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The composition of the metastable L2; Heusler phase in Fe;AlX with (X = Nb, Ta) alloys has been determined by
atom probe tomography (APT). It was found that the composition of L2; is off-stoichiometric in both systems,
however closer to the stoichiometric composition in the Fe-Al-Ta than in the Fe-Al-Nb(-B) alloy. L2; dissolves
faster and therefore the formation of the stable C14 Laves phase proceeds quicker in the Fe-Al-Nb(-B) alloy.
Doping with boron does not lead to the formation of borides and only a slight enrichment of boron in the Fe-Al

matrix at the grain boundary, which is covered with C14 precipitates is observed.

Iron aluminides are promising materials for structural applications at
high temperatures, e.g. turbine blades, due to their excellent corrosion
and wear resistance, low density, and cost-effective processing [1-4].
However, creep resistance and strength at high temperatures and
ductility at room temperature still need to be improved for a wider
application range. Several strengthening strategies such as solid solution
hardening, strengthening by coherent or incoherent intermetallic pre-
cipitates, carbides, or borides, or increasing the ordering can be
employed to further develop Fe-Al alloys [3,5-7].

A significant enhancement of creep behaviour and strength can be
reached in ternary Fe-Al-X alloys through precipitation strengthening
with the coherent, nano-scaled L2;-ordered Heusler phase Fe,AlX with
(X = Ta, Nb, Ti, V) [8-16].

In the Fe-Al-Ti and Fe-Al-V systems, the L2; phase is thermody-
namically stable and forms coherent precipitates within the disordered
A2 o(Fe, Al) matrix [17,18]. These microstructures resemble those in
v/y’ in Ni-based superalloys, and the hardness, yield stress and creep
resistance of Fe-Al-X (X = Ti, V) alloys can be significantly improved up
to 700 °C [12,15,19].

In contrast, in the Fe-Al-Ta and Fe-Al-Nb systems, L2; is metastable
and forms coherent microstructures within the B2-ordered FeAl matrix.
In the Fe-Al-Ta system formation of the metastable L2; was observed for
alloys within the composition range of about 20-30 at.% Al and 1.5-7 at.
% Ta after annealing or creep deformation below 800 °C [13,14,20].
Due to the small size of the nano-scaled L2; precipitates, their compo-
sition could only be estimated to be about 60 at.% Fe, 20-22 at.% Ta and
15 at.% Al [13]. Upon prolonged annealing, the L2; precipitates
dissolve, and the stable hexagonal C14 Laves phase nucleates.
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Interestingly, L2; could be still observed besides C14 after annealing at
700 °C/1000 h [14]. The precipitation of C14 can be largely influenced
through aimed heat treatment [13,14], doping with boron [14], and
thermomechanical processing [20]. As a result, a fine-scaled and ho-
mogeneous distribution of C14 in the matrix can be achieved.

Boron doping is known to strengthen the grain boundaries and
thereby improve the strength and ductility of Fe-Al alloys [21,22].
Moreover, small amounts of boron in the matrix are suggested to affect
the precipitation kinetics by providing additional nucleation sites for
C14. Therefore, in previous investigations, it has been assumed that L2;
precipitates do not form in boron doped Fe-Al-Ta and Fe-Al-Nb alloys, as
C14 precipitates more readily in the boron doped alloys [14,23].

Similarly, in the Fe-Al-Nb system, precipitation of metastable L2;
precedes the formation of C14 [9,11,24-26]. Upon annealing, the L2;
coarsens and then dissolves giving way to the C14 precipitates [9,26,
27]. The only measurement of the composition of the metastable L2;
indicates that the composition of this phase could be quite
off-stoichiometric [9]. More importantly, through the precipitation of
L2;, the yield stress could be improved by 50% up to temperatures of
600 °C [9] and significant hardening could be obtained [25,27]. How-
ever, in other investigations, L2; was not found in Fe-Al-Nb alloys of
similar compositions [23,28,29].

