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Microstructure and Mechanical Properties of a
Precipitation-Strengthened Fe—Al-Nb Alloy
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Daniel Schliephake, Stephan Laube, Martin Palm, and Martin Heilmaier

Fe—Al alloys provide an attractive property profile for applications at tem-
peratures of up to 700 °C. Herein, a Fe—25Al-2Nb (at%) alloy is, manufactured
on an application-relevant scale. Preforms are cast and subsequently forged
into a turbine blade shape. The microstructural evolution and mechanical
properties, namely quasistatic strength and creep response, are tested in
different manufacturing conditions and are compared to the properties of
equilibrated laboratory alloys, as well as to literature results. The cast process
leads to coarse-grained initial nonequilibrium microstructures with lower
amounts of Laves phase as compared to thermodynamic equilibrium. Forging
at 900 °C leads to the significant formation of subgrains in the Fe—Al matrix and
precipitation of the Laves phase. The as-cast condition of Fe—~25A1-2Nb
exhibits a complex creep behavior governed by the transient formation of a
coherent Heusler phase as well as Laves phase formation and recrystallization
in later stages of creep. In the forged condition, the material behaves similarly
to long-term annealed material. Although Fe-25A1-2Nb has slightly lower
strength and lower creep resistance over the entire temperature range tested, it
performs well compared to Ta-containing Fe—Al alloys due to its lower cost and
density.

can be produced by standard processing
techniques such as casting, rolling, and
forging'!  Fe-Al-based alloys are,
therefore, being considered to replace
Cr-containing steels and possibly also poly-
crystalline Ni-based superalloys as high-
temperature structural materials for certain
applications.! However, mechanical prop-
erties such as creep resistance, yield
strength above 500 °C, and ductility at room
temperature (RT) still need to be improved.
Thus, only niche applications as bulk struc-
tural material are reported so far.”
Consequently, several alloying concepts
focusing on, e.g., coherent or incoherent
intermetallic precipitates, carbides or bor-
ides, solid solution strengthening, or order-
ing have been employed over the years to
develop new iron aluminide alloys with
improved properties.>~!

Strengthening by incoherent Laves
phase precipitates in Fe-Al-X (X=Ti,
Zr, Nb, Ta)®'% and more complex multi-
component Fe—Al alloys is promising when
the brittle Laves phase precipitates are

1. Introduction

Iron aluminides are attractive materials for structural
applications at high temperatures, e.g., for blades for stationary
turbines, because of their low density, good corrosion and wear
resistance, and low costs. Moreover, no or only small concentra-
tions of strategic elements are needed, and the materials

fine and homogeneously distributed in the matrix. In Fe-Al-
Ta with Al contents close to 25at.% (D0s-ordered at RT), this
can be achieved by means of heat treatment, thermo-mechanical
treatment, and doping with B where the precipitation of the Laves
phase is preceded by precipitation of a metastable Heusler
phase.'"™! The formation of the Laves phase is kinetically
retarded, and it, therefore, preferably nucleates at grain
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boundaries in the beginning and only in later stages homo-
geneously within grains."* Hence, additional nucleation sites
like subgrain boundaries and borides can lead to a more homo-
geneous distribution of the Laves phase in the Fe—Al matrix.

In Fe—Al-Ta, Heusler phase precipitates increase strength and
creep resistance up to 800 °C.I**! The creep strength does not
decrease when the metastable Heusler phase dissolves, but it
is compensated by precipitation of the Laves phase and
solid solution strengthening of the Fe-Al matrix.'? Also, in
Fe—Al-ND, the formation of the Laves phase is preceded by
the formation of the metastable Heusler phase®™®®'>! when the
Fe—Al matrix is supersaturated in Nb, for example, upon cooling.
Regarding further assessments and informations on phase equi-
libria in the Fe—Al-rich part of this particular system, the reader is
referred to refs.’*% It has been observed that Heusler phase
formation during quasistatic compressive deformation at tem-
peratures close to 750 °C®! leads to a slight increase in yield
strength. However, solid solution strengthening was found to
be the main strengthening mechanism since Laves phase precip-
itates are too coarse and Heusler phase forms only within a lim-
ited temperature range, from 600 °C (observed after 100 h) up to
700 °C (observed after 10 h). The addition of B accelerates the
dissolution of the Heusler phase and precipitation of the stable
Laves phase®!! (for Fe-Al-Ta, see also*?)), however not in the
alloys'*? that are investigated in the present publication, possibly
because of the low concentration of B. Specifically, Heusler phase
formed in Fe-24.4Al-2Nb-0.03B (all compositions in the article
are provided in at.% unless otherwise noted). It dissolved after
heat treatment at 700 °C/100 h,*” giving rise to a more even dis-
tribution of Laves phase precipitates in the matrix. However, no
improvement in yield strength was observed compared to alloys
with less evenly distributed Laves phase precipitates or higher Al
content. A slightly higher yield strength was obtained in alloys
with higher Al contents due to enhanced solubility of Nb in
the Fe—Al matrix and thus improved solid solution strengthen-
ing. Doping with B showed no effect on the microstructure at
higher Al contents and has, therefore, no effect on the compres-
sive yield strength.**!

