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A precipitation study was carried out during the isothermal aging at 850 °C for Fe-10at.%Ni-15at.%Al, 
Fe-10at.%Ni-15at.%Al-2.5at.%Cu and Fe-10at.%Ni-15at.%Al-5at.%Cu alloys. The experimental, 
Calphad, and Kinetic/Precipitation calculated results indicated that the Cu-addition to the ternary 
alloy promoted a higher volume fraction of β´precipitates, which caused a better aging response for 
the Cu-containing alloys. The coarsening resistance was the highest for the 2.5 at. % Cu-containing 
alloy, compared to the ternary alloy because of its lower interfacial free energy, 0.009 Jm-2, between the 
precipitate and the matrix. The Cu alloying element was located mainly in the β´ precipitate according 
to its expected thermodynamic behavior, and it caused an atomic relation of Ni to Al close to that of 
NiAl intermetallic compound for the β´phase. A content of 5 at. % Cu in the ternary alloy promoted 
higher interfacial energy, 0.04 Jm-2, and thus the fastest coarsening process.

Keywords: Fe-Ni-Al base alloys, Cu addition, β´ precipitation, growth kinetics, numerical 
simulation, aging response.

1. Introduction
The development of heat-resistant alloys is a critical issue 

to satisfy the current requirements of industrial equipment 
used in the power generation and petrochemical industries1. 
Most of these alloys based their mechanical strength and 
creep properties on the precipitation of different phases in a 
soft matrix. These precipitates include, for instance, M23C6, 
M7C3, MC carbides, η phase, Ni3Al γ, and NiAl β´phase 
used in both ferrous and nonferrous alloys1,2. The size, 
distribution, morphology, and coherence play a significant 
role to keep their creep strength during service operation 
at high temperatures1-4. The study of Fe-Ni-Al based alloys 
can contribute to developing diverse engineering alloys such 
as PH stainless steels and Fe-Cr-Ni-Al alloys. The coherent 
precipitation of β´phase in a α ferrite matrix phase is 
responsible for the creep strength after aging treatment 
during the service operation. The NiAl-type β´ phase has a 
B2 (CsCl) crystalline structure3. Additional advantages of 
Fe-Ni-Al alloys are their lower density and cost than that 
of Ni-based superalloys5,6.

The precipitate coarsening or Ostwald ripening is a 
common metallurgical phenomenon, which takes place in 
industrial components at high temperatures. This fact causes a 
decrease in the mechanical properties because of the formation 
of large precipitates, and the dissolution of small precipitates 

during the aging process7-13. The mechanical properties of 
alloys at high temperatures can be maintained by increasing 
the coarsening resistance of precipitates. This increase can 
be obtained either by decreasing the interfacial free energy 
between the interface of precipitate and the matrix, the solute 
solubility, or the atomic diffusion in the matrix phase14-17. 
Thus, the use of alloying elements is a possible alternative 
to decrease the coarsening growth since it strongly affects 
these parameters. For instance, the addition of Cu to the 
ternary Fe-Ni-Al alloys is expected to have a decreasing 
effect on the ferrite solubility since Cu is well known to 
exhibit poor solubility in bcc ferrite. In contrast, it is quite 
soluble in Ni, and it presents more than 4 at. % solubility in 
Al14. The Cu addition may also affect the interfacial energy 
between the interface of precipitate and matrix. Therefore, 
the addition of Cu to this alloy system could modify the 
behavior of the coarsening growth kinetics of β´ precipitates 
in a ferritic matrix14,15.

The Calphad and Precipitation/Kinetics software has 
been applied18-22 successfully to analyze the precipitation 
process of different multicomponent alloy systems. 
Calphad permits to obtain the phase stability, interfacial 
free energy, driving force, coarsening rate constant, Time-
Temperature-Precipitation diagrams, growth kinetics of 
precipitation, size distribution, change of yield strength 
after aging, etc. The above-calculated parameters can 
be used to analyze more precisely the β´precipitation of *e-mail: vlopezhi@prodigy.net.mx
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Fe-Ni-Al based alloys, as well as the effect of alloying 
elements on both growth kinetics of precipitation and 
coarsening.

