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Abstract

It is known for Fe—Al-Ta alloys, that a homogeneous distribution of strengthening Laves phase precipitates in the matrix and
aligned at the grain boundaries can be obtained when the formation of the stable Laves phase is preceded by the formation of
the metastable Heusler phase. Several Fe—Al-Nb alloys with different Al and Nb contents and with or without boron doping
are studied to elucidate whether comparable microstructures can be obtained in this system. It was found that the Heusler
phase only occurs within a limited composition range. The time-dependent evolution of the microstructure shows that the
transformation proceeds faster in Fe—Al-Nb alloys. Microhardness was measured in dependence on the microstructural
evolution with increasing annealing time, and compressive yield stress was determined for alloys annealed 700 °C/1000 h

to evaluate the influence of microstructure and composition.

Introduction

Due to their outstanding wear and corrosion resistance,
iron aluminides are considered for structural applications
at high temperatures [1]. Because of their low density and
good mechanical properties at moderate temperatures, they
are particularly interesting for energy-saving components,
specifically for moving parts such as turbine blades. How-
ever, high temperature mechanical properties, such as yield
stress and creep resistance are still not sufficient for wider
industrial application. Through different alloying concepts,
e.g. strengthening coherent or incoherent second phases
such as borides or Laves phase precipitates, the mechanical
properties of iron aluminides can be further enhanced at
higher temperatures [2, 3]. In many Fe—Al-X systems the
Laves phase forms directly from the melt and solidifies as
coarse dendrites [4, 5]. In this case, the distribution of the
Laves phase cannot be controlled, and rather brittle alloys
are obtained [5]. It has been shown recently, that a controlled
homogeneous distribution of Laves phase can be achieved in
Fe—Al-Ta alloys, where the formation of the stable hexago-
nal C14 Laves phase is kinetically retarded. Instead of the
Laves phase, coherent precipitates of metastable L2; Heusler
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phase form when the Fe—Al matrix becomes supersaturated
with Ta on cooling. The transformation from the metastable
Heusler phase to the stable Laves phase can be controlled
through the choice of heat treatment, thermomechanical pro-
cessing or doping the alloy with boron. Thereby different
microstructures with fine-scaled and homogeneously distrib-
uted Laves phase precipitates inside the Fe—Al matrix or
at grain boundaries can be obtained [3]. Previous research
shows that the Fe—Al-Nb system is the only other system,
where the formation of the stable Laves phase is preceded
by the formation of the metastable Heusler phase [6, 7].
The present research continues the work on the influence
of boron on the microstructure and the mechanical proper-
ties in Fe—Al-Nb alloys [8]. It is part of a larger project,
which aims at clarifying whether mechanisms, which enable
a microstructural design—and thereby tailoring of mechan-
ical properties—in Fe—Al-Ta alloys, can also be realized
in case of Fe—Al-Nb. As the properties of the Fe—Al-Ta
alloys are considered as attractive by industries, Fe—Al-Nb
alloys with comparable properties would be a slightly more
light-weight, but specifically more economically efficient,
alternative.

Therefore, the composition range where the Heusler
phase may form and the transformation kinetics from meta-
stable Heusler phase to stable Laves phase are studied.
Microstructures are characterized by metallography, crys-
tallographic structures and compositions of the stable phases
were determined. A preliminary evaluation of the resulting
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mechanical properties has been performed by microhardness
and compression tests.