The present study aims at understanding the strengthening
and deformation mechanisms in Fe—Al-Nb alloys for the produc-
tion of steam turbine blades intended to be used at temperatures
up to 700 °C. Samples in the cast and forged condition were taken
from different regions of the industrially manufactured parts and
blades. Specifically, the yield strength and creep behavior are cor-
related to the formed Laves or Heusler phase and microstructural
changes after different heat treatments and forging. The results
are compared to those of reference alloys produced on a labora-
tory scale and to results from an established Fe-Al-Ta alloy with
the same Al and comparable Ta content, which serves as a
benchmark.

2. Experimental Section

The alloy with a nominal composition of Fe-25A1-2Nb was cast
into preforms by gravity casting. The preforms were designed to
be forged into turbine blades in the following production steps.
Melting was performed using two different casting methods and
devices: 1) casting under vacuum (<0.4 mbar) was performed
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using a Leicomelt (Leybold Induction Cold Melting, ALD
Vacuum Technologies, Hanau, Germany) device. The melt
was superheated to around 1520°C and then poured through
a funnel and runner into the preheated mold. Cooling inside
the mold was done in air and 2) Another batch of material
was synthesized in a roll-over furnace while continuously rinsing
the setup with Ar. At about 1505 °C, the roll-over sequence was
started by turning about 180° within 7 s, and the melt was poured
through the runner into the mold. Again, the samples cooled
down while exposed to air. No significant differences in micro-
structure and mechanical properties were obtained for the two
successful casting procedures. Hence, they are not further differ-
entiated in what follows.

Forging was performed in a uniaxial, energy-controlled (no
distinct strain rate to be obtained) screw press after 30 min of
soaking in the air at 900 or 1050 °C with maximum true strains
of 0.5 (“root” section in Figure 1a) up to 2.0 (“head” section in
Figure 1b). Handling of the samples from the soaking furnace to
forging was in the tens of seconds range. Focus of the present
study was on material forged at 900 °C.

Reference samples of nominally the same composition were
obtained by vacuum induction melting under argon on a
laboratory scale. The alloys were cast into a rectangular cold cop-
per mold of about 200 x 40 x 180 mm?®,

The samples for microstructural and mechanical analysis of
the industrial scale manufacturing were machined from two dif-
ferent positions of both preforms and blades by electrical dis-
charge machining (EDM); see Figure 1 for cutting positions
labeled “head,” “sprue,” and “root,” respectively. To investigate
the possible effect of increased vacancy concentration from rapid
cooling, as it is well known to occur in Fe-Al-based alloys,**"!
some samples from both batches in the as-cast state were
annealed for 168 h at 400 °C in air in a box furnace and subse-
quently furnace-cooled. A minimum vacancy concentration can
be achieved by this treatment. Heat treatments by induction heat-
ing to emulate the thermal profile during the compression tests
were performed in the mechanical testing machine using the
same temperature profile as during the compression tests but

(b)

Figure 1. Photographs of (a) a cast preform and (b) a forged turbine
blade. Positions, where the samples were extracted, are labeled.
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without load. The heat treatment duration is approximately
30min. 1000h of annealing at 700°C was performed under
Ar atmosphere with Ti getter in a tube furnace. The cast blocks
of the laboratory reference samples were equilibrated for 1000 h
at 700°C and additionally for 168 h at 400°C to reduce the
vacancy concentration for mechanical testing at RT.

Quasistatic compression tests at an initial strain rate of
£=10"%s"! and temperatures between RT and 1050°C on
the industrial scale manufactured Fe-25A1-2Nb were performed
using an electro-mechanical universal testing machine Zwick
1478 (ZwickRoell AG, Ulm, Germany) equipped with an
induction heating system. Temperature was detected at the sam-
ple center. Cylindrical samples of 3 and 5 mm in diameter and
length, respectively, were used. The surfaces in contact with the
compression punches were ground to grit P2500 using SiC paper
and lubricated with BN prior to testing. Compression creep tests
on specimens from the head section of the cast preforms
(Figure 1a) and the head section of the blade forged at 900 °C
(Figure 1b) was conducted at 700 °C with constant engineering
stress in laboratory air using the same sample geometry and
testing machine. Engineering strain ¢, strain rate £, and stress
o. were converted to true quantities ¢, &, and o, using the
following formulas:

oy =0o(1+ &) (1)
e =In(1+e¢.) (2)
. £e

b= 0

Assuming a power law for creep with constant parameters A
and n throughout the test

