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A B S T R A C T

B2-ordered FeAl exhibits a wide homogeneity range (from 23.5 to 53 at.% Al) and a strong sensitivity of its 
mechanical properties to point defects, but the individual roles of vacancies and anti-site atoms remain insuf
ficiently clarified. In this work, we investigate how these defects influence hardness and reduced modulus across 
the full single-phase composition range of B2-ordered FeAl. For this purpose, diffusion couples between two Fe- 
Al alloys with 30 and 53 at.% Al were prepared and mechanical properties were studied by nanoindentation. 
Diffusion bonding at 1000 ◦C followed by various heat treatments at 400–1000 ◦C is employed to systematically 
vary the concentration of quenched-in vacancies, while anti-site defect concentrations are primarily dictated by 
composition. Nanoindentation along the composition gradient reveals that low-vacancy states exhibit a non- 
monotonic hardness–composition behavior with a distinct minimum in hardness, whereas high-vacancy states 
show a monotonic increase in hardness with increasing Al content. Comparison of differently heat-treated 
conditions demonstrates that such trends can be explained by the combined effects of vacancies and anti-site 
defects, where vacancy hardening is known to be most pronounced near stoichiometric B2-ordered FeAl, 
while anti-site defect strengthening dominates on the Fe-rich side of the composition range. The composition 
dependence of the reduced modulus likewise changes with heat treatment, indicating that point defects also 
affect elastic stiffness. Together, these results provide a coherent experimental understanding of how vacancies 
and anti-site defects jointly control the mechanical response of B2-ordered FeAl and help rationalize previously 
reported anomalies in the composition-dependent properties.

1. Introduction

Alloys based on B2-ordered FeAl have attracted attention for many 
years as potential structural materials for intermediate- to high- 
temperature applications owing to their low density, good oxidation 
and sulfidation resistance, and cost efficiency compared to Ni-, and Co- 
based alloys and high-temperature steels [1–5]. Moreover, interesting 
ideas have also been developed for applications of B2-ordered FeAl as 
functional material for magnetic recording and data storage [6]. How
ever, the industrial application of B2-ordered FeAl alloys, particularly 
for structural applications, is impeded by their low ductility at ambient 
temperatures and their overall very complex and not fully understood 
mechanical behavior [3,4,7,8]. The B2-ordered FeAl phase possesses a 
wide homogeneity range from 23.5 to 53 at.% Al as shown in Fig. 1a 

(adapted from [9]). The deviations from its stoichiometric composition 
of 50 at.% are accommodated by vacancies and anti-site atoms [7,10]. 
Interestingly, it was observed in several studies that the mechanical 
properties of single-phase B2-ordered FeAl alloys can exhibit an unex
pected behavior when examined as a function of composition. Properties 
such as hardness, lattice resistance, Hall-Petch slope, and 
brittle-to-ductile transition temperature show an abrupt change or a 
minimum at a certain composition somewhere in the wide homogeneity 
range of the phase, which, in addition, seems to depend on the thermal 
history of the material [7,11–13].

The mechanical properties of ordered phases are strongly influenced 
by defects, which can be simple point defects as well as higher- 
dimensional defects such as antiphase boundaries (APBs) or grain 
boundaries [8,14,15]. One of the most well-studied effects of point 
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defects in B2-ordered FeAl is the mechanism of vacancy strength
ening/hardening [16–21]. The presence of a vacancy inside a crystal 
lattice creates a local distortion and the interaction between the 
resulting stress field and a moving dislocation results in strengthening 
which is comparable to the mechanism of solid solution strengthening 
[19,22]. The concentration of vacancies at the stoichiometric composi
tion reaches high values at high temperatures (for example, approxi
mately 2% at 1000 ◦C [23,24]), while these values strongly decrease 
with decreasing Al content as was found experimentally [19,25–27] and 
confirmed in several theoretical studies [28–30]. Chang et al. [18] have 

shown that the microhardness increases linearly with the square root of 
the vacancy concentration in B2-ordered FeAl. This was further 
confirmed in later studies as well [31,32]. The other important type of 
point defects in B2-ordered FeAl are anti-site defects (i.e., Fe on Al sites). 
They have also been attributed to contribute to strengthening in 
B2-ordered FeAl, although less strongly than vacancies [18,19,33]. In 
contrast to vacancies, their concentration increases with deviation from 
the stoichiometric composition, i.e., there is a continuous, approxi
mately linear increase with decreasing Al content [27,34]. Besides point 
defects, anti-phase boundaries (APBs) are known to strengthen crystal
lographically ordered materials by hindering dislocation motion [35, 
36]. However, in the case of B2-ordered FeAl, it has been found that 
APBs do not contribute to strengthening [37]. According to TEM and 
DFT studies of Hillel et al. [38], APBs may occur in B2 FeAl only for Al 
concentrations < 32 at.%, while for higher Al contents dislocations are 
observed. These dislocations, which also act as sinks for thermal va
cancies during annealing, lead to only minor hardening that is negligible 
compared to the effects of vacancies and anti-site defects [39].

The most important factor responsible for the complex mechanical 
behavior of B2 FeAl alloys is the high sensitivity to the concentration, 
type, and stability of defects, which are influenced by the composition 
and processing conditions. The thermal vacancies formed at high tem
peratures can be retained at room temperature upon quenching [23,25, 
32,40], allowing the mechanical properties to be investigated not only 
as a function of composition, but also for fixed compositions as a func
tion of different concentrations of quenched-in vacancies. The reason 
why vacancies can be quenched-in from high temperatures is that the 
formation enthalpies are relatively low (0.65–1.2 eV) [4,41] and the 
migration enthalpies are relatively high (1.5–1.8 eV) [41] which makes 
diffusion sluggish. In contrast, the concentration of anti-site defects 
measured at room temperature does not depend on the temperature 
from which an alloy has been quenched [34]. Thus, varying the 
heat-treatment conditions of the samples provides a pathway to separate 
the effects of the vacancies from those of the anti-site atoms on the 
mechanical properties.

