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Abstract
The coarsening behavior of four quench-aged Fe–Ni–Al alloys with different Ni and Al contents is studied. The alloys 
were solubilized at 1100 °C for 24 h, water-quenched and aged at 850 °C for periods ranging from 1 to 100 h to promote 
phase separation and coarsening. The two alloys with the highest combined Ni and Al contents (≥ 35 at.%) showed signs 
of spinodal decomposition, while the alloys with lower Ni and Al contents followed a classical nucleation process. Higher 
Ni and Al contents promoted an increase in NiAl (β′) phase fraction in concordance with phase equilibrium diagrams. The 
alloy with the highest β′ fraction presented a completely interconnected structure. The coarsening of β′ particles in the other 
three alloys followed the predictions of the Lifshitz–Slyozov–Wagner (LSW) theory. The general trend was an increase in 
the coarsening kinetics with higher Ni and Al contents. The highest hardness was found in the alloys with higher β′ fraction 
albeit these compositions are less resistant to coarsening and have been reported to present a low room-temperature ductility.
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1 Introduction

The projected requirements for high-temperature materi-
als in steam power generation have increased the interest in 
several promising candidates [1, 2]. Alloys based on NiAl 
(β′) intermetallic [3, 4] have low density and good high tem-
perature resistance [5], but the lack of room-temperature 
ductility limits their implementation [6]. Ferritic alloys 
strengthened with coherent β′ precipitates have been exten-
sively studied because of their promising properties [7–9]. 
The coherent matrix/precipitate relationship present in these 
alloys is analog to those of Ni-based superalloys, which have 
proven to provide high temperature resistance [10]. It should 
be noted that Fe–Ni–Al alloys require further alloying to 
withstand the projected operational conditions. Cr is usu-
ally added to provide improved corrosion resistance [2] and 
solid-solution strengthening [11]. The simultaneous addition 

of Cr and Ti can give rise to hierarchically structured pre-
cipitates with very high creep resistance [12–16].

Regarding Fe–Ni–Al system, it has been reported that in 
quench-aged alloys, the morphology of β′ phase is strongly 
dependent on the alloy composition [17]. Changing the com-
position gives rise to a variety of possible microstructures 
including spherical precipitates, cuboidal precipitates, plate-
shaped precipitates and, with high Ni and Al contents, an 
irregular maze-like structure. Regarding this irregular struc-
ture, Fe–Ni–Al system presents a miscibility gap strongly 
influenced by an order–disorder transformation [18]. This 
can give rise to a spinodal decomposition reaction [19]. 
This type of reaction has been reported in similar alloys of 
Fe–Ni–Mn–Al system [20].

Alloys with a moderate amount of Ni and Al present 
a high coherency between precipitate and matrix, which 
allows a very low nucleation barrier. After quench-aging 
treatments, this precipitate/matrix relationship can give rise 
to finely dispersed nanometric precipitates, which provide 
excellent strengthening properties on maraging [15, 21, 22] 
and other precipitation-strengthened steels [23, 24].

An issue to develop further is the analysis of extended 
aging periods in several quench-aged alloys of Fe–Ni–Al 
system in order to determine time-dependent behavior such 
as coarsening kinetics. The determination of the kinetic 
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constant is important for new alloy developments since the 
precipitate coarsening resistance has a strong impact on the 
high-temperature properties of metallic alloys [25]. The 
objective of this work is to determine the effects of compo-
sition and aging time on the microstructural characteristics 
and coarsening behavior of β′ phase in specific compositions 
of Fe–Ni–Al system.

2  Experimental

For the purposes of this work, four Fe–Ni–Al alloys, with 
increasing Ni and Al contents, were selected because of their 
microstructural characteristics [17] and their position in the 
phase equilibrium diagram [26], covering roughly from the 
middle of α +  β′ region to the solvus closest to Fe-rich cor-
ner (Fig. 1).

Fe–Ni–Al alloys were fabricated from 99% purity ele-
ments in an electric arc furnace in Ar atmosphere. The 
composition of the alloys was analyzed using a scanning 
electron microscope (JEOL JSM 6300, SEM) equipped with 
an energy-dispersive spectrometer (Noran System 7, EDS). 
The nominal and measured compositions along with the pro-
posed nomenclature are detailed in Table 1. The position of 

the selected compositions in the phase diagram of Fe–Ni–Al 
system at 850 °C is presented in Fig. 1 [26]. It is evident that 
all of the alloys lie in α +  β′ region, where α is the ferritic 
BCC phase and β′ corresponds to NiAl intermetallic with 
B2-type structure.

