Britain [15,
16]. The first better documented alloy developments are Alfenol and Thermenol
by the US Naval Ordnance Laboratory and Pyroferal in former Czechoslovakia in
the 1950s. Alfenol was originally developed for magnetic applications. The binary
alloy contained 28.3 at.% Al (16 wt.%) of which strips and tapes were produced
by hot and cold rolling [17]. Thermenol is a Fe–Al–Mo-based alloy designed
for high-temperature use, e.g., for jet engine compressor blades [18]. Both alloy
developments were continued at the Ford Motor Company in conjunction with the
Wright Air Development Center and resulted in the production and testing of a
number of parts, e.g., heat treatment boxes and a turbine exhaust cone [19–21].
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Other alloy developments at this time in the USA to note are “DB-2” a Fe–Al–
Cr–Nb–Zr-based alloy at The Martin Company and Fe–Cr–Al alloys at the Battelle
Memorial Institute [22, 23]. Pyroferal is a Fe–Al–C-based alloy, with an Al content
of 44.5–46.5 at.%, from which various cast parts for use in industrial furnaces
were produced on a larger scale [24, 25]. Thermagal denotes a series of Fe–Al–
C-based alloys developed in the 1960s in France and was used to produce a large
variety of parts, e.g., crucibles, apparatuses for chemical industries, parts for mineral
crushers, heating elements, permanent magnets, etc. [26]. Activities on Alfenol
and specifically Thermenol were continued until the early 1970s under contract
of the Office for Saline Water in search for corrosion-resistant tubes for seawater
desalinization [27]. Pratt & Whitney and TRW Inc. under contract of the Air Force
Wright Aeronautical Laboratories investigated the potential of Fe–Al alloys for
application in aircraft engines in the 1980s [28, 29].

The alloy developments pursued at Oak Ridge National Laboratories (ORNL)
are most prominent. Already involved in the study of dispersion-strengthened iron
aluminides in 1960 [30], ORNL started large-scale activities on the development
of iron aluminide-based alloys in the mid-1980s within the Fossil Energy Materials
Program of the US Department of Energy. Series of alloys termed FA, FAL, FAS,
etc. were developed and extensively characterized, and processing was studied in
detail involving numerous industries. The work yielded a substantial understanding
of iron aluminide alloys and is well documented in the Proceedings of the Annual
Conference on Fossil Energy Materials and a number of review papers [31–35].

Other more recent activities to note are the development of the Al-rich oxide
dispersion-strengthened alloy Grade 3 in France [36] and Fe–Al–C-based alloys
in India at the Defense Metallurgical Research Laboratory [37, 38]. Also at the
authors’ institution, research on iron aluminides has a long tradition. Currently, at
authors’ institution alloys are developed using a variety of alloying concepts, and
their processing and behavior under application conditions is studied in cooperation
with industry [39].

10.2.3 Peculiar Features of Iron Aluminides

Iron aluminides show three peculiar features: unusual high vacancy concentrations,
a yield stress anomaly (YSA) and environmental embrittlement. As all of them
strongly influence the mechanical behavior, understanding these features is essential
to assess the mechanical behavior of iron aluminide alloys.

FeAl and Fe3Al both have low enthalpies for the formation of constitutional
vacancies and therefore can contain up to 2 vol.% of vacancies at room temperature
[40, 41]. The quenched-in vacancies have a strong hardening effect by lowering
the mobility of dislocations, and therefore the yield strength at room temperature
for a given alloy can vary by two to five times in dependence on the vacancy
concentration [42, 43]. As the amount of quenched-in vacancies increases with
increasing cooling rate, processing has a marked influence on the yield strength.
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Fig. 10.2 Tensile or compressive σ 0.2 yield stress of binary Fe–Al with 26–28 at.% Al at a strain
rate of ε̇ = 1 × 10−4 s−1. In the orange shaded area, the yield strength is dominated by quenched-
in vacancies: high vacancy concentration after rapid cooling after laser metal deposition (LMD),
intermediate vacancy concentration after moderate cooling during casting, and minimum vacancy
concentration after annealing at 400 ◦C for 672 h. The blue shaded area denotes the temperature
range where the yield stress is affected by the yield stress anomaly (YSA), where the blue arrow
indicates the dependence of the YSA on deformation rate. (Figure taken from Ref. [9])

A minimum of quenched-in vacancies can be attained by annealing at 400 ◦C for
100 h [44]. Figure 10.2 shows the influence of varying vacancy concentrations on
the σ0.2 yield stress of binary Fe–Al.

Between about 400 ◦C and 600 ◦C, iron aluminide-based alloys show an increase
of the yield strength with increasing temperature, a feature not unusual for ordered
intermetallic phases (Fig. 10.2). As the yield strength is expected to decrease with
increasing temperature, this phenomenon has been termed yield stress anomaly
(YSA). In the case of the iron aluminides, the YSA is caused by a change in
the dislocation structure at these temperatures, decomposition of superdislocations
creating local pinning points, and interaction of the debris with quenched-in
vacancies [45–50]. The YSA is strongly strain rate dependent, decreasing with
decreasing strain rate and vanishing at strain rates below 1 × 10−7 s−1 [51, 52]
(Fig. 10.2). The practical implications are that the YSA makes hot forming between
400 and 600 ◦C difficult while it does not contribute to strengthening during creep.
It is also noted that the actual yield strength at the maximum of the YSA and the
temperature where this maximum occurs can be markedly influenced by alloying.
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Fig. 10.3 Tensile yield stress of binary Fe–Al in different test environments. (Reproduction of the
classic experiments by C.T. Liu et al. as shown in Ref. [31])

Fe3Al- and FeAl-based alloys usually show a limited ductility of 2–4% total
elongation at room temperature, which is still not bad compared to other inter-
metallic phases. Both phases are ductile when tested in hydrogen-free environments
but fail in a brittle manner in the presence of moisture or hydrogen (Fig. 10.3).
This phenomenon is termed environmental embrittlement and is caused by an
embrittlement of crack tips by hydrogen, which is produced by the reaction
3H2O + 2Al3+ ↔ 6H+ + Al2O3 [53, 54]. A detailed review on the topic is given
by Zamanzade and Barnoush [55].