Experimental

Alloys of five different compositions, with Al contents
between 25 and 34 at.% and 2-3 at.% Nb, partially doped
with boron (< 100 ppm), were produced by vacuum induc-
tion melting from Fe (99.9 wt.%), Al (99.9 wt.%), Nb (99.9
wt.%) and B (99.4 wt.%) under argon and cast into copper
molds of 20 mm diameter. Compositions were selected on
the basis of the existing phase diagrams [9, 10] in a way that
a sufficient supersaturation of the Fe—Al matrix is attained
on cooling and that the alloys contain at least 5 vol.% of
precipitates at 700 °C, which is a possible application tem-
perature. Because boron doping facilitated the transforma-
tion from Heusler to Laves phase in Fe—Al-Ta alloys, three
alloys were doped with boron. The actual alloy compositions
were determined by wet chemical analysis. Heat treatments
were performed at 700 °C for 1 h, 10 h, 100 h and 1000 h in
order to evaluate the microstructural evolution and kinetics
of the transformation from metastable L2, Heusler phase to
the stable C14 Laves phase. Metallographic sections were
prepared by grinding and polishing the alloys, the last step
being polishing with a 0.5 um-particles diamond suspension.
Additional preparation with an oxide polishing suspension
(OPS) for a few seconds was only used in some cases.

The microstructure of the alloys in the as-cast condi-
tion and after heat treatment was inspected by light opti-
cal and scanning electron microscopy (SEM: LEO 1550
VP, Zeiss). Phases were characterized by X-ray diffraction
(XRD: Bruker D8 Advance A25) on metallographic sections
by scanning the 20 range from 20° to 125° using Co-Ka-
radiation (A=0.1709 nm). The chemical compositions of the
phases were established by wavelength-dispersive electron
probe microanalysis (EPMA: Jeol JXA-8100).

For mechanical testing at higher temperatures cuboidal
shaped samples with dimensions 10X 5 x 5 mm® were cut
by electrical discharge machining (EDM), while for tests
at room temperature and at 200 °C cylindrical samples of

10 mm height and 5 mm diameter were employed, which, in
contrast to the rectangular samples, showed no shearing at
these low temperatures. Compression tests were performed
at a deformation rate of 10 s~! between room temperature
and 800 °C (ZwickRoell Z100). The microhardness was
established by Vickers indents with 0.0098 N.

Results and discussion
Microstructural observations

Nominal and actual compositions of the alloys are shown
in Table 1. Systematically lower amounts of Al and slightly
higher amounts of B are observed. The lower amounts of Al
may be explained by preferential evaporation of Al during
the induction melting. The increased B contents reflect the
difficulty of precisely adjusting such low alloying contents,
though the actual deviation should not exceed the effect of
doping the alloys. Compositions of phases as determined by
EPMA after heat treatment of the alloys at 700 °C for 1000 h
are also shown in Table 1. The crystallographic structures
of the phases for all alloys after 700 °C/1000 h, as deter-
mined via XRD, are DO, for the Fe;Al matrix and C14 for
the Laves phase. Though, at 700 °C the Fe—Al matrix is
actually B2-ordered for all compositions, but it transforms to
D05 during cooling to room temperature [6]. As an example
the diffractogram of alloy Fe-24.4A1-2Nb-0.03B annealed
700 °C/1000 h is shown in Fig. 1. In the boron-doped alloys,
no boride precipitates were observed by XRD, SEM or
EMPA.

The microstructures of all alloys in the as-cast condi-
tion and after annealing for various times at 700 °C are
shown in Figs. 2, 3, 4. The grains are globular with a grain
size > 50 pm in the middle of the alloys, while at the edges
elongated grains of about 150 pm length are observed. The
latter started solidifying at the cold crucible wall. No larger
pores were observed in any of the investigated alloys. For
the alloys with about 32 and 34 at.% Al, the grain boundaries
are almost completely covered by a second phase already in
the as-cast condition (Fig. 2).

Table 1 Actual compositions of the alloys, determined by wet-chemical analysis and compositions of the phases, determined by EPMA after