£ =Aof “)

the engineering creep rate & under constant load can be

converted to a true creep rate  under fictive constant true stress
€e

(1+&)"

& =

®)

For the transient creep regime &, < 0.025, the power law in
Equation (4) may not be accurate, but the transform of engineer-
ing to true quantities remains small, e.g., &, — & < 3.1 x 107,
Hence, the impact of an inaccurate stress exponent n can be
neglected. In the later stages ¢, > 0.1, the transfer from engineer-
ing to true quantities is significant (¢, — & > 5.3 x 1073) and the
parameters of the creep law do not change significantly as the
steady state is close/achieved. The apparent stress exponents n

were approximated from the engineering strain rates z.. The
changes in n due to the aforementioned conversion are insignif-
icant within £0.1. Cylindrical samples of the laboratory reference
alloy with 10 and 5mm in height and diameter, respectively,
were also cut by EDM and used for compression tests.
Furthermore, flat tensile specimens of 30 mm gauge length
and 2 mm thickness were used. Both types of mechanical tests
were performed on a Zwick 100 (ZwickRoell AG, Ulm,
Germany) at an initial strain rate of ¢ = 107*s~!. Creep tests
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in tension under static load and constant temperature were per-
formed on samples of 40 mm length, a gauge length of 24 mm,
and a gauge diameter of 2 mm.

Sample preparation for microstructural analysis by scanning
electron microscopy (SEM) was carried out by a standard metal-
lographic procedure, including SiC grinding down to grit P4000.
Polishing was performed using 3 and 1 pm diamond polishing
suspension. A stabilized silica suspension by Buehler at
pH = 9.8 was used for final polishing. SEM investigations were
performed by utilizing Zeiss EVO 50, Zeiss Leo 1530, and Zeiss
Ultra 55 instruments (all Carl Zeiss AG, Oberkochen, Germany).
Backscattered electron contrast (BSE) imaging was conducted at
20kV. The areal fractions of the Laves phase were determined by
pixel counting following an appropriate binarization of BSE
images. By assuming isotropy and isometry of the microstruc-
tures, the areal fractions were considered equal to the volume
fractions. Chemical compositions were determined by energy
dispersive X-ray spectroscopy (EDS) on SEM equipped with
Thermofisher 6751 SDD (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at 20kV or Oxford X-Max" 150 (Oxford
Instruments, Abingdon, UK) at 15kV. Orientation imaging by
electron backscatter diffraction (EBSD) was performed using
an EDAX DigiView camera system (Ametek Materials
Analysis Division, Mahwah, NJ, USA). As EBSD was performed
in scan mode, discrimination of the ordering states of the Fe—Al
is impossible, and it was indexed disordered A2 (Strukturbericht
designation). Wet-chemical analysis was performed using
PerkinElmer (Waltham, MA, USA) inductively coupled plasma
optical emission spectroscopy setup using established standards
(including B, see, for example, also more elaborated studies with
varying B contents??®*%%3 which was specifically not the scope of
the present investigation). An overview about all alloy composi-
tions and processing conditions investigated in this study or
taken from literature is found in Table 1.

3. Results and Discussion

3.1. Microstructures Subsequent to Casting and Forging

EDS was performed on the samples cut from the sprue of the
industrially cast preforms. Maximum deviations from the
desired chemical composition of Fe-25A1-2Nb determined on
several cast products are —1.4 and +0.2at.% for Al and Nb,
respectively. The latter is well within the accuracy of EDS, while
the deficit in Al seems reasonable due to preferential evaporation
during the processing of the liquid. This is within acceptable
tolerance for manufacturing on an industrial scale. The compo-
sitions of the laboratory reference alloys were established by wet-
chemical analysis as Fe-25.7A1-2Nb and Fe-25.7A1-2Nb-0.01B.

The microstructure of the as-cast state of the industrially
manufactured Fe-25A1-2ND from the blade part of the preform
shape, as shown in Figure 2a, consists of two phases: the poly-
crystalline Fe—Al matrix (dark grey levels) and Laves phase pre-
cipitates (bright gray level). It is noted that the Fe-Al matrix
solidifies as disordered A2 (Strukturbericht designation),
becomes B2-ordered at 900 °C and DO0s-ordered at about 580 °C
during cooling in the composition range of the alloys discussed
in this article.””! In what follows, the matrix of Fe-25A1-2Nb is
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Table 1. Overview of the alloy designations used in this article in the different processing conditions and the sections discussing their properties.