10.2.4 Strength, Ductility, Fatigue, Wear, and Erosion

Lack in strength at high temperatures has been the main obstacle for a wider use of
iron aluminides. Therefore a substantial part of the research on iron aluminides has
been devoted to evaluate different strengthening mechanisms [56–61].

Binary Fe–Al alloys lose their strength when Fe3Al transforms to FeAl, i.e., at
545 ◦C at the latest. Solid solution hardening by a third element is well possible as
many elements have a large solid solubility in Fe3Al and FeAl. By solid solution
hardening, the yield strength can be markedly raised, e.g., by alloying with 4 at.%
V, Ti, or Mo, the yield strength can be increased from about 20 MPa to about 95–
115 MPa at 800 ◦C [61] (Fig. 10.4).

In analogy to steels, much work has been devoted to strengthen iron aluminide-
based alloys by carbide precipitates. However, no substantial strengthening has been
achieved. For Fe–Al–C alloys containing Fe3AlC precipitates, the yield strength
drops markedly above 600 ◦C and equals that of a precipitate-free alloy of same Al
content at 800 ◦C [64, 65] (Fig. 10.4). Fe–Al–X–C alloys with different carbide
precipitates and additional solid solution hardening of the matrix show a less
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Fig. 10.4 Compressive yield strength at 800 ◦C of iron aluminide alloys containing 23–28 at.%
Al and strengthened by different mechanisms (strain rate ε̇ = 1 × 10−4 s−1). Temperatures given
in red indicate brittle-to-ductile transition temperatures. (Data from Refs. [61–74])

pronounced decrease of the yield strength above 600 ◦C, but with about 110 MPa,
they only show about the same strength as solid solution hardened alloys [65] (Fig.
10.4). Analysis of published data shows that carbides have a limited strengthening
effect above 600 ◦C and no effect at 800 ◦C. Reasons are difficulties to attain an
even distribution of fine carbide precipitates, which effectively hinder dislocation
movement and rapid coarsening of carbides at high temperatures.

Borides have about the same limited strengthening effect as carbides, but they
may form finer precipitates, which do not coarsen at high temperatures [75] (Fig.
10.4). Precipitation hardening by another intermetallic phase is also possible,
specifically by Laves phases, as in many Fe–Al–X systems, respective phase
equilibria between Fe3Al or FeAl and a Laves phase exist [61]. As Laves phases
have a much higher strength than the iron aluminides, strengthening will depend on
the volume fraction of the precipitates. Though this would yield in principle very
strong alloys, again generation of fine and evenly distributed precipitates is very
difficult, and respective alloys are therefore rather brittle [76]. However, in a few Fe–
Al–X systems, the precipitated Laves phase forms a film on the iron aluminide grain
boundaries, and such alloys show an appreciable strength [77]; see Sect. 10.5. For
strengthening by the formation of coherent microstructures involving α-Fe, FeAl,
and Fe3Al/Fe2XAl, see Sect. 10.4.
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Iron aluminides lose their strength when f.c.c. Fe3Al transforms to b.c.c. FeAl;
therefore stabilizing the f.c.c. structure at higher temperatures by alloying is another
viable method to increase their strength. Actually the transition temperature can be
raised substantially by a number of elements, most prominently by Ti up to 1212 ◦C
[78]. Respective alloys can have a yield strength of about 400 MPa at 800 ◦C but
are also rather brittle [68] (Fig. 10.4).

With respect to creep resistance, the various strengthening concepts are as
effective as for increasing the yield strength. Compared to the advanced Cr-
containing steel P92, iron aluminide-based alloys containing carbide or boride
precipitates show an inferior creep resistance at 650 ◦C, while those strengthened
by coherent precipitates or those with Fe2XAl matrix can have substantially higher
creep resistance [39].

As for other materials, strengthening of iron aluminide-based materials in most
cases reduces the limited ductility even more [79]. While the change from brittle to
ductile behavior for binary Fe3Al and FeAl gradually takes place until about 100 ◦C
where the alloys are ductile, ternary and higher-order alloys usually show a marked
brittle-to-ductile transition temperature (BDTT), which can be higher than 800 ◦C
[39] (Fig. 10.4). Until today, no general principle for increasing the ductility of iron
aluminide-based materials has been found. Reduction of the grain size below about
10 μm, optimizing the Al content, and alloying with boron for a better cohesion
of the grain boundaries and with chromium to reduce the effect of environmental
embrittlement have been suggested for maintaining or even improving ductility [31,
60, 80, 81]. However, none of these methods is without exemption, and their effects
are limited.

As iron aluminides show rather quick coarsening at elevated temperatures,
control of the grain size, e.g., by precipitates at the grain boundaries, is important. It
has also been shown that thermomechanical processing can increase the ductility
compared to their as-cast counterparts. Minimizing the amount of quenched-in
vacancies may also enhance ductility. Still ductility may be limited to 2–4%, but
this has proven to be sufficient for many applications.

Comparable few data are available for fatigue of iron aluminides, and as these
data have been obtained on a variety of alloys and by different tests, general trends
are difficult to identify [82]. Studies of the fatigue crack growth in Fe3Al- and
FeAl-based alloys revealed that environmental embrittlement by moist air again has
a major effect, though no straightforward relation between ductility under static
loading and cyclic loading has been found [83, 84]. Other observations were that
alloys with coherent (αFe) + Fe3Al microstructures showed a higher resistance
against high-cycle fatigue (HCF) than single-phase Fe3Al, and it was found that the
anomalous strengthening in the temperature range of the YSA does not necessarily
result in an increased fatigue life [85, 86].