The alloys were encapsulated in quartz in an inert atmos-
phere and homogenized at 1100 °C for 24 h and water-
quenched. Subsequently, the specimens were aged at 850 °C 
for 5, 10, 25, 50 and 100 h.

The specimens were metallographically prepared and pol-
ished with 0.05-µm  Al2O3. The microstructure was revealed 
with electrochemically etching using a 10 vol.% HCl–metha-
nol solution with voltages ranging from 0.3 to 1 V during 
periods ranging from 3 to 15 s.

Microstructural characterization was carried out in a high-
resolution scanning electron microscope (JEOL JSM6701F, 
HR-SEM) at an acceleration voltage of 15 kV and emission 
current of 20 µA, using the secondary electron detector. The 
obtained micrographs were processed with the ImageJ image 
analyzer software which uses a systematic pixel-counting 
procedure for the determination of areas. This allowed to 
calculate information such as precipitate area fraction (fA), 
average precipitate/plate size, average equivalent radius and 
size distributions.

Phase identification was carried out by X-ray diffraction 
(XRD) using a Bruker D8 Focus diffractometer equipped 
with a collimated Cu Kα source, corrected for fluorescence.

The mechanical behavior during aging was followed 
using Vickers micro-hardness measurements taken with a 
Future-Tech hardness tester with a load of 0.98 N and 12 s 
dwell time.

3  Results and discussion

Figure 2 shows the microstructural evolution of the four 
alloys during different stages of aging at 850 °C. The bright 
phase corresponds to β′ intermetallic, while the dark phase 
corresponds to the ferritic α phase. It can be observed that 
β′ fraction tends to increase with higher Ni and Al contents 
in concordance with the phase equilibrium diagrams and the 
observations made in a previous work [17].
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Fig. 1  Analyzed compositions in Fe–Ni–Al phase diagram [26]

Table 1  Composition of selected Fe–Ni–Al alloys (at.%)

Alloy Nominal EDS measured

Fe Al Ni Fe Al Ni

FAN1210 78 12 10 Balance 11.3 ± 0.3 10.0 ± 0.5
FAN1510 75 15 10 Balance 14.6 ± 0.1 9.7 ± 0.3
FAN2015 65 20 15 Balance 19.5 ± 0.4 14.9 ± 0.2
FAN2823 49 28 23 Balance 27.9 ± 0.6 22.9 ± 0.5
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It is evident that, for FAN1210, FAN1510 and FAN2015 
alloys, the average precipitate size tends to increase during 
the aging process. This size increase and the morphological 
changes suggest that coarsening takes place during the aging 
process. For FAN1210 and FAN1510 alloys, the precipi-
tate morphology consists of spheres after the initial 5 h of 
aging. In this condition, the precipitates already show signs 
of alignment in preferential orientations [27]. This kind of 
alignment has also been observed in Ni-based superalloys 
[28–31] and is attributed to the interactions between the 
elastic energies among adjacent precipitates and the effect 
of the coherent elastic strains between the matrix and pre-
cipitates. As the aging process continues, the precipitates of 
these alloys change to a rounded-cuboid morphology.

β′ phase in FAN2015 alloy presents an irregular morphol-
ogy after 5 h of aging, which evolves to elongated shapes 
with further aging. The initial irregular morphology is also 
observed in a shorter aging time (Fig. 3). This microstruc-
ture has also been observed in phase field simulations of 
spinodal decomposition in hypothetical A–B–C systems 

Fig. 2  Microstructural evolution of alloys during aging at 850 °C

Fig. 3  Microstructure of FAN2015 alloy after 30  min of aging at 
850 °C
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with a miscibility gap and anisotropic elastic strain between 
phases [32].

FAN2823 alloy shows a completely interconnected 
structure of β′ phase surrounding small isolated regions of 
α phase. Similar alloys which exhibited this behavior [20] 
have also been reported to follow a spinodal decomposition 
reaction. Further aging of these alloys promotes the coarsen-
ing of α regions.

Even though the analysis of the microstructural character-
istics of FAN2015 and FAN2823 alloys suggests the occur-
rence of a spinodal reaction, other complemental techniques, 
like transmission electron microscopy, are necessary for the 
complete assessment of this phenomenon.

Table 2 shows a comparison between the compositions 
of α and β′ phases in FAN2823 and FAN1510 alloys after 
100 h of aging at 850 °C. It is evident that higher Ni and Al 
contents in the alloy promote an increase in the concentra-
tion of these elements in the individual phases.