Alloy designation Processing Section
Scale/reference Casting Working Heat treatments

Fe—25AI-2Nb Industrial scale Gravity casting - - 3.1-3.3
- 700°C/1000 h 3.1,33
Forging 900°C - 3.1-33

Forging 900°C 700°C/1000 h 3.1
Fe—25.7AI-2Nb Fe-25.7Al-2Nb-0.01B Laboratory reference - 700°C/1000 h & 400°C/168 h 32,33
Fe-25Al-2Ta Refs.[314 Levitation melting and - 1000°C/200 h 3.2, 33

gravity casting

@ (®)

g . Fe-Al matrix _cast & 700 °C/1000 h
| Laves \

intragranular PEcess
Laves

Figure 2. SEM-BSE micrographs of Fe-25Al-2Nb: (a) cast microstructure (head section in Figure 1a) and (b) microstructure of cast material subjected to
additional 700 °C/1000 h (also head section). Dark gray levels indicate the Fe—Al matrix. Differences in gray levels are due to different crystal orientations.
The Laves phase is seen as bright spherical and lenticular particles. The micrographs were taken at the same magnification.

referred to as the Fe—Al matrix regardless of the ordering condi-
tion. The Laves phase is C14 according to the EBSD results of the
present work and consistent with the literature.['”

The Fe—Al matrix exhibits significant orientation contrast due
to electron channeling being indicative of defect-lean surface
preparation. The average grain sizes of the Fe—Al matrix are
coarse, between 280 and 550 pm, with a tendency to form slightly
smaller grains in the head section of the preforms, possibly due
to higher cooling rates in these regions. The Laves phase occurs
in inter- and intragranular morphology at volume fractions of
(2.6 £ 0.9) to (4.6 £ 0.9) vol% following the trend of higher cool-
ing rate (less formation of Laves phase) in the head sections.
Intergranular, chain-like Laves phase is found on practically
all grain boundaries of the Fe—Al matrix phase. The intragranular
Laves phase exhibits a lenticular shape at rather high aspect
ratios. A specific focus of the following experiments was on
samples containing (2.6 = 0.9) vol% Laves phase.

Long-term annealing of the as-cast condition of Fe-25A1-2Nb
at 700°C (B2-ordered at heat treatment temperature®”) for
1000h leads to significant precipitation of Laves phase
(Figure 2b). A volume fraction of (8.8 +0.9) vol% is found.
Decoration of the grain boundaries and grain size of the
Fe—Al matrix remains unaltered. The Laves phase exhibits a
lenticular shape of a high aspect ratio at a size of up to 50 pm
(long axis). The microstructure of the laboratory reference alloys
shows less precipitates in the as-cast condition due to the higher
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cooling rate in the cold copper mold, but the same distribution of
the Laves phase along the grain boundaries and inside the grains
after the 700 °C/1000 h heat treatment.[*”)

The microstructure of the forged condition of Fe-25A1-2Nb is
displayed in Figure 3a. The Fe—Al matrix (disordered A2 at forg-
ing temperaturel®®) recrystallizes during forging with grains
being approximately 4 pm in size. Recrystallization is completed
for forging at 900 °C (and also higher temperatures, not shown
here) in the head of the blade section (see Figure 1b) due to sig-
nificantly higher total true strain in the order of 2.0 as compared
to the root section. In the latter, the true strain remains in the
order of 0.5, and, therefore, only partial recrystallization is found
for forging at 900 °C. A deformed Fe—Al matrix persists in these
regions under these conditions.

The Laves phase is predominantly found at grain boundaries
of the (recrystallized) Fe—Al matrix in the form of individual
particles. Former intergranular Laves phase from the as-cast
microstructure can still be identified after the forging process
by its characteristic, chain-like morphology (compare to
Figure 2a). The continuity of the intergranular Laves phase from
the as-cast state is disrupted by the forging process. During the
forging process at 900 °C, the Laves phase fraction increases
compared to the as-cast state. A maximum amount of Laves
phase of about (7.8 + 0.6) vol% is observed for forging at 900 °C.

That forging can be successfully employed to break up an
existing network of Laves phase has been demonstrated for

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 3. SEM-BSE micrographs of the Fe—~25AI-2Nb microstructure subsequent to (a) forging at 900 °C (head section in Figure 1b) and (b) 700°C/
1000 h following the forging at 900 °C (also head section). The micrographs were taken at the same magnification.