Iron aluminides possess a good to excellent wear resistance, and, therefore, quite
a number of investigations have been performed [87, 88]. In view of the variety of
test methods, test conditions, and tested alloys, it is again difficult to find general
trends.
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Because of their good wear resistance, iron aluminides have not only been
explored as bulk alloys but also as coatings, as binder for cemented hard phases, or
as hard phase in a ductile binder. Wear resistance increases with increasing hardness,
which increases with the Al content in binary Fe–Al alloys, by the formation of
an Al2O3 oxide scale, through alloying, or by addition of a hard second phase.
The beneficial effect of an oxide scale in improving wear by reducing scuffing
has been attributed to its higher hardness and the ceramic nature of the scale [89].
Environmental embrittlement again may have some influence, because a decrease
in wear resistance has been observed during wet abrasion [90].

The erosion behavior of iron aluminide alloys and cermets shows a ductile
behavior [91]. The erosion resistance increases with increasing Al content, which is
explained by an increase of strain hardening rates, leading to rapid work hardening
of the surface, which limits deformation to a shallow region [91]. Specifically at high
temperatures in oxidizing atmospheres, the erosion behavior of an iron aluminide
can be favorable compared to steel [88].

10.2.5 Corrosion

The outstanding corrosion resistance of Fe3Al and FeAl is related to their ability
to readily form passive layers or thin and adherent oxides scales, for which,
depending on environmental conditions, a minimum of 15–18 at.% Al is necessary
(Fig. 10.5). Specifically in oxidizing atmospheres, they form Al2O3 scales which
have parabolic rate constants up to two magnitudes lower than for Cr2O3-forming
alloys, and, therefore, Fe3Al and FeAl show a better oxidation resistance in many
environments [56, 92–94]. Al2O3 scales are also protective in many other corrosive
environments. For example, resistance against metal dusting, i.e., disintegration
of Fe-based materials due to carburization, can be markedly improved [95, 96].
For protection in nonoxidizing environments, the scale can be generated by pre-
oxidation.

The aqueous corrosion resistance of iron aluminides is considered not to be
good [97]. Electrochemical studies of the aqueous corrosion resistance of Fe–Al
have already been reviewed some time ago [98]. Fe3Al and FeAl passivate by
forming films consisting of Al- and Fe-hydroxides or oxides. The aqueous corrosion
behavior of Fe–Al depends on the electrolyte. While they show passivation in
neutral and alkaline electrolytes, corrosion rates are moderate to high in strong
acids, specifically in the presence of Cl−. Passivation can be improved by alloying
with Cr and/or Mo [99]. Recently it has been shown that the aqueous corrosion
resistance can be markedly improved through generating an Al2O3 scale by pre-
oxidation [100]. Immersion tests in seawater and neutral salt spray tests showed that
the corrosion resistance improved with increasing Al content and that dense layers
of Fe3O4 (magnetite) form under these conditions [27, 101].

Corrosion by salt deposits or salt melts at high temperatures (hot corrosion) has
been investigated as well [35]. Also under these conditions, iron aluminides show



10 Iron-Based Intermetallics 433

Fig. 10.5 Corrosion resistance of binary Fe–Al in dependence on Al content; (a) parabolic rate
constants kp for oxidation in synthetic air at 700 ◦C and 900 ◦C [104]; (b) mass change after
exposure in steam at 700 ◦C for 672 h [105]; (c) weight loss after neutral salt spray testing for
168 h [101]; (d) corrosion potential in deaerated 0.0126 M H2SO4 at 25 ◦C [100]
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an excellent corrosion resistance if oxidation is the prevailing corrosion mechanism
[102, 103].

10.2.6 Synthesis and Processing

Alloys based on the phases Fe3Al and FeAl can be processed with equipment readily
available in steel industry, and process parameters may be similar to those for Cr
steels [31, 39, 106]. However, conditions will depend on individual alloys, and
thermomechanical processing of alloys with Al contents above about 30 at.% is
difficult [107].

Air induction melting (AIM), electroslag remelting (ESR), and the Exo-MeltTM

process have been employed for the production of iron aluminide-based alloys
on an industrial scale, while a variety of techniques including vacuum induction
melting (VIM), arc melting, directional solidification, etc. are used on laboratory
scale [31, 108, 109]. Besides producing the alloys from the elements or pre-alloys,
production from scrap has also been widely investigated [110–113]. Iron aluminide-
based alloys have also been synthesized by various powder metallurgical methods.
The strong exothermic reaction between Fe and Al or Al2O3 also makes preparation
by self-propagating synthesis of alloys and oxide dispersion-strengthened materials
feasible [114–116].

Iron aluminides are very well suited for casting as they show good form filling,
low porosity, and smooth surfaces, and parts have been produced on an industrial
scale by sand casting, centrifugal casting, and investment casting, while strip casting
has been employed for rolled products [25, 109, 117, 118] (Fig. 10.6). Careful
drying of molds is important to avoid hydrogen porosity, and, as iron aluminide-
based alloys tend to form coarse-grained microstructures which may easily crack,
respective measures by alloying and/or during casting have to be taken.

Cast or powder metallurgically produced precursors are used for forging, which
can be performed in air. Forging of iron aluminides is frequently employed for
refining the microstructure, but also parts have been produced on an industrial scale
[28, 119–121].

Plates, sheets, and tapes have been produced by conventional hot and cold rolling
of iron aluminides with Al contents up to about 30 at.% [107, 122, 123]. At higher
Al contents, additional measures have to be taken such as using spacers, canning of
the alloys, or use of powder metallurgical precursors, as otherwise severe cracking
may occur [124–126]. Rolled products often show increased ductility, and various
parts have been produced [122, 127].