Therefore, this work aims to analyze numerically and 
experimentally the growth kinetics of precipitation and 
coarsening processes of β´ precipitates in an α ferritic matrix for 
the Fe-10at.%Ni-15at.%Al, Fe-10at.%Ni-15at.%Al-2.5at.%Cu 
and Fe-10at.%Ni-15at.%Al-5at.%Cu alloys during aging at 
850 °C, as well as to know its effect on the aging response.

2. Numerical Methodology
The analysis of phase stability was conducted using 

Calphad software along with the thermodynamic and 
diffusion database for Fe-based alloys21. The chemical 
composition of alloys and temperature are usually specified 
to simulate with Calphad. Additionally, Precipitation/
Kinetics software18,20,21 was employed to simulate the β´ 
precipitation in the ferritic α phase matrix. It was considered 
the bulk nucleation of cuboid β´ precipitates in the ferritic 
matrix and taking into account the effect of the elastic 
strain in the matrix.

3. Experimental Methodology
The following alloy compositions, Fe-10at.%Ni-15at.%Al, 

Fe-10at.%Ni-15at.%Al-2.5at.%Cu and Fe-10at.%Ni-15at.%Al-
5at.%Cu, were vacuum melted using high purity Fe (99.9%), Ni 
(99.99%), Al (99.7%), and Cu (99.99%) elements with an electric-
arc furnace under a pure argon atmosphere. The alloy chemical 
composition was verified using a Flame-Atomic Absorption 
Spectrometer. The actual composition was determined to be 
very close to the nominal one. The ingots were homogenized at 
1100 °C for one week to eliminate the dendritic microstructure 
and make a uniform chemical composition. Specimens of 30 mm 
x 30 mm x 10 mm were cut and encapsulated in a quartz tube, 
under a pure argon atmosphere. The solution treatment was 
carried out at 1100 °C for 1 h, subsequently air-cooled, and 
aged at 850 °C for 5 to 150 h. All heat-treated specimens were 
metallographically prepared and then etched at room temperature 
with an etchant prepared with 15 ml hydrochloric acid, 10 ml 
nitric acid, and 10 ml acetic acid. These were subsequently 
observed with a conventional and Cold Field Emission Gun 
scanning electron microscope (FEG-SEM) using SEI technique 
at 25 kV, equipped with an energy dispersive X-ray spectrometer 
(EDX). The equivalent radius r of precipitates was measured 
by the precipitate area on SEM micrographs with an image 
analyzing system. The size measurements of precipitates mainly 
corresponded to those with cuboid morphology. Transmission 
Electron Microscope (TEM) specimens were also prepared by a 
two-jet electropolishing method with an electrolyte composed of 
40 vol. % nitric acid in methanol at -60 °C and 20 V (d.c.), and 
subsequently observed by TEM at 200 kV. The Vickers hardness, 
HV 0.1 kg/12 s, was determined in all heat-treated specimens.

4. Results and Discussion

4.1. Thermodynamic stability of phases
The Calphad calculated equilibrium pseudobinary 

Fe-Cu phase diagram is shown in Figure  1 for the 

Fe-10at.%Ni-15at.%Al-5at.%Cu alloy. This diagram indicates 
mainly the presence of the α ferrite, β´ and fcc Cu-rich phases. 
The phase field of α ferrite is stable at temperatures higher 
than approximately 1050 °C, and it becomes less stable 
as the Cu content increases. Thus, a temperature of about 
1100°C for the solution treatment is quite acceptable for 
Fe-10at.%Ni-15at.%Al alloys with a Cu content up to 10 at. 
%. As the temperature decreases, the α ferrite and β´ phases 
are present; however, the presence of a three-phase field, α 
ferrite, β´and Cu-rich fcc phases is favored with the decrease 
in temperature and the increase in Cu content. The Calphad 
calculated plot for the amount of all phases in equilibrium 
as a function of temperature is present in Figure 2a-c for the 
Fe-10at.%Ni-15at.%Al, Fe-10at.%Ni-15at.%Al-2.5at.%Cu 
and Fe-10at.%Ni-15at.%Al-5at.%Cu alloys, respectively. 
These figures indicate that the α ferrite phase is stable at 
temperatures higher than approximately 1050 °C for the three 
alloy compositions. It can also be noted that the following 
precipitation reaction may occur at temperatures lower than 
approximately 1050 °C:

 ´α α β→ + 	 (1)

Figure 2a-c also indicate clearly that the β´ phase precipitation 
increases with the decrease in temperature and the increase 
in Cu content. It is important to note that the precipitation 
of fcc Cu-rich phase can be present at aging temperatures 
lower than 600 °C for both Cu-containing alloys. This fact 
is more clearly shown in Figure 2c. An interesting point is 
that the volume fraction of β´phase has a maximum at a 
temperature of about 650 °C, which is more notorious as the 
Cu content increases. This characteristic may be attributable 
to the dissolution of the fcc Cu-rich phase, which is formed 
at lower temperatures. Figures 3 and 4a-c show the Calphad 
calculated chemical composition of the equilibrium α ferrite 
and β´ phases, respectively, for the three alloys previously 
described. The increase in the solubility of Ni, Al and Cu 
solutes with temperature in the α ferrite phase is evident in these 
figures. Nevertheless, the Cu solubility in ferrite is very low, 
as expected for the binary Fe-Cu alloy system23. In contrast, 

Figure 1. Calphad calculated equilibrium pseudobinary Fe-Cu phase 
diagram for Fe-10at.%Ni-15at.%Al-5at.%Cu alloy.
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the amount of Ni and Al presents in the β´ phase, being that 
of Ni higher, decreases with the increase in temperature, while 
that of Fe indicates an increase with temperature, Figure 4a-c. 
Besides, the Al content becomes higher than that of Ni at 

temperatures above 900 °C. It is important to note that the 
mole fraction of Ni and Al at 500 °C becomes close to that of 
the NiAl intermetallic compound. Likewise, the Cu solubility 
increases in the β´ phase, up to approximately 20 at. % at 

Figure 2. Calphad calculated plot of amount of all equilibrium phases versus temperature for (a) Fe-10at.%Ni-15at.%Al, (b) Fe-10at.%Ni-
15at.%Al-2.5at.%Cu and (c) Fe-10at.%Ni-15at.%Al-5at.%Cu alloys.

Figure 3. Plot of Calphad calculated chemical composition of the α ferrite phase versus temperature for (a) Fe-10at.%Ni-15at.%Al, (b) 
Fe-10at.%Ni-15at.%Al-2.5at.%Cu and (c) Fe-10at.%Ni-15at.%Al-5at.%Cu alloys.
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approximately 650 °C for the 5 at. % Cu-containing alloy, 
Figure 4c; however, it diminishes slightly at temperatures 
higher than 700 °C. This increase seems to be also related to 
the dissolution of the fcc Cu-rich phase24.

4.2. Microstructure characterization
Figure 5a shows the Bright-Field BF-TEM micrograph 

of the Fe-10at.%Ni-15at.%Al-5at.%Cu alloy after aging 
at 850 °C for 5 h. Plate and cuboid β´ precipitates can 
be observed in the α ferrite matrix. The small spheroid 
precipitates of β´ phase were formed during cooling of the 
aged specimen. The selected area electron diffraction pattern 
SADP of this TEM micrograph is shown in Figure 5b. This 
diffraction pattern corresponds to a zone axis [001] of the 

bcc ferrite phase. The β´ phase reflections are also between 
those of the ferrite matrix in the SADP of Figure 5b, and 
they correspond to a NiAl-type superlattice14,15. Additionally, 
the β´ precipitates exhibit preferential alignment along the 
<100> crystallographic direction of the ferrite matrix, which 
can be attributed to the fact that this direction presents a low 
value of the Young modulus for the bcc crystalline structure14.