heat treatment 700 °C/1000 h

Nominal composition Actual composition Fe;Al matrix C14 Laves phase

at.% Fe at.% Al at.% Nb at.% Fe at.% Al at.% Nb
Fe-25A1-2 Nb-0.01B Fe—24.4A1-2Nb-0.03B 744+0.7 252+0.6 0.4+0.1 59.7+1.3 17.0+0.6 233+1.7
Fe-32A1-3Nb Fe-31.9A1-3Nb 66.2+0.2 32.0+0.3 1.8+0.2 52.5+1.0 219+1.2 25.6+0.6
Fe-32A1-3Nb-0.01B Fe-31A1-3Nb-0.06B 65.6+0.3 325+0.3 1.9+0.2 52.7+1.0 22.1+0.6 25.2+0.7
Fe-34A1-3Nb Fe-33.6A1-3Nb 64.2+0.6 33.6+0.4 22+0.2 52.0+0.9 23.1+0.6 249+0.7
Fe-34A1-3Nb-0.01B Fe-33.6A1-3Nb-0.03B 63.1+0.4 344+0.1 25+0.3 51.5+1.5 235+0.6 25.0+1.8
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Fig.1 XRD diffractogram of the alloy Fe-24.4A1-2Nb-0.03B

annealed 700 °C/1000 h

These particles have an elongated, needle- or plate-like
shape and are about 3 um long (see Fig. 4d). According to
their composition determined by EPMA, these particles
are the Laves phase. The Laves phase apparently solidified
during cooling as Fe—Al + Laves phase eutectic, which is
clearly discernible at higher magnification at triple points
of the grain boundaries (Fig. 2a). In contrast to the more
Al-rich alloys, Fe-24.4A1-2Nb-0.03B shows only very few
precipitates at the grain boundaries (Fig. 2d).

[}l Fe-31.9AI-3Nb Fe-31.9Al-3Nb

()N Fe-24.4A1-2Nb-0.03B

Fig.2 Back-scattered electron (BSE) micrographs of (a) alloy Fe—
31.9A1-3Nb in as-cast condition, showing eutectic at grain boundary
triple points, (b-f) alloys with different composition in as-cast condi-
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Fe-31Al-3Nb-0.06B

Figure 3 shows the microstructures after heat treatment
at 700 °C/1000 h. From previous investigations, it can be
assumed that after this time the alloys are in equilibrium
at 700 °C [9]. Compared to the as-cast state, there is lit-
tle change in the microstructures of the alloys with about
32 and 34 at.% after this heat treatment. The Laves phase
has coarsened at the grain boundaries and few new Laves
phase precipitates have formed within the Fe—Al grains.
In contrast, Fe—-24.4A1-2Nb—-0.03B shows a remark-
able microstructural development. After 700 °C/1000 h
it shows a microstructure with an evenly distribution of
Laves phase particles in the matrix and at grain bounda-
ries (Fig. 3¢). In order to understand the differences in the
microstructures after 700 °C/1000 h, the observations of
the microstructural development with increasing annealing
time is very helpful (Fig. 4). In the as-cast condition there
are few Laves phase precipitates at the grain boundaries
(Fig. 4a) and an indication of some kind of “structuring”
is visible in the Fe—Al matrix. Already after 1 h anneal-
ing at 700 °C (Fig. 4b), the amount of Laves phase at the
grain boundaries has markedly increased and the “structur-
ing” in the Fe—Al matrix now has the typical appearance,
known for the coherent precipitation of fine Heusler phase
particles [3]. Moreover, there is a zone along the grain
boundaries, where the Laves phase precipitates grew, with-
out any Heusler phase precipitates. Such a precipitation
free zone (PFZ) is typical for the formation of the stable
Laves phase at the grain boundaries by dissolution of the

Fe-33.6Al-3Nb-0.03B

tion, showing the microstructural development in dependence on Al
content (b, ¢) and the influence of boron (d—f)
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Fig. 3 BSE micrographs of the alloys, shown in Fig. 2 after heat treatment 700 °C/1000 h. By XRD and EPMA the grey matrix has been identi-
fied as D0O;-ordered Fe-Al while the light precipitates are Laves phase

as cast

5pum

Fig.4 BSE micrographs of Fe24.4A1-2Nb-0.03B in (a) as-cast condition and after heat treatment at 700 °C for (b) 1 h, (¢) 10 h, (d) 100 h and
(e) 1000 h

neighboring metastable Heusler phase [3]. After 10 hno  annealing time (Fig. 4d, e), the amount of these small
Heusler phase can be observed any longer in the micro-  precipitates in the Fe—Al grains increases and the Laves
graphs (Fig. 4c). Instead, some small Laves phase precipi-  phase precipitates at the grain boundaries grow together
tates are found within the Fe—Al grains. With prolonged  and form a continuous layer (Fig. 4e).
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Fig.5 Nb content of the Fe—Al matrix in dependence on annealing
time as determined by EPMA