As for other intermetallic materials, powder metallurgical processing has been
studied intensively. Consolidation of pre-alloyed powders by hot extrusion, often
with additions of oxides or borides for increasing strength, has been frequently
performed, and steel tubes with an iron aluminum cladding have been produced
by co-extrusion of both materials [29, 128–130].
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Fig. 10.6 Sand casting of
Fe–Al. The melt was
produced by AIM, and the
part has a diameter of about
600 mm and weighs about
160 kg. (Photograph courtesy
of Otto Junker GmbH,
Simmerath, Germany)

In order to avoid costly machining, near net shape production by additive
manufacturing is currently widely studied. Samples and parts have been successfully
produced by all currently available techniques, and additive manufacturing has
also been employed for the production of chemically graded materials, e.g., iron
aluminide/steel composites [131–134].

Though there have been numerous investigations on processing-property rela-
tionships, no final conclusion can be drawn. Regarding strength, quenched-in
vacancies have a major influence as detailed above. Therefore, variations in cooling
rate after processing at higher temperatures may have a larger effect on strength
than variations in processing parameters or even use of different processing routes.
For ductility there is some agreement that it should increase with decreasing
grain size. However, converse observations have been reported [135]. Any type of
further processing usually increases ductility, i.e., decreases BDTT, of as-cast iron
aluminide alloys, though the mechanisms are not always clear [136, 137].

Because of their excellent corrosion and wear resistance, iron aluminide coatings
have been widely studied, and these activities have been recently reviewed [138,
139]. Machining of iron aluminide-based alloys by all standard techniques has been
demonstrated. But as they may show strong work hardening, use of specific tools,
shortened tool lifetime, and slower machining speeds may be expected, though not
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necessarily so. Nevertheless, economical machining of iron aluminides is a critical
issue [140, 141]. Welding of iron aluminides and making iron aluminide/steel bonds
has also been evaluated. Cracking due to thermal stresses or by residual hydrogen is
an issue and has to be taken care of [142–144].

10.2.7 Applications

Though iron aluminide-based alloys have a great potential and though there have
been quite some efforts to make use of this potential for various applications, little
has been achieved up to now. Because of their excellent corrosion resistance, iron
aluminide-based alloys have been successfully employed as hardware within various
industrial furnaces, e.g., for pyrite roasting, carburizing, and glass melting, or in
the aluminum industry [21, 25, 109, 117, 145]. Parts for turbines or turbochargers,
i.e., where additional benefit is gained from the lower density, are also applications
that have been looked at intensively [24, 121, 146]. Other parts for automotive
applications that have been produced are exhaust valves and brake discs though pub-
lished evidence is not in favor of the latter [33, 147]. Different parts for application
in marine engines have been tested recently as well [148]. Regarding corrosion-
and wear-resistant coatings based on iron aluminides, numerous patents exist,
and sintered iron aluminide filter elements for hot gas cleaning are commercially
available [149, 150].

10.3 Iron Silicides

Iron alloyed with silicon is a material of tremendous industrial importance since
more than 100 years. This is especially because of the excellent soft magnetic
properties of electrical steels, which are Fe–Si alloys with silicon contents up to
6.5 wt.% (corresponding to 12.1 at% Si) applied in electric motors, transformers,
generators, and static induction devices. However, there are more applications of
Fe–Si alloys, for example, making use of the excellent corrosion resistance of Fe3Si
in even very aggressive environments or taking advantage of the magnetic behavior
of this intermetallic phase for possible applications in spintronic devices. Below
these diverse applications are briefly introduced after a discussion of the binary
phase diagram and some remarks on the properties and processing of this type of
material.

It should also be mentioned that, as silicon and iron belong to the most frequent
elements on earth, iron silicon alloys play a role not only in engineering applications
but also in the geological science of the earth core and in the chemistry of terrestrial
and extraterrestrial minerals. These aspects will also be briefly described in the
following section dealing with the phases and phase diagram of the binary system.
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Fig. 10.7 Fe–Si phase diagram constructed on the basis of [151] with changes in the Fe-rich part
according to [153]

10.3.1 Phases and Phase Diagram

There is general agreement in the literature about the number and type of inter-
metallic phases in the Fe–Si system, and the phase diagram version presented
in Kubaschewski’s classical compilation of Fe binary systems from 1982 [151]
remained unchanged for many years and is identical to the phase diagram shown in
2010 in Okamoto’s handbook on binary phase diagrams [152]. Only more recently,
Ohnuma et al. [153] performed a detailed reinvestigation of the Fe-rich part of the
system combining experimental work and thermodynamic calculations, and Cui
and Jung included all these data into their thermodynamic reassessment of the
system [154]. The phase diagram shown in Fig. 10.7 follows these studies especially
including the new results of Ohnuma et al. for the Fe-rich part.

Similar to the Fe–Al system, large amounts of Si can be dissolved in the ferritic
α-Fe solid solution, and the ordered B2 and D03 (Fe3Si) superstructures of the A2
b.c.c. lattice can form depending on Si content and temperature. Compared to the
Fe–Al system, there is a stronger tendency to ordering occurring already for Si
contents as low as 10 at.% (corresponding to about 5 wt.%). Early work by Schlatte,
Inden, and Pitsch [155–158] indicated a second-order transition from disordered A2
to ordered B2 with increasing Si content and proved the existence of a two-phase
B2 + D03 phase field. Later, results from neutron diffraction experiments led to
some doubt about the occurrence of B2 at temperatures below 700 ◦C [159]. This
was also discussed in a more recent review on the ordering phenomena in Fe–Si
alloys [160]. Following the conclusions of Ohnuma’s experimental and theoretical
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work [153], the phase diagram in Fig. 10.7 does not contain a B2 phase region below
700 ◦C, but shows the sequence A2 to A2 + D03 to D03 with increasing Si content.

The D03 ordered Fe3Si phase exists over a wide composition range up to
approximately 30 at.% Si. For Si contents below about 28 at.%, Fe3Si transforms
from D03 to B2 ordered structure with increasing temperature. The transformation
temperature increases with increasing Si content. On further heating, Fe3Si alloys
with less than about 19 at.% Si undergo an additional transformation from B2 to
disordered A2 before melting.