Fe-15A1-5Nb elsewhere.* The cast alloy of ref.*® consisted of
coarse a(Fe, Al) grains separated by a network of eutectic
a (Fe, Al) and Laves phase. After hot forging at 1150°C to a
total strain of 6.0, a relatively homogeneous distribution of
19 vol% of equiaxed Laves phase particles with an average size
of 1 ym was obtained, and the initial size of a(Fe, Al) was reduced
from 250 to 10 ym.

A long-term annealing of forged Fe—25A1-2NDb for 1000 h at a
potential application temperature of 700 °C (B2-ordered at heat
treatment temperaturel®®) in Figure 3b indicates no substantial
coarsening of the Fe—Al subgrains. Image analysis yields a Laves
phase fraction of (8.5 & 0.5) vol%, which is insignificantly higher
than for the forged condition (forging temperature of 900 °C). A
slight increase is reasonable considering a decreasing solubility
of the Fe-Al matrix for Nb with decreasing temperature.*! That
these forged microstructures are rather insensitive against coars-
ening was also found for Fe-15AI-5Nb, where no marked coars-
ening of the o(Fe, Al) grains was observed after creep testing at
700 °C for more than 100 h.>®!

Orientation imaging microscopy of the as-cast condition in
Figure 4a expectedly reveals the formation of high-angle grain
boundaries (HAGB) with intragrain point-to-point misorienta-
tion as low as 0.3°, as depicted in Figure 4c. These HAGB are
still present in the forged material in Figure 4b (black arrows),
but additional subgrains with low angle grain boundaries (LAGB)
of 2°~15° misorientation have formed.

3.2. Quasistatic Deformation at Ambient and Elevated
Temperatures

The samples from different preforms and from different posi-
tions within the parts did not show any systematic differences
in mechanical testing, irrespective of the slight differences in
microstructures due to varying cooling rates. Hence, they are
not further distinguished in the following.

In Figure 5a, selected compressive stress-strain curves at dif-
ferent temperatures are shown for the cast and forged materials
condition. In Figure 5b, the 1%-offset yield strengths extracted
from the compression test data are summarized for tempera-
tures between RT and 800 °C. Due to rather coarse grain sizes
as compared to the cross-section tested in the mechanical tests,
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Figure 4. Orientation mapping according to the inverse pole figure of the
sample surface normal (inset in a) for the Fe—Al matrix of Fe-25Al-2Nb
(both from the head section according to Figure 1): (a) as-cast material
(compare to Figure 2a) and (b) material forged at 900 °C (compare to
Figure 3a). The micrographs were taken at the same magnification.
Laves phase is detected during the scan but omitted in the maps and
appears white. Vertical lines indicate the positions of the misorientation
profiles in (c). Triangles indicate the positions (in (a,b)) and misorienta-
tions (in (c)) of HAGB (>15°). Note that the grain interior of the as-cast
microstructure exhibits misorientations of max. 0.3° while the forged con-
dition contains LAGB (2°-15°).

a 1% criterion was chosen to avoid scatter by differences in yield-
ing and slight localization of plastic deformation in the early
stages of testing. As the 400°C/168 h annealing treatment to
minimize the vacancy concentration had no systematic effect
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Figure 5. Compression test results at an initial strain rate of 107 s=! of the cast and forged Fe—25AI-2Nb: (a) some selected engineering stress-strain
curves and (b) temperature dependence of the 1% offset yield strength determined from the compression tests.

on the determined yield strength, the results of these additionally
annealed specimens are also not further distinguished in
Figure 5b and in the following.

At RT and 300 °C, samples show higher strength in the forged
state than in the cast condition. The higher volume fraction of
Laves phase in the forged condition is not expected to lead to this
significantly higher strength as the precipitates are mostly
located at (sub)grain boundaries and rather coarse. Contrary, a
higher Laves phase volume fraction is associated with a lower
solid solution strengthening contribution due to a lower Nb level
dissolved in the Fe—Al matrix. Consequently, the higher strength
in the forged condition is attributed mainly to Hall-Petch
strengthening because of the significantly smaller (sub)grain
sizes, e.g., 280-550 um in the cast state vs. 4 ym (sub)grain size
in the forged condition. Apart from this, dislocation strengthen-
ing might also contribute to strength subsequent to the forging
process. However, the even contrast in the recrystallized (sub)
grains in Figure 3a indicates a rather low dislocation density
within the subgrains but dislocation accumulation in subgrain
boundaries. That yield strength increases at lower test tempera-
tures when the grains have recrystallized after forging has also
been found for Fe-25A1-2Ta.'"

At 550 °C, there is no difference in the yield strength between
the cast and forged state. However, at the potential application
temperature of 700°C, the as-cast condition shows higher
strength than the forged condition. A lower scatter of yield
strength (similar numbers of samples were tested at all temper-
atures), a lower strength at smaller grain size, and a significant
drop in strength above 700 °C indicate a significant impact of
diffusion-controlled deformation processes already being active
during yielding at rather low plastic strains.