Another key feature of B2-ordered FeAl is that vacancies and anti-site 
atoms can agglomerate to form complex defects such as divacancies 
(pairs of vacancies) and triple defects (combinations of two Fe vacancies 
and one Fe anti-site atom [42]) depending on temperature and 
composition. Schematic diagrams of the ideal B2 unit cell, a single va
cancy, a divacancy, and a triple defect are shown in Fig. 1b-e. According 
to the phase diagram (Fig. 1a), the B2 FeAl single-phase region is sub
divided into three different parts. This subdivision of the phase field 
originates from the early work of Köster and Gödecke [43], who 
observed sudden changes in thermal expansion and elastic modulus 
measurements at these compositions and temperatures. Later on, 
Hehenkamp et al. [23] assigned different preferred defect arrangements 
to these three B2 phase fields using differential dilatometry and positron 
annihilation spectroscopy. According to their interpretation, single va
cancies dominate in the composition range below approximately 35 at. 
% Al, designated as B2’ region in the phase diagram in Fig. 1a, while at 
higher Al contents triple defects form as the dominant type of defect in 
the B2(l) region, and at high temperatures above approximately 800 ◦C 
in the B2(h) region, divacancies (combination of Fe + Al vacancy) exist 
in addition. A similar interpretation was given by Haraguchi et al. [44, 
45], while according to other groups [42,46], triple defects dominate in 
the high-temperature range (above 800 ◦C) and single vacancies with 
temperature dependent concentration of triple defects are present at 
lower temperatures [42,46]. Regardless of these varying interpretations 
and although the boundaries subdividing the B2 phase field are not 
precisely defined, also many other studies [9,47–49] agree that different 
(combinations of) defect variants dominate in the different composition 
and temperature regions of the extended phase field of B2-ordered FeAl. 
Since the defect concentration is also strongly influenced by the thermal 
history of the sample, and because the mechanical behavior is highly 
sensitive to the defect state, it can be assumed that the complex and, in 

Fig. 1. (a) Fe-rich part of the Fe-Al phase diagram adapted from Ref. [9]. The 
blue region is the single phase B2-ordered FeAl region. Schematic diagrams of 
B2-ordered FeAl lattice with: (b) ideal structure, (c) single vacancy, (d) diva
cancy (one Fe- and one Al-vacancy), and (e) triple defect (comprising of two 
Fe-vacancies and an Fe-anti-site defect); the vacancies in (c), (d), and (e) are 
indicated by dashed circles.
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some cases, not yet fully understood composition dependence of the 
mechanical properties of B2-ordered FeAl alloys is related to the 
respective defect state of the material.

Apart from the hardness and yield strength, which are strongly 
influenced by the defect concentration as has already been observed in 
many studies [16–21,33], the experimentally determined elastic 
modulus of B2-ordered FeAl is known to increase from Fe-rich compo
sitions up to approximately 35–45 at.% Al and then either decreases or 
remains almost constant [12,50–54]. However, the effects of different 
heat treatments and point defect concentrations on the elastic modulus 
have not been systematically studied yet.

Therefore, this work aims to investigate the influence of point de
fects, specifically vacancies and anti-site atoms, on the mechanical 
properties of B2-ordered FeAl across its entire single-phase composition 
range. To this end, the diffusion couple technique has been employed to 
produce the samples, enabling the entire B2-ordered FeAl composition 
range to be studied within a single specimen. This approach offers clear 
advantages over testing series of separate bulk alloys, as it allows 
property measurements along the continuous concentration gradient at 
any composition and in finely spaced compositional intervals without 
the need to cast each composition individually. Furthermore, it ensures 
that all compositions experience identical heat-treatment conditions 
(atmosphere, temperature, duration, and cooling), thereby eliminating 
sample-to-sample variations in fabrication. Moreover, the impurity 
contents are identical for all compositions. Hence, this work for the first 
time studies the aforementioned effects and correlations in a single 
specimen. The unfortunate drawback of utilizing diffusion couples is 
that the available techniques for characterizing point defects (such as 
positron annihilation spectroscopy, dilatometry, X-ray diffraction etc.) 
cannot be employed, as the specimen’s compositional gradient neces
sitates the use of a local probe technique. Hence, we compare the point 
defect concentrations by an indirect and qualitative method. For our 
experiments, heat treatments at different temperatures varying from 
400 to 1000 ◦C followed by water quenching were carried out to pro
duce different concentrations of vacancies. 400 ◦C was chosen as the 
lower limit for the heat treatments because it has been reported in the 
literature that heat treatments at this temperature (for at least 100 h) 
can produce the minimum vacancy concentration state [16]. Subse
quently, nanoindentation was performed to locally measure the me
chanical properties, thereby probing the intrinsic response of a specific 
composition without the influence of grain boundaries. It is important to 
decouple the grain boundary effects from the bulk response as the 
characteristics and behavior of grain boundaries also depend on the 
composition [11,55] and can obscure the intrinsic mechanical response 
from the lattice. For example, the elongation to fracture decreases [55]
and the brittle-to-ductile transition temperature of polycrystalline B2 
FeAl alloys increases abruptly [11] with increasing Al content. This is 
accompanied by a change of the fracture mode from transgranular to 
intergranular. In this study, the reduced modulus and hardness obtained 
from nanoindentation were analyzed as indicators of elastic and plastic 
materials’ response insensitive to changes in grain boundary properties. 
Studying the effects of different heat treatments on hardness and 
reduced modulus enables us to disentangle the contributions of different 
point defects on the mechanical properties as a function of Al content.