At higher Si concentrations, four more intermetallic phases exist in the Fe–
Si system, all of them having only very small homogeneity ranges. Fe2Si is a
high-temperature phase melting congruently at 1212 ◦C and crystallizing with a
hexagonal structure (Pearson symbol hP6) [161]. Another high-temperature phase
is Fe5Si3, which forms on heating in a eutectoid reaction and decomposes in a
peritectoid solid-state reaction. Its crystal structure is of the hexagonal D88 type
(hP16) [162]. FeSi melts congruently and exhibits a cubic B20-type structure
(cP8) [163], while FeSi2 occurs with two structural variants (low-temperature α-
FeSi2 with an orthorhombic (oC48) and high-temperature β-FeSi2 with tetragonal
(tP3) structure) [164]. The low-temperature phase α-FeSi2 no longer has a metallic
character but shows semiconducting behavior, which is why today it is intensively
discussed as an eco-friendly and cheap thermoelectric material [165]. The final
phase in the binary system is the Si solid solution, which has an extremely low
solubility for Fe, reported to be as low as 3 × 10−5 at.% Fe at 1200 ◦C [166].

Fe silicides were also found as mineral phases of extraterrestrial origin at various
places on the earth [167]. Fe3Si occurs with its D03 ordered structure (gupeiite
[168]) as well as in a disordered b.c.c. state (suessite [169, 170]), but also the other
intermetallic phases Fe2Si (hapkeite) [171], Fe5Si3 (xifengite) [168], FeSi (naquite)
[172], and FeSi2 (linzhiite) [173] were detected in meteorites.

High pressures in the range of several 10–100 GPa strongly affect the phase
relations in the Fe-rich part of the Fe–Si system. Neither the disordered ferritic solid
solution nor any of the intermetallic phases Fe3Si, Fe2Si, Fe5Si3, and FeSi are stable
under very high pressure. Instead, an Fe-16.4 at.% Si (9 wt.% Si) alloy transforms
to a close-packed hexagonal (hcp) structure (similar as does pure Fe). An alloy
with 27.5 at.% Si (16 wt.% Si) was found to become two-phase hcp + B2, and
Fe-50 at.% Si (33.5 wt.%) adopts a single-phase B2 structure [174, 175]. This is
of high importance for the geoscience of the interior of the earth as geochemical
models based on cosmochemical arguments suggest that the core of the earth mainly
consist of iron and could contain up to 33 at.% Si (20 wt.% Si). Exact composition,
temperature, and pressure of the core of the earth are still under discussion [176–
178], but an Fe–Si alloy in the inner core most likely is a mixture of hcp and B2
phases as is stated in [174].
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10.3.2 Properties

Density and lattice parameter of the disordered Fe solid solution decrease approx-
imately linearly with addition of silicon; the room temperature density decreases
from 7.87 g/cm3 for pure Fe to about 7.55 g/cm3 for 10 at.% Si [179–181]. The
occurrence of ordering results in a slight shrinkage of the lattice corresponding to
a small but clearly measurable increase of the density. As for example, an 1100 ◦C
annealed and slowly cooled alloy with 12.1 at.% Si (6.5 wt.%) has an about 0.15%
higher room-temperature density than the same alloy after water-quenching from
750 ◦C [181].

The vacancy concentration in thermal equilibrium in Fe3Si reaches high values;
an extrapolation to the melting temperature yields a vacancy concentration of 4
vol.% for stoichiometric Fe3Si [182]. The vacancies are located mainly on the
Fe sublattice, and their concentration strongly decreases when deviating from the
stoichiometric composition to the Fe-rich side. At 427 ◦C, the thermal vacancy
concentration in Fe-21 at.% Si is found to be by a factor of 30 lower than for 25 at.%
Si [182]. Fe atom diffusion occurs by nearest-neighbor jumps on the Fe sublattice
and is mediated by thermal vacancies. This explains the observation that Fe diffusion
in the D03 ordered Fe3Si is much faster and the corresponding activation enthalpy
is considerably lower than in b.c.c. Fe or in disordered Fe-rich Fe–Si alloys [183].

With respect to the mechanical behavior of Fe–Si alloys, the embrittling effect
of the occurrence of ordered intermetallic phases is known since long. Additions
of up to about 10 at.% Si result in strengthening of the ferritic A2 material while
still allowing plastic deformation at room temperature. Further increasing the Si
content results in the occurrence of ordered B2 or D03 phase giving rise to an
upward jump of the yield stress and a loss of ductility; see, e.g., Fig. 10.8, showing
room-temperature compressive yield stress data taken from the systematic work
of Lakso and Marcinkowski on Fe–Si alloys with up to 25 at.% Si (Fe3Si) [184,
185]. D03 ordered Fe3Si shows no ductility at room temperature and a low fracture
strength of 400 MPa in tensile tests. On heating, the material shows a brittle-to-
ductile transformation between 500 and 550 ◦C, and at 600 ◦C, a fair combination
of strength (525 MPa) and ductility (4.5% strain to fracture) was observed [186].

The electrical resistivity of Fe approximately linearly increases with addition
of Si in the disordered Fe solid solution. The occurrence of ordering results in
a decrease with local resistivity minima for the compositions of the intermetallic
phases Fe3Si and Fe5Si3. The composition dependence of the room temperature
resistivity is shown in Fig. 10.9 [187–189]. It should be mentioned that the data
measured by Varga et al. [189] (15–34 at.% Si) were obtained from melt-spun
material, which instead of being amorphous contained the ordered intermetallic
phases Fe3Si and Fe5Si3.