Yet, knowledge on the L2; Heusler phase in Fe-Al-Nb and Fe-Al-Ta
systems is limited and insufficient to completely understand its stabil-
ity and relationship to the subsequent C14 Laves phase formation, which
are key to achieving excellent creep properties in these promising
systems.

The present investigation aims to elucidate the composition of the
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Fig. 1. Back-scattered electron (BSE) micrographs of Fe-24.4A1-2Nb-0.03B annealed at a) 600 °C/100 h, b) 700 °C/1 h [26], showing the Fe-Al matrix (grey) with
interspersed L2; and Nb-rich (bright) C14 Laves phase Fe-25.9Al-1.6Ta annealed at ¢) 600 °C/100 h, d) 700 °C/100 h, showing the Fe-Al matrix (grey) and L2;

precipitates (bright phase).

Heusler phase in the Fe-Al-Nb and Fe-Al-Ta systems and to clarify
whether the kinetics of the dissolution of L2; and the formation of stable
Laves C14 is analogous in both systems. The current Fe-Al-Nb alloy
stems from a previous study, where the effect of doping with boron on
precipitation kinetics was investigated [26], however, it has been shown
that doping has no effect on phase equilibria [30].

The results obtained in this study will enable the design of more
creep resistant FeAl alloys.

Fe-24.4A1-2Nb-0.03B (all compositions in at.% except when noted
otherwise) was produced by vacuum induction melting under Ar from
pure Fe (99.9 wt.%), Al (99.9 wt.%), Nb (99.9 wt.%) and B (99.4 wt.%).
Fe-25.9Al-1.6Ta was produced from Fe (99.5 wt.%), Al (99.9 wt.%), and
Ta (99.99 wt.%) by levitation melting under Ar. Both alloys were cast
into copper molds of 20 mm diameter. Specimens were heat-treated in
air at 600 and 700 °C for 100 h, and in the case of Fe-24.4A1-2Nb-0.03B
additionally for 1 h at 700 °C, and furnace cooled. Metallographic
specimens were ground and polished to 0.5 um and additionally with
oxide polishing suspension (OPS). Actual compositions of the alloys
were determined by wet chemical analysis and compositions of the
phases were established by wavelength-dispersive electron probe
microanalysis (EPMA; Jeol JXA-8100). Quantitative analysis was per-
formed at 15 kV and 20 nA using pure elements as standards. At least 15
to 20 measurements for each phase were performed at different areas on

the specimen. Microstructures were studied by scanning electron mi-
croscopy (SEM; Zeiss LEO 1550 VP and Zeiss Merlin). Further, compo-
sitions of the phases were measured by APT (LEAP 5000 XR), operated in
pulsed laser mode with a laser energy of 40 pJ, a pulse frequency of 200
kHz, a base temperature of 50 K, and detection rates up to 1.5%.
Deconvolution of Fe?>* and Al'* peaks at the 27 Da peak in the mass
spectra was performed based on the natural isotopic abundancies of Fe.

The micrographs of Fe-24.4A1-2Nb-0.03B annealed at 600 °C/100 h
and 700 °C/1 h show nano-scale precipitates of metastable L2; in the Fe-
Al matrix (Fig.1a-b). After 600 °C/100 h only a few stable C14 pre-
cipitates formed (Fig. 1a). In contrast, a considerable amount of C14
nucleated at grain boundaries after 700 °C/1 h, and the metastable L2
dissolved in the adjacent matrix, thereby forming a precipitate-free zone
along the grain boundaries (Fig. 1b) [26]. After 700 °C/100 h (not
shown here) L2, precipitates were no longer observed, but instead, C14
had formed within the Fe-Al grains. In Ref. [26] it was reported that
after 700 °C/10 h, the L2, phase is no longer observed in this alloy, but
recent investigations of the same sample with higher resolution tech-
niques revealed the presence of fine L2;. The Fe-Al matrix is B2-ordered
at 600 and 700 °C, but transforms to DO3 during cooling to room tem-
perature [30]. Therefore, the matrix has the same crystallographic
structure at room temperature as the L2; precipitates, since the D03
structure of the matrix is the binary equivalent of the ternary L2



A. Gedsun et al.

Scripta Materialia 226 (2023) 115220

.Fe
ONb

Fig. 2. APT reconstruction of Fe-24.4A1-2Nb-0.03B annealed at a) 600 °C/100 h, b) 700 °C/1 h and c) 700 °C/100 h. Fe ions are represented in black; Nb ions are
represented in brown; L2, precipitates are visualized by showing an Nb isocomposition surface with a threshold of 5.5 at.% Nb (a) and 2.5 at.% Nb (b) in brown.