2. Experimental procedure

2.1. Fabrication of diffusion couples

Two binary alloys with compositions Fe-30 and 53 at.% Al were 
produced by melting the pure metals in a vacuum induction furnace and 
then casting into copper moulds. Chemical analysis of the as-cast ma
terial revealed low impurity contents of < 100 ppm by weight for O, N, 
C, and S in both alloys (a more detailed description of the analyses and 
results are given elsewhere [56]). The cast ingots were cut using elec
trical discharge machining into cuboidal samples with dimensions of 

10 × 5 × 5 mm3. They were ground up to grit P1000 and polished to 
remove any oxide formed during machining. Especially, the sides which 
were going to make contact to form the diffusion couple interfaces were 
ground up to grit P4000 SiC paper. One of each prepared alloy samples 
was placed on top of one another and carefully placed between 
disc-shaped molybdenum clamps. Rock wool was placed between the 
molybdenum clamps and the Fe-Al samples to avoid direct contact be
tween them and prevent any chemical interaction between the two. The 
clamps were tightened using stainless steel screws and nuts. The entire 
set was encapsulated inside a quartz ampoule that also had titanium 
getter and was filled with argon gas. This encapsulated assembly was 
then heat treated in a furnace at 1000 ◦C for 240 h, followed by furnace 
cooling.

2.2. Heat treatment of diffusion couples

The diffusion couples produced as described above were cut into 
thinner samples with dimensions of approximately 10 × 5 × 2 mm3 

using a diamond wire saw cutting machine. They were polished to 
remove any surface oxide layer formed during the diffusion bonding 
process using grit P1000 SiC paper. The diffusion couples were then 
wrapped in niobium foils to avoid direct contact with the quartz am
poules and were encapsulated in a similar manner as mentioned in 
Section 2.1. Heat treatments of these samples were carried out as listed 
in Table 1. All heat treatments were followed by water quenching.

2.3. Sample preparation for microstructural characterization and 
mechanical property measurement

The furnace-cooled and heat-treated diffusion couples were prepared 
for further experiments and investigations by polishing them down to a 
1 μm finish using a diamond suspension, followed by electropolishing 
using Struers A2 electrolyte.

2.4. Microstructure analysis

The microstructures of the diffusion couples were investigated using 
a Zeiss Auriga scanning electron microscope (SEM) that is also equipped 
with an EDAX TSL-OIM system for electron backscatter diffraction 
(EBSD). EBSD was performed to determine the orientation and size of 
the grains.

Transmission electron microscopy (TEM) was performed using a 
Thermo Fisher Scientific Titan Themis G2 60–300 at 300 keV energy to 
identify the ordering state and check the presence of dislocations and 
APBs. Samples for TEM were produced by both twin-jet electropolishing 
using electrolyte containing 90% acetic acid and 10% perchloric acid, as 
well as using a Thermo Fisher Scientific Scios 2 focused ion beam 
instrument.

2.5. Nanoindentation

Nanoindentation was performed on the diffusion couples using a 
G200 nanoindenter from KLA Corporation. A diamond Berkovich 

Table 1 
Heat treatments of the diffusion couples after the diffusion bonding process (at 
1000 ◦C/240 h with subsequent furnace cooling (FC)). All samples were water 
quenched after the heat treatments.

Heat treatment notation Temperature (◦C) Duration (h)

FC/400-24 400 24
FC/400-168 400 168
FC/400-1008 400 1008
FC/550-168 550 168
FC/700-24 700 24
FC/900-24 900 24
FC/1000-24 1000 24
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indenter was used to indent up to a maximum depth of 1 μm, avoiding 
the indentation size effect, at a constant strain rate of 0.02 s− 1. An 
indentation array layout of five lines with 60 indents in each line was 
used along the concentration gradient of each diffusion couple. A dis
tance of 30 µm was maintained between the lines of indents, which is 
greater than 25 times of the maximum indentation depth to avoid in
teractions between the plastically deformed volume surrounding the 
indents. The distance between the adjacent indents in each line was 
maintained at 100 µm.

The Oliver-Pharr method [57] was used to determine the hardness 
and reduced modulus from the unloading curves. The reduced modulus 
(Er) incorporates the elastic response of both the indenter and the 
specimen according to the following equation: 

1
Er

=
1 − υ2

E
+

1 − υ2
i

Ei
(1) 

where E is the elastic modulus of the specimen, Ei is the elastic modulus 
of the indenter tip, ν is the Poisson’s ratio of the specimen, and νi is the 
Poisson’s ratio of the indenter tip. This equation is valid under the 
assumption that the material is isotropic. However, B2-ordered FeAl is 
elastically anisotropic [50,51]. Moreover, because the Poisson’s ratios of 
the compositions under investigation (approximately from 30 to 53 at.% 
Al) are not known, the values of the reduced modulus were used in this 
study. Due to the constant and much higher modulus of the diamond 
indenter as compared to the sample, the contribution of the second term 
due to the indenter in Eq. 1 will be small and constant. Consequently, 
changes in the reduced modulus directly reflect changes in the speci
men’s elastic modulus. Therefore, the composition dependence of the 
reduced modulus can be interpreted as representing the composition 
dependence of the elastic modulus of FeAl.