As the magnetic properties of Fe–Si alloys are of special importance for
applications (see the respective section below), they were well investigated in the
past with the first investigations dating back to the year 1900 [190]. Both the
disordered α-Fe solid solution and the D03 ordered intermetallic phase Fe3Si are
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Fig. 10.8 Room-temperature compressive yield stresses of as-cast Fe–Si alloys. (Data taken form
a figure shown in Ref. [179])

Fig. 10.9 Room-temperature electrical resistivity of Fe–Si alloys as a function of composition
[187–189]. (Data taken from a figure shown in Ref. [189])

ferromagnetic with their Curie temperature and saturation magnetization decreasing
continuously with increasing Si content; see, e.g., [191]. The Curie temperature TC
of stoichiometric Fe3Si is 550 ◦C, and its mean magnetic moment μ amounts to
1.67 μB [192]. The high-temperature Fe-rich intermetallic phase Fe5Si3 can easily
be metastably retained at room temperature, for example, as nanoparticles also
showing ferromagnetic behavior [193]. For the Curie temperature of Fe5Si3, values
of 102–108 ◦C were reported [162, 193, 194]. In the Fe solid solution, Si addition
effects an increase of magnetic permeability and electrical resistance as well as a
decrease of the magnetic anisotropy, coercivity, and magnetostriction, where the
latter approaches zero for a Si content of 12.1 at.% (6.5 wt.%); see, e.g., [195, 196].
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The corrosion behavior of Fe3Si is extraordinarily good; Fe3Si is resistant even to
boiling sulfuric and nitric acid [197, 198]. The good corrosion resistance of Fe3Si is
a result of the formation of a protecting SiO2 layer. Studying the corrosion behavior
in sulfuric acid, Yamaguchi [198] found that firstly the acid removes iron from the
surface until a pure silicon layer remains, which then is oxidized to SiO2. According
to Wasmuht [199], who studied the corrosion resistance in various acidic media
for different Si contents, the existence of the single-phase, ordered intermetallic
structure is a precondition for the excellent corrosion behavior with formation of
protecting SiO2.

10.3.3 Processing and Applications

Huge amounts of silicon steels with typical Si contents of about 6 at.% (~3 wt.%) are
produced every year by conventional casting and rolling procedures for application
as electrical steels especially in electric motors and transformers. The beneficial
effect of Si additions to Fe for improving the soft magnetic properties is well-known
already since the seminal work of Hadfield and co-workers at the start of the last
century [190]. Optimum soft magnetic behavior is reached for a Si content of 12.1
at.% (6.5 wt.%), where the magnetostriction decreases to zero resulting in noise-
free power transmission and minimum core losses during cyclic magnetization
processes; see, e.g., [195, 196]. Unfortunately, such an improvement of the magnetic
properties is accompanied by a dramatic decrease in ductility starting at about 8 at.%
Si (~4 wt.%), which makes conventional processing and specifically the required
cold rolling of such alloys impossible. Besides segregation of Si to grain boundaries,
the decisive factor is the occurrence of ordering leading to embrittlement of the
material.

As the financial losses due to the application of material with non-optimized
properties and high power losses are enormous, great efforts were put into finding
suitable methods to produce Si-enriched Fe-6.5 wt.% Si electrical steel sheets either
by trying to avoid ordering or by applying alternative processing methods for the
ordered material. It should be noted that the occurrence of B2 or D03 (Fe3Si) ordered
regions per se is not the disqualifying criterion, but instead can be even beneficial
for the magnetic properties, e.g., resulting in reduction of the coercivity [200]. The
crucial point rather is the brittleness of these intermetallic phases. As commercial-
scale production of Fe-6.5 wt.% Si sheets via a conventional cold rolling process
is not possible, alternative production routes were explored including siliconizing
of cold-rolled Fe-3 wt.% sheets by CVD (chemical vapor deposition) [201–203] or
hot-dipping [204], spray-forming (based on atomization of a stream of the liquid
alloy by Ar inert gas) [205, 206], direct powder rolling of iron and silicon powder
mixtures with subsequent heat treatments [207], rapid quenching methods such as
melt spinning [195, 200, 208], or ductilizing by microalloying with boron [209].

Today, Fe–Si alloys are still the most important soft magnetic material for
electrical power conversion. Besides the conventional Fe-3 wt.% Si sheet cores,
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so-called super cores with 6.5 wt.% Si produced via the CVD route were patented
under the brand name JNEX

®
by JFE Steel Corp. [210, 211]. These non-oriented

electrical steel sheet cores exhibit virtually zero magnetostriction resulting in low
core losses and low noise in high-frequency applications. Competitors of sheet cores
are compacted powder cores as the so-called Mega Flux core that was patented by
Chang Sung Corp. [212, 213]. As the lack of ductility of Fe-6.5 wt.% Si prevents
powder from being compacted, the Si content is adjusted to 4.5 wt.% in Mega
Flux [213]. The properties and characteristics of the different core materials were
compared in many studies revealing that the optimum choice strongly depends on
the particular application [212–217].

The first Si-rich Fe–Si-based soft magnetic material, which already long time
ago entered successfully into industrial applications, was so-called Sendust invented
by Hakaru Masumoto and Tatsuji Yamamoto in 1937 [218]. Sendust, the name of
which is a combination of Sendai and dust, is a ternary Fe-based alloy containing
9.6 wt.% Si and 5.4 wt.% Al and having the D03 Fe3Si crystal structure. Due
to its extreme brittleness, it is usually applied as sintered, partially or completely
amorphous powder or rapidly quenched ribbons, but was also produced in sheet
form through metal powder rolling techniques [219]. Sendust cores can have
extremely high magnetic permeability with simultaneously low coercivity and as
Sendust at the same time shows very good wear properties, it is used for magnetic
recording heads [220, 221]. Composites consisting of Sendust flakes embedded in
a polymer were produced for high-frequency applications in, e.g., mobile phones or
personal computers to act as electromagnetic noise suppressor [222, 223]. Today,
various composite powder cores are available with different standardized sizes and
permeabilities, which can be combined to get new effective permeabilities [224].
Compared to the Fe–Si Mega Flux cores, Sendust cores show superior performance
in transformers and inductors with respect to acoustic noise emission [225].