Table 1

Chemical composition of L2; Heusler phase precipitates and Fe-Al matrix as
determined with APT in Fe-24.4Al1-2Nb-0.03B. The composition of the matrix
after 1000 h annealing at 700 °C determined by EPMA is given for comparison
[26].

600 °C/100 h 700°C/1h 700 °C/ 700 °C/1000 h
100 h (EPMA) [26]
Element  Fe-Al L21 Fe-Al L2; Fe-Al Fe-Al
Fe 78.9 72.4 75.4 63.9 74.94 + 74.4+£0.7
+1.1 +0.7 +0.2 + 0.4 0.01
Al 20.7 24.6 23.2 26.1 24.44 + 25.2+ 0.6
+0.9 +0.7 +0.2 +0.2 0.01
Nb 0.4 + 3.0+ 1.4 + 10.0 0.62 + 0.4 +0.1
0.1 0.1 0.1 +0.2 0.01

Heusler phase structure. It is noted that doping with boron did not result
in the formation of additional phases, e.g. borides, in agreement with a
preceding study, where it was found that phase equilibria in Fe-Al-Nb
are not affected by such low amounts of boron doping [30].

Micrographs of Fe-25.9A1-1.6Ta annealed at 600 and 700 °C/ 100 h
are shown in Fig. 1c-d. Both specimens contain L2; precipitates. After
annealing at 700 °C, the L2, precipitates coarsen significantly compared
to 600 °C, in accordance to previously reported observations [14].

Comparison of the microstructures of Fe-24.4A1-2Nb-0.03B and Fe-
25.9A1-1.6Ta after annealing for 100 h at 600 °C and 700 °C shows
that the L2; phase dissolves much faster and that stable C14 forms
earlier in the Nb containing alloy than in the Ta containing one, in
accordance with previous observations [26].

To determine the composition of L2; in the Fe-Al-Nb and Fe-Al-Ta
alloys, APT measurements were performed.

Reconstructions of representative APT specimens of Fe-24.4A1-2Nb-
0.03B after different heat treatments are shown in Fig. 2. To highlight
the L2;/matrix interface, an isocomposition surface of 2.5 at.% Nb was
used for the sample annealed at 600 °C/100 h and 5.5 at.% Nb for the
sample annealed at 700 °C/1 h. The difference in isocomposition
threshold selection arises from the compositional variation of the pha-
ses, as will be shown.

After annealing at 600 °C/100 h, rectangular shaped L2; precipitates
of about 100 nm are observed (Fig. 2a). After 700 °C/1 h, rectangular

shaped L2; precipitates of 10-50 nm form (Fig. 2b). Consistent with the
micrographs (Fig. 1), the L2; precipitates are arranged in chains.
Annealing at 600 °C/100 h leads to coarsening of the L2; precipitates
due to the longer annealing time. After annealing for 100 h at 700 °C,
L2; precipitates were not detected by APT (Fig. 2c¢), thus corroborating
the microstructural observation that after 700 °C/100 h only stable C14
is present. As the C14 precipitates are rather coarse in this sample and
with large interparticle spacing, they were not captured by APT within
the investigated volume (Fig. 2c).