2.6. Composition analysis

Following nanoindentation, the composition profiles of the diffusion 
couples were measured along the concentration gradient using an 
electron probe microanalyzer (EPMA) JXA-iSP100 from JEOL at 15 kV 
voltage and 20 nA beam current. The measurements were performed 
parallel to the indentation rows with probe points located approximately 
10 μm away from the indents in order to determine the local composi
tion at each indentation site.

3. Results

3.1. Microstructure

Fig. 2a shows the overall microstructure, while Fig. 2b shows an 
EBSD grain-orientation map of an indented area of the FC diffusion 
couple near the clearly visible diffusion interface. The microstructure 
exhibits grains with grain sizes in the order of several hundred micro
meters to millimeters. Towards the Al-rich side of the diffusion couple 
(which lies outside the area visible in Fig. 2a), fine FeAl2 phase particles 
precipitate (see Fig. S1a in Supplementary Information), corroborating 
the Al-rich boundary of the B2 FeAl single-phase field, which according 
to the Fe-Al phase diagram is around 50 at.% Al. In the Fe-rich regions 
(below approximately 36 at.% Al) of diffusion couples annealed at low 
temperatures (400 and 550 ◦C), very fine and widely spaced needle- 
shaped Fe3AlC precipitates with a length of up to approximately 4 μm 
and width below about 0.1 µm were observed (as shown in Fig. S1b in 
Supplementary Information). The occurrence of such fine carbide pre
cipitates is well-known from the literature, and they already form for C 
contents as low as 80 wt.ppm in Fe-rich alloys [58].

It should also be mentioned that D03-ordering was observed at 30 at. 
% Al in the FC/400–1008 diffusion couple (see the TEM results shown in 
the Supplementary Information Fig. S2). This is in agreement with the 
phase diagram (see Fig. 1a), according to which at 400 ◦C, the D03- 

ordered superstructure phase Fe3Al forms between 30–33 at.% Al, while 
B2 ordering is retained for higher Al contents. In agreement with this, a 
400◦C heat-treated sample with 35 at.% Al did not show any indication 
of D03-ordering but was found to be entirely B2-ordered (see Fig. S2 in 
the Supplementary Information). For 30 at.% Al heat treated at 1000 ◦C, 
the fast second-order phase transformation from B2 to D03-ordering 
could not be completely inhibited by water-quenching. This resulted in 
very fine and homogeneous mixture of B2 and D03-ordering within the 
sample. Hence, the diffusion couple, that was quenched from the high- 
temperature B2-ordered state and has compositions in the D03 range, 
will have such a microstructure. Moreover, the samples were checked 
for the presence of dislocations and APBs. The dislocation densities 
could be estimated to be in the order of 1012–1013 m− 2 in all cases and 
there is no visible significant difference for different compositions and 
for different heat treatments (see also the representative TEM bright 
field images in Fig. S3 in the Supplementary Information). While APBs 
were confirmed at 35 (400 and 1000 ◦C) and 37 (400 ◦C) at.% Al, none 
were observed at 42 at.% (400 ◦C) Al. The appearance and number of 
APBs in the 400 and 1000 ◦C TEM samples were very similar. Although 
this is not a detailed analysis, it is reasonable to conclude that the dif
ferences in the hardness arising from different heat treatments and from 
changes in composition are not as a result of these 1- or 2-dimensional 
defects.

3.2. Composition profiles

Fig. 3a and b show the composition profiles as a function of distance 
of the FC and FC/700–24 heat-treated diffusion couples, and Fig. 3c 
shows an SEM image of indents and the corresponding EPMA mea
surement spots. It can be observed from the figure that the samples have 
well diffusion-bonded, resulting in a sigmoidal shape of the Al 

Fig. 2. (a) Low magnification secondary electron image of the central part of a 
FC diffusion couple including the diffusion couple interface (b) EBSD grain- 
orientation map of an indented region, not shown in (a), of the same sample 
near the diffusion couple interface. The color code corresponds to the inverse 
pole figure of the indentation direction.
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concentration profile as a function of the distance perpendicular to the 
diffusion couple interface. The concentration profile extends over 
several millimeters and covers the FeAl composition range from 30 to 
53 at.% Al. The composition profile remains virtually unchanged after 
the additional heat treatments (as can be clearly seen in Fig. 3a and b), 
since the applied temperature-time combinations only result in negli
gible long-range diffusional processes compared to the initial diffusion 
bonding treatment of 240 h at 1000 ◦C. The maximum concentration 
gradient, which corresponds to the steepest part of the profile near the 
diffusion couple interface, is approximately 0.01 at.%/µm. Such a small 
composition variation is sufficiently minor to exclude potential effects of 
compositional variations on a single nanoindentation measurement 
where only small localized regions (with plastic zone size radius of the 
produced indents being less than 6 μm, as estimated according to the 
modified Nix-Gao model [59,60]) are probed.

3.3. Nanoindentation

3.3.1. Hardness
The hardness obtained from nanoindentation is plotted in Fig. 4 for 

each heat-treatment condition as a function of the Al content. Some of 
the representative load-displacement curves are shown in the 

Supplementary Information Fig. S4. The hardness plot of the FC condi
tion reveals a gradual decrease followed by a rather steep increase in 
hardness with increasing Al content, resulting in a minimum in the 
hardness at approximately 42 at.% Al. Such a trend is also observed after 
the additional heat treatments at lower temperatures, namely, FC/ 
550–168, FC/400–24, − 168 and − 1008. The steep increase in hardness 
at higher Al concentrations was already reported in earlier studies where 
samples were furnace-cooled very slowly from high temperature (1000 
◦C) and then heat treated at low temperatures (300–500 ◦C) [12,16,18]. 
However, in these studies, bulk alloys with different compositions were 
used instead of diffusion couples, and the existence of a hardness min
imum could not be clearly observed, probably because of the rather 
large composition difference between the consecutive compositions of 
alloys investigated.