Due to its excellent corrosion resistance, castings of Fe3Si are used since long
as industrial components in contact with chemically aggressive media. An alloy
with 25.2 at.% Si (14.5 wt.%) was developed and patented as “Duriron” by P.D.
Schenck, W.E. Hall, and J.R. Pitman, who soon after (in 1912) incorporated the
“During Casting Company” [226–228]. Duriron is not only corrosion resistant in
inorganic and organic acidic environments but also in various alkaline solutions
[199]. Its excellent corrosion behavior is comparable to that of noble metals, but
as it is much cheaper, this material is extensively used in chemical industry since
more than 100 years. The major drawback for production of parts from Fe3Si is its
extreme brittleness and hardness, which is why such parts can be only produced by
casting.

With its good corrosion resistance, high hardness, and high electrical resistivity,
Fe3Si is also a candidate as protective surface coating, for example, on Fe–Si
electrical steels. This was proven by Schneeweiss et al. [229] who successfully
prepared an Fe3Si coating by firstly CVD of a 1 μm Si layer on Fe-3wt.%Si steel
followed by some heat treatments that transformed the Si layer to a protective, 3–4-
μm-thick Fe3Si coating.
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Fe3Si thin films are also good candidates for applications in microelectronics,
e.g., as ferromagnetic electrode in spintronic devices utilizing the high spin polar-
ization and high Curie temperature of Fe3Si. Thin, epitaxial films were grown on
semiconductor substrates such as GaAs [230, 231] or on SiO2 for application as
magnetic tunnel junctions [232, 233]. As a possible starting material for preparation
of such thin layers, Fe3Si nanoparticles (size approximately 5 nm) were successfully
produced by a high-temperature chemical reduction method employing a reaction
of silicon tetrachloride with iron pentacarbonyl [234].

10.4 Iron-Based Ferritic Superalloys

This chapter deals with ferritic iron-based alloys, where a disordered b.c.c. phase
forms a coherent microstructure with an intermetallic phase. As the microstructures
resemble those of the Ni-based superalloys, they have been termed ferritic superal-
loys. These alloys usually show high strength at elevated temperature and, therefore,
recently have attracted much attention.

Because of lower costs, lower thermal expansion, and higher thermal conduc-
tivity, ferritic alloys are an interesting alternative to austenitic steels for high-
temperature applications [235]. However, their poor creep resistance above 600 ◦C
has limited their usage so far. Strengthening by coherent precipitates is an efficient
method to obtain appreciable strength at high temperatures, as realized by the
γ/γ′ microstructures in superalloys. These superalloys were originally iron-based,
but shifted to Ni and Co base already in the 1940s, and these alloys are still
the backbone for applications at high temperatures [236, 237]. Strengthening the
matrix by coherent NiAl precipitates is another method that has been successfully
employed for maraging steels [238–240]. This concept has been recently refined to
strengthening by coherent nanoprecipitates [241]. Also more recently f.c.c. + NiAl
alloys with lamellar microstructures gained some interest because they show high
strength and good ductility at room temperature [242]. In the following, ferrous
materials other than steels with coherent microstructures are dealt with.

Specifically in many Fe–Al–X systems (X = Ni, Co, V, Ti . . . ), miscibility gaps
exist in which on cooling coherent microstructures of (α-Fe) + B2 (Fe,X)Al, (α-
Fe) + L21 Heusler-type Fe2AlX, or (Fe,X)Al + Fe2AlX form. The three phases
are crystallographically closely related to each other and have lattice constants quite
close to each other (a0 (α-Fe) ≈ a0 (Fe,X)Al ≈ ½ a0 Fe2AlX), and it is therefore
that they readily form coherent microstructures. It has been shown that increased
strength does not depend on whether the disordered or the intermetallic phase
forms the precipitates [243], though alloy developments are preferentially aiming
at precipitating the intermetallic phase. Microstructures can vary in dependence on
the volume fractions from isolated precipitates to chessboard-like to maze-like [70].
The strength of the alloys will be determined by the size of the precipitates, width
of the channels between them, and the coherency stresses. At least in some of the
investigated systems, the precipitates form by spinodal decomposition, which gives
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rise to second and third generations of precipitates. These fine-scaled precipitates
have an additional strengthening effect but may also cause severe embrittlement at
lower temperatures [70].

10.4.1 Alloy Developments

Initial alloy developments were based on the Fe–Al–X systems with Ni and Ti.
Currently the focus is on Fe–Al–Ni–Ti–Cr alloys with minor additions of other
elements [244]. By microstructural engineering the misfit between matrix and pre-
cipitates, i.e., the coherency stress, is optimized, and formation of sub-precipitates
within the primary precipitates is employed for further strength increase [245].
These measures also help to avoid rapid coarsening which otherwise can be an issue
[246]. A different approach to generate coherent microstructures is pursued in the
Fe–Al–X systems with Nb and Ta. In these systems precipitation of the stable Laves
phase is kinetically retarded, and a metastable Heusler phase forms instead [57]. The
Heusler phase forms coherent microstructures with the matrix, which, dependent on
temperature and composition, can be (α-Fe) or (Fe,X)Al. Though metastable, the
coherent microstructures are stable for long time at elevated temperatures. Above
700–750 ◦C, the stable Laves phase will form, but as precipitation is primarily along
grain boundaries, strength at high temperature can be maintained [73].