4  Structural characterization

Figure 4 shows XRD spectra of FAN2015 alloy after: (I) 
homogenizing and quenching and (II) homogenizing, 
quenching and aging for 100 h at 850 °C. It can be observed 
that the alloy shows the characteristic (100) peak of β′ phase 
in the as-quenched condition, which indicates the presence 
of this phase at 1100 °C in concordance with the phase equi-
librium diagrams [18]. The broad peaks could be caused by 
the presence of diffuse sidebands due to composition fluc-
tuations [33] that take place before the phase separation by 
spinodal decomposition.

XRD spectra after aging for 100 h at 850 °C also shows 
the presence of (100) peak. The refinement of the peaks 
indicates that the phase separation takes place and both 
phases are closer to their equilibrium composition. It must 
be noted that even if the intensity of the peaks changes from 
one condition to another, this does not indicate a change in 
phase fraction. The reason for this is that the casting process 
promotes the formation of large columnar grains that can 
be interpreted by XRD as a strong texture. Also, due to the 
similar structure and lattice parameters, the characteristic 
peaks of α phase overlap with most peaks of β′ phase.

5  Growth kinetics

Developed by Lifshitz and Slyozov [34] and independently 
by Wagner [35], the theory now known as the Lifshitz–Sly-
ozov–Wagner (LSW) was initially proposed to describe the 
growth of spherical precipitates in liquid–solid systems 
where the precipitate volume fraction is close to zero. The 
theory was further extended for precipitation in solid–solid 
systems and has been used as reference in systems with 
considerably larger volume fractions.

As stated in Sect. 3, in the FAN1210 and FAN1510 
alloys, the aging process promotes a change in the precipi-
tate morphology which deviates from the initial spherical 
shape. In the case of FAN2015 alloy, the initial morphol-
ogy is irregular. Having this in mind, the equivalent radius 
of a sphere with equal volume must be used as parameter 
in order to analyze the size evolution. FAN2823 alloy 
was not considered for this analysis since β′ phase is fully 
interconnected.

Figure 5a presents the evolution of the equivalent mean 
radius with aging. The trend is an increase in the mean 
radius with Ni and Al contents. The standard deviation 
is considerably higher in FAN2015 alloy, where small 
cuboidal-shaped precipitates coexist with considerably 
larger plate-shaped and irregular precipitates as presented 
in Sect. 3. Figure 5b shows the ln r-ln t plots of FAN1210, 
FAN1510 and FAN2015 alloys, where r is the mean radius 
at time t. The standard deviation is below 5%. Besides the 
evident effect of larger precipitate size related to higher 
NiAl fraction, all plots present similar slopes, which are 

Table 2  Phase composition after 100 h at 850 °C by EDS

Content/at.% FAN2823 alloy FAN1510 alloy

α β′ α β′

Al 16.4 ± 0.1 25.3 ± 0.6 13.3 ± 0.3 19.6 ± 0.4
Ni 16.0 ± 0.2 22.2 ± 0.5 9.2 ± 0.3 13.5 ± 0.5
Fe 67.6 ± 0.1 52.5 ± 0.4 77.5 ± 0.2 66.9 ± 0.3

for

Fig. 4  XRD patterns of FAN2015 alloy
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close to m = 1∕3 estimation of LSW theory. This means 
that the coarsening process is controlled by diffusion.

LSW theory states that the volumetric change in the pre-
cipitates is given by the following equation:

where K is the kinetic constant, which is dependent on 
temperature.

Figure 6 shows r3 vs. time plot of the studied alloys. It can 
be observed that the three alloys present a linear behavior. 
From this plot, the kinetic constant of the coarsening process 
can be obtained. In this case, the highest kinetic constant was 
found in FAN2015 alloy which is also the composition with 
higher β′ fraction. Overall, the kinetic constant increases 
with higher Ni and Al content. The kinetic constants and β′ 
area fraction of the three alloys are presented in Table 3 for 
comparison.

(1)r
3
(t) − r

3
(0) = Kt

Several aspects could affect the coarsening kinetics. An 
extension of LSW theory was developed for binary systems 
with nonzero solubility and non-ideal solution thermody-
namics [36]. In this model, the corresponding rate constant 
for the time evolution of the average particle radius is given 
by

where ce
α
 and ce

β
 are the equilibrium compositions of α and β 

phases, respectively; Vβ is the molar volume of β phase; G��
α
 

is the second derivative of the molar Helmholtz energy of α 
phase; D is the diffusion coefficient; and �αβ is the specific 
interfacial energy. The overall larger precipitate size in 
alloys with higher Ni and Al contents implies an increase in 
the interfacial energy, and in the case of FAN2015 alloy, a 
partial loss of coherency as observed in the irregular shape 
of the β′ phase after extended aging. The diffusion coeffi-
cient is strongly affected by composition [37]. Studies by 
molecular dynamics [38] indicate that higher Ni content 
promotes an increase in the vacancy diffusion of BCC phase 
in Fe–Ni system. All of these factors promote higher coars-
ening kinetics as observed.