The microstructural evolution in Fe-24.4 A1-2Nb-0.03B
with increasing annealing time is paralleled by the change in
the Nb content in the Fe—Al matrix (Fig. 5), as determined
by EPMA. Because the Heusler phase precipitates shown in
Fig. 4b are too fine-scaled to be resolved by EPMA, meas-
urements of the Fe—Al matrix after 1 h annealing are actually
for Fe—Al + Heusler phase. The data in Fig. 5 show a signifi-
cant decrease of the Nb content after 100 h at 700 °C. This
should indicate that after 10 h there is still a marked amount
of Heusler phase present in the matrix, though it is not any
longer visible in the micrograph (Fig. 4c). However, as the
Heusler phase is so fine-scaled, only ongoing transmission
electron microscopy (TEM) will be able to clarify this. Actu-
ally, the presence of coherent Heusler phase precipitates in
Fe—25Al1-2Nb after annealing for 8—10 h at 700 °C has been
revealed by TEM before [6, 7]. After 1000 h the Nb content
in the Fe—Al matrix has decreased to 0.4 at.% (Table 1),
which is about the value that has been previously reported
for the solubility in Fe-25A1 [7] and which is expected in
equilibrium [9]. Measurement of the composition of the
Fe—Al matrix in the alloys with about 32 and 34 at.% Al
shows that the Nb content does not decrease with prolonged
annealing, revealing that in these alloys the Fe—Al matrix
was not supersaturated with Nb at 700 °C. As supersatura-
tion is a prerequisite for the formation of metastable Heu-
sler phase [3, 6, 7] and thereby for the formation of evenly
distributed fine-scaled Laves phase precipitates, it becomes
clear why such a microstructure is only obtained in the case
of Fe-24.4A1-2Nb-0.03B, but not for the alloys with higher
Al contents.

The present results also give an indication up to which
Al content the metastable Heusler phase may occur in
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Fe—Al alloys. Only at 24.4 at.% Al, the Heusler phase is
observed while at 31 at.% Al and at higher Al contents it
is not observed any longer. Previous studies demonstrated
the occurrence of metastable Heusler phase in alloys in the
range of 15-30 at.% Al [11], which is in line with the present
results. At least for the alloys with about 32 and 34 at.% Al,
doping with boron has no significant effect on the micro-
structure (Fig. 3. The current research continues the work
on boron-doped Fe—Al-Nb alloys by Azmi et at.[8]. In that
work, a microstructure with evenly distributed Laves phase
within the matrix and at the grain boundaries was obtained
in an alloy with 25.9 at.% Al, 2.5 at.% Nb and 0.07 at.%
B after annealing at 700 °C for1000 h. The alloy has also
been investigated in the as-cast condition and after 100 h
annealing at 700 °C, but no evidence of the Heusler phase
was found.

Figure 6 shows the time—temperature-transformation
(TTT) diagram for the transformation of the metastable Heu-
sler phase to the stable Laves phase [6, 7]. Additional data
for Fe-24.4A1-2Nb-0.03B indicate that the transformation
in the B-doped alloy proceeds faster at 700 °C than in the
ternary alloys. However, as no data for ternary alloys with
annealing times longer than 10 h exist, this point has to be
clarified. Compared to Fe—Al-Ta alloys [3], the transforma-
tion (indicated by a dashed line in Fig. 6) occurs earlier at a
given temperature for Fe—Al-Nb(-B) alloys.