The present measurements further show that the composition at 
which the minimum in the hardness curves occurs also depends on the 
heat-treatment parameters. While it occurs at about 42 at.% Al in the FC 
condition, the minimum is shifted towards higher Al content of about 
43 at.% after the heat treatments FC/550–168 and FC/400–24, and 
further to about 47 at.% Al after the prolonged heat treatments FC/ 
400–168 and FC/400–1008. In contrast, the heat treatments at higher 
temperatures (FC/700–24, FC/900–24, and FC/1000–24) do not result 

Fig. 3. Composition profiles of (a) FC and (b) FC/700-24 diffusion couples measured using EPMA, and (c) secondary electron image showing the indents together 
with corresponding EPMA measurement spots, which were positioned approximately 10 μm above the indents. The profiles shown in (a) and (b) are superpositions of 
the composition values of five line scans each measured parallel to the concentration gradient (which is in horizontal direction in (c)).
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in a minimum in the hardness curves. Instead, a continuous increase of 
the hardness with increasing Al content is observed, exhibiting reduced 
curvature as temperature increases.

Upon closer inspection of Fig. 4, a significant scatter of the hardness 
values can be noticed in a restricted composition range at around 45 at. 
% Al in the case of the FC and the three 400 ◦C heat-treated diffusion 
couples (i.e., FC/400–24, FC/400–168, and FC/400–1008). The 
magnitude of the scatter and the range of compositions over which it 
occurs reduce with increasing heat-treatment time from FC to HT/ 
400–1008, i.e., as the sample becomes well annealed at lower temper
ature for longer duration. This phenomenon can probably be attributed 

to the occurrence of more complex vacancy arrangements (such as 
divacancies and triple defects, as will be discussed in Section 4) in this 
composition range, which partially still remain during the slow furnace 
cooling and after low-temperature heat treatment (400 ◦C in this case). 
Furthermore, the indents (see Supplementary Information Fig. S5) 
exhibit differences in the slip traces around the indents in the same 
grain. They likely reflect local variations in deformation modulated by 
vacancies, rather than measurement artifacts.

The hardness values in the composition range where the occurrence 
of widely spaced fine Fe3AlC precipitates was observed (i.e., on the Fe- 
rich side approximately below 36 at.% Al after the low-temperature heat 

Fig. 4. Variation of hardness with Al content of FeAl for different heat-treatment conditions: (a) FC, (b) FC/400-24, (c) FC/400-168, (d) FC/400-1008, (e) FC/550- 
168, (f) FC/700-24, (g) FC/900-24, and (h) FC/1000-24. The data points in all the plots are color coded according to the inverse pole figure in (h) to indicate the 
grain orientation. An orange frame for the FC condition is made to distinguish it from the additional heat-treatment conditions, since it is the only state with slow 
cooling (while all the others finally were water quenched). Dotted lines are drawn following the respective trend for each figure as a guide for the eye.
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treatments at 400 and 550 ◦C) show a smooth curve with a continuous 
transition to the hardness trend above 36 at.% Al. This implies that the 
Fe3AlC precipitates present in the grains of FC/400–24, − 168, − 1008 
and FC/550–24 conditions do not affect the hardness measurements 
and, therefore, their influence can be neglected here. It should also be 
noted that the D03-ordering, which was observed in the low Al 
composition range of the diffusion couples, has no noticeable additional 
effect on the hardness curves, which remain continuous without any 
change in the slope.

Moreover, the grain orientation appears to have only a weak influ
ence on the hardness for all heat-treatment conditions, as reflected in 
only small changes in the values when switching from one grain to 

another. This was verified by performing nanoindentation experiments 
on five single-phase bulk samples with Al concentrations of 30, 35, 42, 
47, and 50 at.%, which had been heat treated at 400 ◦C for 120 h and 
water quenched. Measurements were performed on at least five differ
ently oriented grains for each alloy (the hardness plots are shown in the 
Supplementary Information Fig. S6), confirming that the influence of 
orientation on hardness is negligible for the interpretation of the present 
results.