The APT determined chemical compositions of the L2; and matrix
phases are given in Table 1. After 600 °C/100 h the Al content in L2; is
about 25 at.%, i.e. as expected for the stoichiometric composition of
FeoAIND. In contrast, the Nb content is only 3 at.% and thus significantly
off-stoichiometric. The L2; precipitates formed at 700 °C/1 h also show
an Al content close to the one expected for the stoichiometric compo-
sition, while although the Nb content of 10 at.% is considerably higher
than after 600 °C/100 h, it is still much lower than the stoichiometric
composition. A frequency distribution histogram analysis (not shown
here) of the ~160 million ion dataset from the 700 °C/100 h condition
showed homogeneous chemical distribution. Note that the error of the
composition of the sample annealed at 700 °C/100 h is much lower
because it was derived from a much larger dataset. A comparison of the
compositions of the matrix in the samples annealed at 700 °C (Table 1)
shows that with increasing annealing time, the composition consistently
shifts towards that observed in equilibrium after 1000 h [26]. The
composition of C14 in Fe-24.4A1-2Nb-0.03B, annealed at 700 °C/1 h was
determined as 58.3 & 1.3 at.% Fe, 14.8 & 0.6 at.% Al, 26.8 + 1.6 at.%
Nb by APT. For the same alloy, the composition of C14 was measured as
59.7 + 1.3 at.% Fe, 17.0 + 0.6 at.% Al, 23.3 + 1.7 at.% Nb by EPMA
[30] after annealing at 700 °C for 1000 h. Note that boron was not
detected, in agreement with prior EPMA analysis [30].

The only available compositional measurement of metastable L2;
precipitates in the Fe-Al-Nb system has been obtained by TEM-EDS [9].
After annealing Fe-25A1-2NDb (at.%) for 100 h at 650 °C,~500 nm large
L2, precipitates show a composition of 24.9 at.% Al and 13.9 at.% Nb,
thus resembling those determined in the present investigation, i.e. the Al
content is about that of the stoichiometric composition, while the Nb
content is considerably lower. The considerably lower Nb contents in
L2; than the expected stoichiometric composition of Fe,AIND is also
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Fig. 3. APT reconstruction of Fe-25.9A1-1.6Ta annealed a) 600 °C/100 h and b) 700 °C/100 h. Fe ions are represented in black, Ta ions are represented in purple; the
Ta isocomposition-surface with the threshold of 10 at.% Ta, in purple, delineates the Heusler phase from the matrix.

Table 2

Chemical compositions of the L2; Heusler phase precipitates and the Fe-Al
matrix, as determined with APT in Fe-25.9Al-1.6Ta annealed at 600 and
700 °C for 100 h; the composition of the matrix of 25.7A1-1.6Ta after 1000 h
annealing at 700 °C determined by EPMA is given for comparison [14].

600 °C/100 h 700 °C/100 h 700 °C/1000 h

(EPMA) [14]

Element Fe-Al L2, Fe-Al L2; Fe-Al

Fe 75.7 £ 55.6 + 75.3 + 54.9 + 74.8 £ 0.3
0.2 0.5 0.4 0.4

Al 235+ 27.2 + 23.6 + 26.3 + 24.6 £ 0.3
0.1 0.3 0.4 0.3

Ta 0.8 + 17.2 + 1.1+ 18.8 + 0.54 + 0.07
0.2 0.4 0.1 0.3

supported by calculations. In a combined CVM and DFT study, Eleno
et al. [31] calculated the metastable Fe-Al-Nb isothermal section at
627 °C (900 K). According to these ab initio calculations, metastable L2;
occurs with Nb contents between 2 and 25 at.% for 25 at.% Al at that
temperature, in accordance with compositions measured in [9] and in
the present investigation.

Reconstructions of the APT needles of Fe-25.9A1-1.6Ta annealed at
600 °C and 700 °C for 100 h are shown in Fig. 3. The L2; precipitates
have a rectangular morphology and are arranged in chains, similar to
the SEM observations (Fig.1c-d), with a particle spacing of around 5-10
nm (Fig. 3). After annealing at 600 °C, the precipitates are ~10-20 nm
large, while after annealing at 700 °C they are somewhat coarser (~50
nm). After 600 °C/100 h the precipitates are finer and more homoge-
neously distributed than after 700 °C/100 h, which could be associated
with the quicker coarsening at higher temperatures.