Mechanical properties
Figure 7 shows the compressive yield stress o , for the

Fe—Al-Nb(-B) alloys heat-treated 700 °C/1000 h in com-
parison with the boron-doped alloys from [8], a hot-rolled
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Fig.6 TTT diagram for the dissolution of the L2, Heusler phase and
precipitation of the C14 Laves phase in Fe-25AI-2Nb [6, 7] and Fe—
24.4A1-2Nb-0.03B compared with the transformation in Fe—Al-Ta
(dashed line) [3]
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Fig.7 Compressive yield stress o,, in dependence on temperature
at a deformation rate of 10™* s~!. Data are from heat-treated alloys
700 °C/1000 h. Data for “as-cast” and hot-rolled samples of an Fe—
Al-Nb alloy with similar composition [12], for a B-doped alloy [8],
and for an Fe—Al-Ta alloy [13] are shown for comparison

and “as-cast” alloy, both additionally annealed 1000 °C/50 h,
with a similar composition [12], and an Fe-25A1-2Ta
alloy [13]. For the Fe—Al-Nb(-B) alloys, no marked dif-
ference between individual alloys is noticed, showing that
the B-doping has no effect on the yield strength. However,
Fe—24.4A1-2Nb-0.03B seems to have the lowest strength at
high temperatures. This indicates that the obtained micro-
structure is still not efficient for strengthening, possibly
because the Laves phase precipitates are already too coarse
(2.5 pm feret diameter) and distances between the particles
are too large (about 6 um) to act as barriers for dislocation
motion. The observation that the alloys with higher Al con-
tents are somewhat stronger at high temperatures, though
their Laves phase precipitates are even coarser, may be
attributed to the considerably higher Nb content in the Fe—Al
matrix (Table 1), resulting in higher solid solution harden-
ing. The yield stress at high temperatures of the boron-doped
alloys with 1.5 at.% Nb (from [8]) with homogeneously dis-
tributed Laves phase precipitates in the matrix and at grain
boundaries is similar to that of the present alloys. The as-cast
alloy has a slightly higher yield stress, probably because
of the higher amount of Nb in the matrix and, therefore a
stronger solid solution hardening effect [8]. The rolled alloy
with 25.8 at.% Al and 2.7 at.% Nb shows the highest yield
stress at high temperatures due to homogeneously distributed
Laves phase precipitates in addition to the higher Nb solubil-
ity in the matrix and therefore an increased solid solution
hardening effect [12]. The Fe-25A1-2Ta alloy, shown for
comparison, has been heat treated 1000 °C/200 h, resulting
in a microstructure with Laves phase precipitates (2.4 um
diameter and 30 pum inter-particle spacing) inside the Fe—Al
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Fig. 8 Microhardness in dependence on the annealing time for differ-
ent compositions

matrix and at the grain boundaries, which is comparable to
the present ones [12]. The compressive yield stress is about
the same as for the present alloys, though possibly a little
bit higher at 800 °C.

The microhardness of the Fe—Al matrix in dependence
on the aging time at 700 °C is shown in Fig. 8. For the alloy
Fe-24.4A1-2Nb—0.03B, the microhardness is measured in
the matrix containing Heusler phase precipitates after 1 h
heat treatment and increasing fraction of Laves phase precip-
itates after 10 h heat treatment. In view of the large scatter of
the data any detailed analysis seems speculative. Again, no
significant influence of B on the microhardness was noted.

Conclusions

Microstructure analysis and phase characterization via
EPMA and XRD indicate that in Fe—Al-Nb-B alloys the
formation of fine-scaled, homogeneously distributed Laves
phase is preceded by the formation of the metastable Heusler
phase. The Heusler phase forms in the alloy with about 24
at.% Al and 2 at.% Nb and doped with boron after 1 h of
heat treatment and transforms into the stable Laves phase
upon longer annealing. The Heusler-to-Laves phase trans-
formation occurs faster than in the Fe—Al-Ta system. No
significant influence of boron on the microstructure and the
mechanical properties could be observed. The yield stress
of Fe—AI-Nb alloys is in the same order of magnitude as
for an Fe—Al-Ta alloy of comparable composition and
microstructure.
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