3.3.2. Reduced modulus
The reduced modulus, as obtained from the nanoindentation ex

periments is shown in Fig. 5 as a function of the Al content. First, we can 

Fig. 5. Variation of reduced modulus with Al content of FeAl for different heat-treatment conditions: (a) FC, (b) FC/400-24, (c) FC/400-168, (d) FC/400-1008, (e) 
FC/550-168, (f) FC/700-24, (g) FC/900-24, and (h) FC/1000-24. The data points in all the plots are color coded according to the inverse pole figure in (h) to indicate 
the grain orientation. An orange frame for the FC condition is made to distinguish it from the additional heat-treatment conditions, since it is the only state with slow 
cooling (while all the others finally were water quenched).
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observe the effect of the elastic anisotropy of the B2-ordered phase 
which manifests itself in steps in the values during the change from one 
grain to another. From the literature, it is well known that the B2- 
ordered FeAl is elastically anisotropic [50,51], with E[100] < E[110] 
< E[111] [61]. This trend is confirmed in the present measurements. For 
this, the effect of grain orientation on the reduced modulus was also 
determined separately by performing nanoindentation in differently 
oriented grains on a bulk Fe-Al alloy with a fixed composition of 50 at.% 
Al (see Supplementary Information Fig. S7). Despite the discontinuities 
in the curves of the reduced modulus due to elastic anisotropy, Fig. 5
reveals a clear trend of the reduced modulus as a function of composi
tion. In all cases, there is an initial increase up to a maximum, followed 
by a decrease irrespective of the heat-treatment condition. The Al con
tent at which the reduced modulus starts to decrease is at about 
40–42 at.% Al for the highest heat-treatment temperatures of 900 and 
1000 ◦C. It continuously shifts towards lower concentrations with 
decreasing temperature (~35 at.% Al for the long-time low temperature 
heat treatments FC/400–168 and FC/400–1008). After reaching the 
maximum, the values of the reduced modulus continuously decrease 
with Al further increasing up to 50 at.% Al for the samples heat treated 
at 700, 900, and 1000 ◦C, while for the 400 ◦C heat-treated diffusion 
couples, a decrease in reduced modulus at higher concentration is not 
clearly discernible. Despite the elastic anisotropy, the results indicate 
that these trends appear to be driven by changes in composition and not 
by the change in the grain orientations for a given heat treatment. This 
will be discussed further in Section 4.2.

4. Discussion

4.1. Defect hardening of B2 FeAl

The hardness curves shown in Fig. 4 can be categorized into two 
groups based on their trends - those showing a monotonous increase and 
those exhibiting a minimum before the abrupt increase with increasing 
Al content. They have been plotted separately in Fig. 6. The hardness 
data of the furnace-cooled condition are included in both diagrams as a 
reference. It is known from the literature [18,19,31] that vacancy 
hardening is the most influential strengthening mechanism and that the 
concentration of vacancies increases with increasing Al content in 
B2-ordered alloys in the entire composition range. However, the 
decrease in hardness observed here with increasing Al content up to 
approximately 43–47 at.% Al after low-temperature heat treatments is 
inconsistent with this trend and must therefore be attributed to another 
cause. Since the contribution of APBs and dislocations to strengthening 
is insignificant in B2-ordered FeAl (see Section 1 with reference to 
[37–39] and Section 3.1), strengthening by anti-site defects, whose 

concentration can become very high at low Al contents (e.g., up to 20% 
at 40 at.% Al [44]), must be considered. Although the strengthening 
effect of anti-site defects in B2-ordered FeAl is weaker than that of va
cancies [18,19], their influence can stand out when the vacancy con
centrations are very low (i.e., after slow furnace cooling and 
low-temperature heat treatment that effectively minimize vacancy 
hardening) and simultaneously when the anti-site defect concentrations 
are sufficiently high. Since the concentration of anti-site defects required 
to compensate the deviation from the ideal stoichiometry increases 
linearly from 50 at.% Al [44], their contribution to hardening will in
crease as the Al content decreases. This is exactly what the present ex
periments show, as indicated with the red arrow in Fig. 6a.

Subtle differences can be observed comparing the four hardness 
curves in Fig. 6a in the composition range between 30 and 45 at.% Al. 
While all four curves show an approximately linear decrease with 
increasing Al content, confirming that hardness is dominated by anti-site 
defect strengthening under these conditions, clearly noticeable differ
ences remain from the different heat treatments. The hardness values 
obtained after furnace cooling are the highest and are reduced by the 
subsequent heat treatments at 400 ◦C. Extension of the heat-treatment 
time from 24 to 168 h results in an additional slight reduction of the 
hardness values, while another extension to 1008 h does not lead to any 
further clearly discernible change of hardness in the Fe-rich composition 
range. This suggests that relaxation and annihilation of thermal va
cancies was completed after the long-term annealing (more than 168 h), 
whereas this was not achieved after the slow furnace cooling and the 
short-time heat treatment (24 h) at 400 ◦C.

Since the concentration of constitutional vacancies becomes high 
near the stoichiometric composition [23,24], vacancy hardening domi
nates beyond the compositions of the minimum and results in an abrupt 
hardness increase. This phenomenon with the sudden increase in va
cancy concentrations at high Al contents can be attributed to the com
bined effect of a decreasing vacancy formation enthalpy [4,62–64] and 
simultaneously increasing vacancy migration enthalpy with increasing 
Al content, which becomes about twice as much as the vacancy forma
tion enthalpy for 50 at.% Al [8]. Therefore, it is increasingly difficult to 
anneal out the increasing number of thermal vacancies that are retained 
as the Al concentration approaches stoichiometry. Moreover, due to the 
fact that forming a vacancy on an Fe site is energetically much more 
favorable than on an Al site (i.e., the vacancies are mainly Fe vacancies) 
[30,65], more complex vacancy arrangements such as triple defects and 
divacancies (see Fig. 1d and e for schematics) can form at high Al con
tents that may require more energy and time to be annealed out and, 
therefore, may also be retained after quenching to room temperature [4, 
25–27,31]. Hence, the minimum occurs because at a certain composi
tion, vacancy hardening takes over the role of the dominant hardening 

Fig. 6. Variation of hardness as a function of at.% Al plots categorized into two groups: (a) low-temperature heat-treatment conditions, and (b) high-temperature 
heat-treatment conditions. FC data in both figures are shown as reference.
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effect from the anti-site defect hardening. Additionally, the present re
sults show that the Al content corresponding to the minimum hardness 
shifts to higher Al with increasing heat-treatment time at 400 ◦C (from 
43 to 47 at.% Al between 24 and 1008 h). This is because with 
increasing time, an increasing amount of vacancies is annealed out. This 
reduces the contribution of vacancies to the combined hardening effect 
of vacancies and anti-site atoms (the concentration of which remains 
more or less unaffected by varying heat-treatment temperatures and 
times [34]), which results in a shift of the minimum to higher Al 
contents.