In Figure 6a, the offset yield strength of the laboratory
Fe-25.7A1-2ND reference alloy subsequent to 700 °C/1000 h is
compared to Fe-25A1-2Ta (1000 °C/200 h) as a benchmark from
the literature.** The strength of the reference alloy is slightly
lower than that of the benchmark alloy throughout the tempera-
ture range tested. In Figure 6b, the Fe-25.7Al-2Nb reference
alloy is compared to the industrially manufactured
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Fe-25A1-2Nb alloy by its 1% offset yield strength. At RT, the
reference alloy is close to the as-cast condition of Fe-25Al-
2NDb due to a similar microstructural mockup. The forged con-
ditions of Fe-25A1-2Nb exhibit higher RT strength mainly due to
grain boundary strengthening. At high temperatures, strength of
the reference alloy Fe-25.7A1-2Nb (700 °C/1000h) is closer to
the strength of the forged condition of Fe-25A1-2Nb.

In Figure 7a—c, the micrographs of the microstructures of the
Fe-25A1-2NDb samples from the cast condition after compression
tests at RT, 700 and 900°C are displayed for comparison.
Samples tested at RT (Figure 7a, DOs-ordered at test tempera-
ture?®) and 700 °C (Figure 7b, B2-ordered at test temperature!?®)
show localized deformation in SEM-BSE micrographs. At 900 °C
(and above, not shown here), dynamic recrystallization occurs
(Figure 7c, disordered A2 at test temperature®”), and newly
formed grain boundaries can be identified. Some are partially
pinned by the Laves phase particles. To differentiate the effect
of deformation at higher temperatures on the microstructure,
as-cast Fe-25A1-2Nb samples were heat treated without load
under identical heating and cooling conditions. The microstruc-
ture of the heat-treated sample given in Figure 7d proves that it is
not recrystallized at 900 °C.

Apart from grain nucleation and growth, the fraction of
the Laves phase changes at temperatures above 700°C, see
Figure 8. At 800°C, a maximum volume fraction of approxi-
mately (8.0 & 0.8) vol% is obtained. Considering the uncertainty
of the data, this is in agreement with the reported 7.4 vol% sug-
gested by the application of the lever rule on the composition of
the individual phases after long-term annealing for 1000h at
700°C in Fe-25.7A1-2Nb.*” Above 800°C, a continuously
decreasing volume fraction of the Laves phase is noted, suggest-
ing an increasing solubility of Nb in the Fe-Al matrix with
increasing temperature.

3.3. Creep Deformation at 700 °C

In Figure 9a, creep curves at 80 MPa and 700 °C (B2-ordered at
test temperaturel®”) are comparatively displayed for the as-cast
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Figure 6. Compilation of compression strength data: (a) 0.2% offset yield strength of the laboratory Fe—25.7Al-2Nb reference alloy (700 °C/1000 h) and
benchmark Fe-25AI-2Ta (1000 °C/200 h) from the literature™! and (b) 1% offset yield strength of processed Fe—25AI-2Nb alloy from Figure 5b and the
laboratory Fe-25.7AI-2NDb reference alloy (700 °C/1000 h). All data were obtained at an initial strain rate of 107 s7.

(a)
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900 °C, 10 %

v )

(b)

compression

700 °C, 10 %
v o

Figure 7. SEM-BSE micrographs of as-cast Fe—25AI-2Nb a—c) after compression testing up to 10% engineering strain and d) after an heat treatment for
an equivalent time at 900 °C without mechanical load. All samples were taken from the head section as indicated in Figure Ta. The compression direction
is vertical. Test temperatures are (a) RT, (b) 700 °C, and (c) 900 °C. The micrographs are taken at the same magnification. Arrows indicate localized

deformation in (a,b) and new grains in (c).

and forged condition of the industrially manufactured
Fe-25AI1-2ND. In the cast state (red curve), the true strain rate
first decreases, passes through a minimum, and subsequently
increases with increasing time and strain. The true strain rate
of the forged material (blue curve) decreases monotonically with
increasing time and strain and levels off at strains above 15%.
The stress dependence of the strain rate at a true strain of
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15% is used to compare both conditions in a double logarithmic
representation of creep rate versus stress in Figure 9b. In addi-
tion, the minimum strain rate for the as-cast state is included as
well. The apparent stress exponent » is determined according to
Norton power law of creep, as presented in Equation (4). The
apparent stress exponent » is 2.5 for the minimum strain rate
and 2.6 for the strain rate at a strain of 15% of the as-cast state.
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Figure 8. Volume fraction of Laves phase as a function of temperature
obtained from image analysis of various processing and testing conditions
of Fe-25AI-2Nb.