Figure 7 shows the size distributions of the analyzed 
alloys after aging at 850 °C for 10 and 100 h. The theoretical 
distribution of LSW theory is also plotted for comparison. 

(2)K =

(

8DVβ�αβ

)

9

(

ce
β
− ce

α

)2

G��
α

(a) (b)

Fig. 5  Change of mean radius during aging (a) and ln r-ln t plot (b)

Fig. 6  Evolution of cube of mean radius during aging at 850 °C

Table 3  Parameters of analyzed alloys

Alloy m K/(nm3  h−1) fA

FAN1210 0.31 5.94 × 104 0.13
FAN1510 0.27 1.18 × 105 0.19
FAN2015 0.31 1.81 × 105 0.44
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The probability density from experimental measurements 
was calculated using the following equation [28]:

where N(r,r+Δr) is the number of particles in the given inter-
val; and Δr is the class size. x-axis corresponds to the nor-
malized radius, � , which is defined as r∕r.

It can be observed that FAN1210 alloy which has the low-
est Ni and Al contents, and therefore a smaller volumetric 
fraction of β′ phase, is the closest to the theoretical LSW 
curve. On the other hand, in the alloys with a larger β′ phase 
fraction, the size distributions become broader and present 
a higher deviation from the theoretical curve. This behav-
ior has been studied in elastically stressed systems [39] and 
is attributed to an increase in the effects of elastic energy 
caused by a larger average particle size.

6  Mechanical characterization

The average hardness of all alloys after 10 and 100 h of 
aging at 850 °C is shown in Fig. 8. The standard devia-
tion is below 6%. It can be observed that hardness tends 

(3)�
2f (�) = (N(r,r+Δr)

/

ΣN(r,r+Δr))

(

r

Δr

)

to increase with higher Ni and Al contents, and therefore 
with higher β′ volumetric fraction. This statement also 
stays true after 100 h of aging, even though the hardness 
of the FAN1210, FAN1510 and FAN2015 alloys decreased 
due to the coarsening of β′ particles.

Fig. 7  Evolution of size distributions during aging

Fig. 8  Hardness of alloys after 10 and 100 h of aging
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The only exception is FAN2823 alloy, where hardness 
presented a noticeable increment. Very similar behav-
ior was observed in Fe–Mn-Ni–Al alloys that undergo 
spinodal decomposition and present a modulated micro-
structure [20]. This behavior has been attributed to the 
amplitude increase in composition waves and the asso-
ciated strain field. Regarding the mechanical properties 
of modulated microstructures, Cahn [40] predicted that 
the yield stress should be proportional to A2λ, where A 
is the amplitude of the composition modulation and λ is 
the wavelength. However, the calculations provided by the 
model of Cahn are reported to be below experimental val-
ues. Another approach to this problem is proposed by Kato 
et al. [41], who explained the phenomenon in terms of the 
internal coherency stress fields caused by the composi-
tion modulation. They propose that the yield stress should 
be proportional to A and independent of λ. A reasonable 
agreement with experimental data has been reported [42]. 
In order to relate the behavior of FAN2823 alloy to any of 
these models in subsequent studies, a very precise deter-
mination of the wavelength and the amplitude of the com-
position modulation along with macroscopic mechanical 
testing will be required.

7  Conclusions

1. Increasing Ni and Al contents promotes a higher β′ phase 
fraction in concordance with the phase equilibrium dia-
grams. The alloys with combined Ni and Al contents 
higher than 35% showed signs of spinodal decomposi-
tion, while alloys with lower Ni and Al contents fol-
lowed classical nucleation.

2. The coarsening process in FAN1210, FAN1510 and 
FAN2015 alloys is controlled by diffusion as predicted 
by LSW theory. Increasing Ni and Al contents promoted 
higher values of the coarsening kinetic constant.

3. From the analyzed alloys, FAN1210 composition pre-
sented the lowest coarsening kinetics, which would be 
beneficial to withstand high-temperature conditions.

4. The hardness of the alloys was dependent of the vol-
umetric fraction of β′ phase. A higher fraction of the 
intermetallic promotes an increase in hardness. Never-
theless, this has been correlated with a very low room-
temperature ductility.
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