Although a composition range for the formation of metastable L2, in
the Fe-Al-Ta system has been reported [14], the composition of L2

itself, however, has not been reported. The APT determined composition
of the L2; and Fe-Al matrix in both samples is given in Table 2.

The Al contents of 26-27 at.% are again close to the stoichiometric
composition of the Heusler phase. With 17-19 at.% Ta the composition
of L2; is closer to the stoichiometric composition than in the Fe-Al-Nb
(-B) alloy. Comparison of the matrix composition to that of a similar
composition alloy [14] (Table 2) shows that after annealing at 700 °C for
100 h, the Ta content is still considerably higher than after 1000 h. For
the latter alloy it was shown that even after 1000 h some residual
metastable L2; precipitates are present. In contrast, in the Fe-Al-Nb-B
alloy, there is little difference in the composition of the matrix after
annealing for 100 or 1000 h at 700 °C and L2; precipitates are not
observed past 100 h. This confirms that the metastable Heusler phase
persists longer in the Fe-Al-Ta than in the Fe-Al-Nb-B alloy.

Boron peaks were not detected in the APT mass spectra of the Fe-Al
matrix or L2; in Fe-24.4A1-2Nb-0.03B. Additionally, borides were also
not found. It could therefore be assumed that boron segregates to grain
boundaries, which are mostly covered with C14 precipitates. Therefore,
APT samples were extracted from a grain boundary. Fig. 4 shows the
interface between a grain boundary C14 and the surrounding Fe-Al
matrix (Fig. 4a) and the composition profile perpendicular to the
interface (Fig. 4b). The concentration profile in Fig. 4b indicates a slight
boron enrichment of up to 0.1 at.% in the Fe-Al matrix adjacent to the
grain boundary. As boron diffuses very fast, a homogeneous distribution
can be expected at 700 °C. Then segregation to grain boundaries occurs
during cooling, which could explain why boron doping does not accel-
erate the formation of C14 in the present alloy, contrary to previous
observations [14,23].

In summary, we explored the metastable L2;-ordered Heusler phase
in a Fe-Al-Nb alloy doped with boron and a Fe-Al-Ta alloy. The Al
content in the L2; was close to the stoichiometric composition (~25 at.
%) in both alloys. Interestingly, the Nb content in the L2; phase of the
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Fig. 4. a) APT reconstruction of the grain boundary, covered with the Nb-rich C14 Laves phase in Fe-24.4A1-2Nb-0.03B, annealed at 700 °C for 1 h. Fe ions are
represented in black, the Nb ions in brown, and the boron ions in blue. b) Proxigram across the interface between the Fe-Al matrix and the grain boundary, covered
with C14, showing the concentration profiles of Fe, Al, Nb, and B. c¢) Enlarged concentration profile for B.
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Fe-Al-Nb alloy, was far off-stoichiometric, whereas, in the Fe-Al-Ta
alloy, the Ta content in the L2; was much closer to the stoichiometric
composition. Increasing the temperature from 600 to 700 °C results in
coarsening of the L2; in the Fe-Al-Ta alloy, while in the Fe-Al-Nb(-B)
alloy, the L2; rapidly dissolves, giving way to the stable C14 Laves
phase precipitates. The change from metastable L2; to stable C14 occurs
at considerably shorter times in the Fe-Al-Nb(-B) alloy than in the Fe-Al-
Ta alloy. The slower dissolution of L2; and the later formation of C14 in
Fe-Al-Ta alloys can be correlated with the less off-stoichiometric
composition of L2 in Fe-Al-Ta, and the slower diffusion of Ta in FeAl,
compared to Nb [32,33]. As the coherent precipitates contribute sifni-
ficantly to the strength of the alloys, the inferior stability of L2; explains
why lower creep resistance (not yet published work) and yield strength
[26] are observed in Fe-Al-Nb alloys, compared to Fe-Al-Ta alloys. The
boron doping of the Fe-Al-Nb alloy did not result in the formation of
borides, however, a slight enrichment in the Fe-Al matrix near grain
boundaries, and particularly at the grain boundary C14 interface.
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