10.4.2 Properties

The strength of ferritic superalloys outperforms that of advanced Cr steels and
matches that of Ni-based superalloys (Fig. 10.10). The yield strength at 800 ◦C
varies between 100 and 300 MPa [70, 72, 73]. At 700 ◦C, secondary creep rates
of 10−8 s−1 are observed at applied stresses between 90 and 200 MPa [72, 73,
247, 248], and the rate-determining deformation mechanisms have been intensively
studied [243, 244, 247–250]. As the alloys are rather strong, they show only limited
ductility at room temperature. It has been shown that ductility mainly depends
on the volume fraction of precipitates [251, 252]. Specifically alloys with fine-
scaled second- and third-generation precipitates can be rather brittle, and ductility
may enhance after coarsening the fine precipitates through annealing [251, 253].
For sufficient corrosion resistance, the constituting phases must have an adequate
content of Al plus Cr. Then they will show an excellent corrosion resistance like the
iron aluminide alloys discussed in Sect. 10.2.
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Fig. 10.10 Double
logarithmic graph showing
applied tensile stress against
rupture life for advanced
commercial steels (P92,
P122, T91, T122, Cr12) in
comparison to novel ferritic
superalloys. (Figure adopted
from Ref. [247])

10.4.3 Processing

Casting, forging, and additive manufacturing of ferritic superalloys have been
demonstrated [121, 133]. Because of their high strength, forging must be performed
at temperatures above the solvus. Forged and additive processed alloys showed
comparable strength as their as-cast counterparts but partly increased ductility
[133, 136]. As these alloys are still under development, their processing/property
relationships must be still evaluated, and no applications have been realized yet.

10.5 Iron-Based Alloys with TCP Phases

Laves phases and other topological close-packed (TCP) phases are common pre-
cipitates in steels. They are very strong phases, and therefore they have been
considered for strengthening steels already long time ago, either as additional
precipitates to carbides or in C-free alloys and low-carbon steels, e.g., maraging
steels [3, 254–256]. However, it has been found that they precipitate preferentially
at grain boundaries, where they do not contribute much to strengthening but instead
induce formation of cavities and cause embrittlement [6, 257]. They are also
unwanted, because after formation they tend to rapidly coarsen, thereby extracting
the elements responsible for solid solution hardening like W and Mo from the
matrix [8, 257–260]. However, reports are varying, and if compositions are carefully
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adjusted, Laves and other TCP phases may be beneficial in attaining strength at high
temperature [261, 262].

The key for gaining strength at high temperatures by TCP precipitates is their
distribution. Early attempts used fine precipitates of spheroidized Laves phase [254].
A new concept is to precipitate the TCP phases as more or less continuous film
along the grain boundaries. The resulting steels are very strong, and it has been
demonstrated that though the TCP phases are rather brittle as monolithic phase,
the films show good mechanical behavior, i.e., they do not show cracking after
plastic deformation [263, 264]. Both ferritic and austenitic steels are currently under
development.

10.5.1 Ferritic(–Martensitic) TCP Steels

Strengthening ferritic 9–12 wt.% Cr steels by Laves phase and other TCP precipi-
tates has been investigated for quite some time. Usually elements such as Nb, W, and
Mo are added to provoke their formation. In general it is found that the Laves phase,
which precipitates during creep, initially increases the creep resistance. However,
due to rapid coarsening, the creep rate may increase again after some time [258].

More recently, specifically Cr-rich steels are developed which gain their strength
from TCP phases. 15 wt.% Cr steels containing Laves phase and μ phase (and χ

phase) show a superior creep resistance due to fine precipitation of the TCP phases
in the matrix [265].

Crofer 22H is a ferritic steel strengthened by Laves precipitates within the
α(Fe,Cr) matrix [266]. It was developed as a high strength steel for interconnections
in solid oxide fuel cells (SOFCs). Compared to the precipitate-free Cr steel JS-3,
it shows a much better creep resistance due to solid solution hardening and the
precipitation of micron-sized Fe2Nb(W) Laves phase precipitates. The oxidation
behavior does not deteriorate by the addition of Nb, W, and Si, and this steel has
a total elongation of >20% at room temperature [266]. Further optimization of
the microstructure showed that distributing the Laves phase at the grain boundary
is very effective to prevent coarsening of the ferritic matrix as the Laves phase
itself coarsens only very slowly [267, 268]. The concept is further elaborated in
the development of HiperFer, another high chromium-containing steel for highly
efficient steam power plants that has a better steam oxidation resistance and higher
strength than P92 [263, 269].

10.5.2 Austenitic TCP Steels

Based on the design concept of grain boundary precipitation strengthening,
Takeyama et al. developed a highly creep-resistant but still sufficiently ductile
steel of composition Fe-30Cr-20Ni-2Nb (in at.%) [270, 271]. This steel has a
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three-dimensional network of the Fe2Nb Laves phase precipitated as a film of
<1 μm thickness on the austenite grain boundaries and additional fine nanometer-
sized plates of Ni3Nb inside the austenite grains [264]. It has been shown that the
properties crucially depend on the area fraction of the grain boundaries covered
by Laves phase, i.e., that strength increases and ductility decreases with increasing
fraction of Laves phase. An alloy with about 90% coverage of the grain boundaries
attained a creep life of 880 h at 700 ◦C and 140 MPa [270]. However, crack
formation neither inside the Laves phase nor at the Laves/γ-Fe interface was
observed [264]. The steel has a good corrosion resistance in steam in that it readily
forms a protective Cr2O3 scale [272]. Main application of the steel could be in
advanced thermal power plants.

10.6 Summary and Future Outlook

In view of their potential to replace high-alloyed steels or even Co- or Ni-based
superalloys, iron-based intermetallic materials are an inexpensive alternative. As
they are iron based, they can be produced using equipment readily available in iron
and steel companies. Though these materials are not “another steel,” at least part of
the processing can be based on experience gained from the processing of cast iron or
steels. Their limited ductility is still adequate for many applications. It may cause a
bit more time-consuming machining, but near net shape processing, which has been
successfully demonstrated, can substantially reduce costs for machining.

Their excellent strength-to-weight ratio, i.e., their specific strength, their partly
outstanding corrosion resistance, and high wear resistance, opens up new possibil-
ities to use these iron-based materials under demanding conditions, otherwise only
bearable by Co- and Ni-based superalloys. In view of these properties, iron-based
intermetallic materials offer an increased lifetime combined with reduced energy
consumption. Iron, aluminum, and silicon are the most abundant elements, and the
materials discussed in this chapter need no or little additional alloying. Therefore,
besides economic considerations, with increasing lack of strategic elements, these
materials for sure will get more attention in the future.
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