The hardness profiles of the diffusion couples that were heat treated 
at higher temperatures (700, 900, and 1000 ◦C) do not show any minima 
as can be seen in Fig. 6b, which was also previously reported in the 
literature [16,18]. This implies that the concentrations of quenched-in 
thermal vacancies are high and the resulting hardening effect is domi
nant enough to completely mask the influence of the anti-site defects. As 
expected, the heat treatment at 700 ◦C produces a lower concentration 
of thermal vacancies than those at 900 and 1000 ◦C. The almost over
lapping hardness values measured for the diffusion couples heat treated 
at 900 and 1000 ◦C indicate that the number of quenchable vacancies is 
similar for both temperatures.

Despite strengthening by vacancies and anti-site defects which re
sults in varying hardness trends for the different heat treatments, it is 
intriguing to see that the hardness differences become smaller near the 
end compositions (30 and 50 at.% Al) and are the largest in between. 
The hardness values at the Fe-rich end near 30 at.% Al seem to almost 
converge for all the heat treatments because the contribution of va
cancies becomes smaller. With decreasing Al content, the formation 
enthalpy of vacancies increases [4,62–64] and the amount of vacancies 
decreases [4,25–27,31], and at the same time their migration enthalpy 
decreases [8]. Therefore, not only the concentration of vacancies is 
comparably low (nearly three orders of magnitude lower than at 50 at.% 
Al [31]), but this concentration can also be influenced to a limited extent 
by different heat treatments. This explains why hardness values seem to 
converge at the low-Al end of the curves. To analyze this further, the 
hardness differences (ΔH) were calculated for FC/550–168, 700–24, and 
900–24 with FC/400–1008 as reference and are shown in Fig. 7. We 
have selected FC/400–1008 as the reference since it represents the most 
relaxed state in terms of vacancy concentration. Since the concentration 
of anti-site atoms changes insignificantly under different heat treat
ments for a specific composition [34], the plots show us the sole effect of 
vacancy concentration. Although the hardness converges as the 

composition approaches 30 at.% Al, the hardness of FC/900–24 is the 
highest (ΔHFC/900–24 – FC/400–1008 = 0.53 GPa), followed by FC/700–24 
(ΔHFC/700–24 – FC/400–1008 = 0.15 GPa), which are the lowest vacancy 
hardening values for each heat treatment. The ΔH curves of FC/900–24 
and FC/700–24 increase up to an Al content of about 47 at.%, where the 
minimum is reached for FC/400–1008, and then drop drastically. For 
FC/550–168, ΔH slowly increases from 32.5 at.% Al up to 44 at.% Al 
and then increases suddenly up to 1.31 GPa and finally drops like the 
others. This implies that there is a gradual increase in the concentration 
of vacancies for the lower Al contents (up to 44 at.% Al) and, in the 
range between 44 and 47 at.% Al, rather high concentrations of va
cancies are formed and retained to manifest such a sudden and high 
difference in hardness. This is in good agreement with the trend of va
cancy concentrations as a function of composition reported in the 
literature [4,18,26,31]. Furthermore, the highest value of hardness is 
always achieved as the composition approaches 50 at.% Al independent 
of the heat treatment, because higher concentrations of vacancies are 
formed, which due to the simultaneous increase in migration enthalpy 
are difficult to be annealed and, therefore, can be quenched even for the 
long-time-annealed FC/400–1008 diffusion couple. Therefore, the 
hardness difference ΔH becomes smaller again near 50 at.% Al as shown 
in Fig. 7. This particular behavior might also explain the abrupt changes 
in properties (lattice resistance, Hall Petch slope, brittle-to-ductile 
transition temperature) [7,11,13] as mentioned in the Introduction.

4.2. Trend of reduced modulus

In general, shorter and stronger atomic bonds (such as resulting from 
covalent and ionic bonding) are stiffer, leading to higher elastic moduli 
[66,67], and vice versa since the elastic modulus is a measure of the 
bond stiffness. For B2-ordered FeAl, the Fe and Al atoms form strong 
directional covalent bonds in addition to the metallic bonding through 
hybridization of Fe 3d and Al 3sp orbitals [68–70]. Therefore, the 
weaker metallic bonds (Fe-Fe and Al-Al) are replaced by stronger Fe-Al 
bonds with Al contents increasing from 30 at.% Al to the stoichiometric 
composition as the concentration of anti-site atoms decreases. On the 
other hand, the lattice parameter also increases [18,26,71] owing to the 
addition of larger Al atoms. These two effects theoretically counter each 
other, i.e., the overall bonding becomes stronger which leads to a higher 
elastic modulus and the lattice parameter becomes larger resulting in 
reduction of the elastic modulus.