Both apparent stress exponents are similar, indicating similar
creep mechanisms active in the two creep stages. However,
significant microstructural changes are present, contradicting
this expectation, as shown below. The forged condition shows
a significantly higher apparent stress exponent of 5.4, suggesting
a different creep mechanism.

Long-term annealing of the «cast microstructure
(700 °C/1000 h) also leads to a significant change in creep behav-
ior, as seen in Figure 9a (green curve). A similar creep behavior
as compared to the forged condition (blue curve in Figure 9a) is
obtained. The apparent stress exponent n increases to 6.6, simi-
larly high as for the forged condition (n = 5.4). In contrast to the
forged material, a significantly lower strain rate at 15% strain is
detected in agreement with the much larger grain size of this
condition compared to the forged material. It is worth noting that
the determined strength values from the quasistatic compression
tests at 700 °C (see Figure 5b) match the stresses obtained by

(b)

a
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extrapolation of the creep data to 10 *s™', e.g, 245 and
110 MPa for the cast and forged condition, respectively.

Comparison to the tensile creep data of the laboratory Fe—
25.7A1-2Nb-0.01B reference alloy (700°C/1000h) shows that
the alloy exhibits a comparable steady-state creep rate and stress
exponent as obtained for the forged and the long-term annealed
Fe-25Al-2Nb after industrial manufacturing. Similar to the
forged Fe-25A1-2NDb, no minimum but a steady state creep rate
is obtained. The creep strength of Fe—25AI-2Nb alloy is consid-
erably lower than that of the benchmark Fe-25Al-2Ta alloy
(1000°C/200h; the statement is also valid for forged
Fe-25Al1-2Ta). The extrapolation of the reported creep rates of
Fe-25A1-2Ta at 700 °C to 10~*s~! leads to higher stresses than
the strength depicted in Figure 6a for quasistatic tests. However,
the extrapolation is performed over a much wider strain rate
range in comparison to Fe-25A1-2Nb, and thus, overestimation
due to assuming a constant rather than an increasing stress expo-
nent is to be expected (decreasing contribution of diffusion creep
deformation; increasing contribution of dislocation climb con-
trolled creep).

To analyze the complex creep behavior with a pronounced
minimum creep rate in the case of the Fe-25A1-2Nb as-cast state,
the changes in microstructure during creep were studied. One
creep test was stopped at the minimum creep rate, which was
attained after 4 h. It is compared to the microstructure of a sam-
ple that crept to a strain of 15% which was reached after 22 h of
creep. The microstructures of both samples are displayed in
Figure 10.

The microstructure of the sample at a minimum creep rate
(after 4h) exhibits significant localized plastic deformation,
see Figure 10a. In the high-resolution micrograph in
Figure 10D, fine, needle- or plate-like precipitates are seen in
the Fe-Al matrix, similar to what is expected for the coherent
precipitation of the L2, Heusler phase.””’ As a result of Nb deple-
tion, no Heusler phase is found in the vicinity of the coarser
Laves phase particles.

O Fe-25AI-2Nb, cast ¢,
A Fe-25A1-2Nb, cast &gy,
A Fe-25A1-2Nb, cast & 700 °C/1000 h €159,
A Fe-25A1-2Nb, forged &g,
1034 O Fe25.7AI-2Nb-0.01B (700 °C/1000 h, tension)
D> Fe-25A1-2Ta (1000 °C/200 h) [13]
©» 104 4
£10°%4 1
2
© 104 4
£
Z1074 5
»n .
810784 1
E
10° T T
30 100 200 300

true stress in MPa

Figure 9. (a) Compression creep response of Fe-25AI-2Nb in different conditions tested at 700 °C and 80 MPa. (b) Stress dependence of true strain rate
at a strain of 15%. In addition, the stress dependence of the minimum strain rate is also included for the as-cast state. Furthermore, tensile creep results
of the laboratory Fe-25.7AI-2Nb-0.01B are included in (b), along with results from step-wise compressive creep tests from the literature on the bench-

mark Fe-25Al-2Ta.l"®,
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Figure 10. SEM-BSE micrographs of cast Fe—25AI-2Nb specimens subjected to creep deformation at 700°C/120 MPa: a,b) minimum strain rate
after 4h and c,d) a true strain of 15% after 22 h. The micrographs (a,c) and (b,d) are taken at the same magnification each. The compression
direction is vertical. Arrows indicate localized plastic deformation in (a) and new grains in (c,d). Heusler phase is seen as faint needle- or plate-like

features in (b).