The present data obtained from the nanoindentation show that Er 
initially increases from 30 at.% Al with increasing Al content as was also 
observed in other works measuring elastic modulus [12,50–52,72]. 
However, Köster and Gödecke [52], who measured the elastic modulus 
of polycrystalline FeAl bulk alloys as a function of composition using a 
resonance method (Förster elastomat), reported such an increase of the 
modulus only up to 36 at.% Al followed by a plateau region with only 
insignificant changes in values beyond 36 at.% Al. Harmouche and 
Wolfenden [53,54] measured the elastic modulus of FeAl bulk alloys in 
the composition range 40–49 at.% Al employing a piezoelectric ultra
sonic composite oscillator technique. They obtained a concave-shaped 
(smooth increase and decrease) elastic modulus curve as a function of 
composition with a maximum occurring near 44 at.% Al. Supporting 
Harmouche and Wolfenden’s measurements, similar concave-shaped 
curves are observed in the present work for the diffusion couples heat 
treated at higher temperatures (FC/700–24, FC/900–24, and 
FC/1000–24). The same trend, i.e., the occurrence of a maximum fol
lowed by a decrease, is also exhibited by the rest of the heat treatments, 
although only for a limited composition range. These experimental ob
servations suggest that the initial increase could be attributed to the 
dominant influence of the replacement of weaker (metallic) by stronger 
(directional) bonds, whereas the decrease at higher Al contents can be 
because of the dominant influence of larger lattice parameter.

Additionally, apart from the changes as a function of composition, 
the different heat treatments and quenching temperatures also affect the 

Fig. 7. Hardness difference (ΔH) as a function of at.% Al plotted for FC/900- 
24, FC/700-24, and FC/550-168 by subtracting FC/400-1008 hardness values 
(refer to Fig. 4 for original values).
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lattice parameter due to the difference in the concentration of vacancies 
[18,26]. Quenching from higher-temperature results in lower lattice 
parameters as higher vacancy concentrations reduce the average volume 
of the B2 unit cell [26]. In agreement with it, a clear increase in the 
elastic modulus was observed when comparing a well-annealed alloy 
(finally annealed at 300 ◦C and air-cooled) to an alloy water-quenched 
from 700 ◦C [12]. Since the effect of heat treatments on the vacancy 
concentration is stronger at higher Al contents, this might explain why 
the position of the maximum continuously shifts from 35 to 42 at.% Al, 
when the heat-treatment temperatures increase from 400 to 1000 ◦C.

However, the above presented argumentation is still insufficient to 
give a complete description and interpretation of the complex behavior 
of the modulus data. For example, Zamanzade et al. [47] have reported 
that the reduced modulus of Fe-30 and 45 at.% Al alloys exhibited a 
small decrease of 1–3 GPa (~1% change) with increasing quenching 
temperature, a trend that is not in agreement with the current analysis 
and other literature [12]. A thorough investigation studying the elec
tronic aspects, bond strength and interatomic distance of FeAl with 
varying compositions and point defect concentrations using computa
tional methods is required to understand the presented behavior of the 
elastic modulus in detail. Respective calculation work is currently 
ongoing and will be presented in a later publication.

5. Conclusions

In the present study, diffusion couples combined with nano
indentation were used to map the hardness and reduced modulus across 
the entire single-phase B2-ordered FeAl composition range and to 
separate, as far as possible, the roles of vacancies and anti-site defects by 
applying a series of different heat treatments at temperatures and 
duration from 400 to 1000 ◦C. The findings can be summarized as 
follows: 

1) The diffusion couple technique was successfully applied for the first 
time to fabricate B2-ordered FeAl samples covering the entire 
composition range of the phase and to study the role and effects of 
point defects within a single specimen while maintaining the same 
low impurity concentrations.

2) At low vacancy concentrations (furnace-cooled or low-temperature 
heat-treated conditions), hardness on the Fe-rich side of the B2 
composition range is mainly controlled by anti-site defect strength
ening and shows a non-monotonic dependence with a minimum to
wards higher Al contents. Vacancy hardening dominates beyond the 
minimum hardness composition. When quenched from high tem
peratures, vacancy hardening masks the much weaker effect of anti- 
site defect strengthening, thereby increasing the hardness mono
tonically with Al content.

3) Hardness increases steeply near the stoichiometric composition of 
FeAl due to the high concentration of vacancies arising from the 
combination of low formation and high migration enthalpies.

4) The reduced modulus exhibits an increase from 30 at.% Al to a 
maximum followed by a decrease at high Al contents for all heat- 
treatment conditions. This maximum shifts to higher Al contents 
for higher heat-treatment temperatures. These trends indicate that 
an increase of the Al content initially stiffens the lattice by replacing 
Fe–Fe/Al–Al bonds with stronger Fe–Al bonds as the concentration of 
anti-site defects decreases, while the decrease of the reduced 
modulus at higher Al contents might be related to the increasing 
lattice parameter. In addition, vacancies might contribute to the in
crease of the elastic modulus by decreasing the lattice parameter. 
However, the exact interplay between the different effects on the 
elastic modulus still needs further clarification.
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[49] J. Ehrler, M.O. Liedke, J. Čížek, R. Boucher, M. Butterling, S. Zhou, R. Böttger, 
E. Hirschmann, T.T. Trinh, A. Wagner, The role of open-volume defects in the 
annihilation of antisites in a B2-ordered alloy, Acta Mater. 176 (2019) 167–176, 
https://doi.org/10.1016/j.actamat.2019.06.037.

[50] P. Mouturat, G. Sainfort, G. Cabane, Module d′elasticite des alliages fer-aluminium 
en fonction de la temperature et de la teneur en aluminium, J. Nucl. Mater. 21 (2) 
(1967) 149–157, https://doi.org/10.1016/0022-3115(67)90146-8.

[51] H. Leamy, E. Gibson, F. Kayser, The elastic stiffness coefficients of iron-aluminum 
alloys—I Experimental results and thermodynamic analysis, Acta Metall. 15 (12) 
(1967) 1827–1838, https://doi.org/10.1016/0001-6160(67)90047-8.
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