The microstructure of the sample after a strain of 15% (22 h) is
recrystallized, see Figure 10c. In the detailed image of the micro-
structure in Figure 10d, small precipitates can be found as white
particles with no obvious orientation relationship with each other
or to the Fe—Al matrix. These precipitates are Laves phase formed
after the dissolution of the Heusler phase. According to the lower
Nb content of the Heusler phase, the regions with these small
particles after 22 h of creep deformation are of a lesser extent
than the regions of the Heusler phase obtained after 4 h of creep
deformation.

As far as the creep response of the as-cast condition is con-
cerned, the early formation of coherent Heusler phase might
contribute to significant strengthening and, hence, drop in creep
rate. Beyond the minimum, loss in coherence, ripening, and
dissolution might lead to softening and a continuous increase
of creep rate over time and strain. This might be facilitated by
subgrain formation observed in Figure 10c,d.

To distinguish the effect of creep deformation at 700 °C from
the effect by thermal treatment on the formation and transforma-
tion of the Heusler phase, some samples were heat treated at
700 °C for 1, 4, and 22 h (B2-ordered at heat treatment tempera-
turel?®)). The micrographs after heat treatment are given in
Figure 11. After 1 h of heat treatment, Heusler phase precipitates
can already be identified in the matrix, which become more dis-
tinct after 4 h. After 22 h of heat treatment (Figure 11c), Heusler
phase precipitates can still be seen as lenticular, most probably
coherent features, as after 4 h of heat treatment (Figure 11b) and
in contrast to 22 h of creep (Figure 10c). The evolution of the
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microstructure in Fe-24Al-2Nb-0.01B at 700 °C for durations
up to 1000 h was studied elsewhere.’?*! Heusler phase formation
was also confirmed after 1 and 10 h at 700 °C, while no Heusler
phase was observed after 100 h.*?! Observation of the Heusler
phase after 4 and 22 h in the current alloy is, thus, in agreement
with these findings.

The results prove that the dissolution of the Heusler and
precipitation of the Laves phase at 700 °C is accelerated by creep
deformation. With increasing deformation, the nucleation rate
might increase due to the presence of dislocations as nucleation
sites, and additionally, the coherence of the Heusler phase with
the Fe—Al matrix disappears, which may be a necessary prereq-
uisite for the occurrence of metastable Heusler phase. Both
result in the acceleration of the transformation of the metastable
Heusler phase. Hence, the Heusler phase is more pronounced in
the matrix after 22 h of heat treatment than after 22 h of creep
deformation at the same temperature.

The phase formation (Heusler and Laves) proceeds signifi-
cantly slower and more homogeneous in the Fe-25Al-2Ta
benchmark alloy (see Figure 5b,c in ref.'*). This might be
the main contribution to its superior creep resistance due to
hindering dislocation motion. The effective strengthening
potential of the Heusler phase, for example, in this respect,
was proven in the present investigation for the as-cast condition
of Fe-25Al-2Nb. Recrystallization as another contribution to
creep deformation obtained by orientation contrast imaging
in Fe-25A1-2Nb might also be more pronounced as a
consequence of lesser and coarser precipitates. However, no
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Figure 11. SEM-BSE micrographs of cast Fe—25A-2Nb (head section according to Figure 1a) heat-treated at 700 °C for (a) 1h, (b) 4h, and (c) 22 h.
Heusler phase is absent in the vicinity of Laves phase due to Nb depletion. All micrographs are taken at the same magnification.

detailed orientation images are available for the Fe—Al-Ta alloy in
the literature to further assess this contribution to creep
deformation.

4. Conclusions

Based on the performed investigations following conclusions can
be drawn: 1) Fe—Al-Nb alloys with Fe;Al matrix and Laves phase
precipitates can be manufactured on an industrially relevant
scale; 2) The mechanical strength of the Fe-Al-Nb is lower as
compared to Ta-containing variants. At low temperatures, it is
governed mainly by grain size. At high temperatures, Laves
phase fraction and its distribution in the Fe—Al matrix is decisive.
Considering the lower costs and density of the Nb-containing
alloys, the lower strength appears acceptable; 3) Creep behavior
is complex for the nonequilibrium as-cast condition as a tran-
sient Heusler phase is formed in the early stages of creep, lead-
ing to a significant strengthening. Its dissolution and the
formation of Laves phase as well as the occurrence of recrystalli-
zation, lead to the acceleration of creep in the later stages of
creep; and 4) Forging results in a refinement of the coarse as-cast
microstructure, further precipitation of Laves phase, and a creep
behavior similar to the one obtained in close-to-equilibrium Fe—
25A1-2Nb.
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