FEG-SEM micrographs of the precipitation 
evolution are shown in Figures  6,  7  and  8a-d for the 
Fe-10at.%Ni-15at.%Al, Fe-10at.%Ni-15at.%Al-2.5at.%Cu 
and Fe-10at.%Ni-15at.%Al-5at.%Cu alloys, respectively, 
aged at 850 °C for different times. It is important to mention 
that fine primary precipitation was noted after air-cooling 
of the solution treatment for the alloys. In the case of the 

Figure 4. Plot of Calphad calculated chemical composition of the β´ phase versus temperature for (a) Fe-10at.%Ni-15at.%Al, (b) Fe-
10at.%Ni-15at.%Al-2.5at.%Cu and (c) Fe-10at.%Ni-15at.%Al-5at.%Cu alloys.

Figure 5. (a) BF-TEM micrograph of the Fe-10at.%Ni-15at.%Al-5at.%Cu alloy aged at 850 °C for 5 h, and (b) its corresponding SADP.
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Fe-10at.%Ni-15at.%Al alloy, the shape of β´ precipitates is 
spheroid at the early times of aging, which can be attributed 
to the fact that the interfacial free energy γ between the matrix 
and precipitate is more predominant than that of the elastic-

strain energy24, and the sphere shape minimizes the interfacial 
energy. As the aging at 850 °C of this alloy progresses, the 
precipitate morphology changes to cuboids, Figure    6a, 
because the effect of elastic-strain energy on the morphology 

Figure 6. FEG-SEM micrographs of the precipitation evolution for the Fe-10at.%Ni-15at.%Al alloy aged at 850 °C for (a) 10, (b) 25, 
(c) 50 and (d) 100 h.

Figure 7. FEG-SEM micrographs of the precipitation evolution for the Fe-10at.%Ni-15at.%-2.5at.%CuAl alloy aged at 850 °C for (a) 
10, (b) 25, (c) 50 and (d) 100 h.
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is more significant than that of the interfacial energy25, and 
the cuboid shape produces a higher decrease of free energy24. 
The presence of straight sides for the cuboid precipitates 
suggests the existence of a coherent interface between the 
precipitate and the matrix and thus, the elastic-strain energy 
seems to become dominant7,25. The β´ precipitates turn out 
to be aligned with the ferrite matrix over with aging time, 
Figure   6b and c. Further aging promotes the coarsening 
process of precipitates, Figure 6c and d. Aging for longer 
times shows the formation of square or rectangular arrays 
of cuboid precipitates, Figure 6d, and then they are expected 
to coalesce and form plates for longer aging times14,15. That 
is, this alignment is promoted to overcome the elastic-strain 
energy originated by the increase in the volume of these 
coherent precipitates during its coarsening25. The volume 
fraction of β´ precipitates was determined to be about 0.1 for 
this alloy, aged at 850 °C, which shows a good agreement 
with 0.095 determined by Thermos-Calc, Figure 2a.

In the case of the aging at 850 °C for the 2.5 at.%Cu 
containing alloy, the precipitation evolution takes place slightly 
slower, Figure 7a-d, than that previously described. That is, 
the morphology of β´ phase is round and irregular for times 
of 10 h, Figure 7a. Then the shape of β´ precipitates becomes 
like cuboids as the aging progresses, Figure 7b. The array of 
<100> aligned cuboid β´ precipitates can be observed for this 
alloy aged for 50 h, Figure 7c. These arrays originate a plate 
morphology of β´ precipitates for the alloy aged for 100 h, 
Figure 7d. In contrast, the aging of 5 at. % Cu-containing 
alloy indicates the presence of <100> elongated plate 
β´precipitates, Figure 8b. These plate precipitates coarsen 
very quickly, Figure 8b. The morphology of coarsened β´ 
precipitates changes to irregular with a preferential alignment 
along the <110> crystallographic direction, Figure  8c, 

which is the elastically softest direction of the bcc ferrite 
matrix14-17. The alignment of <110> β´ precipitates was 
determined considering that these precipitates are at 45° 
from those with <100> alignment, defined using Figure 5. 
These irregular and incoherent precipitates coarsen very 
fast. Fine precipitation of β´ cuboids can be observed in 
this micrograph because of the air-cooling after aging. It is 
important to note that the morphology of β´precipitates is 
quite different for this composition from those observed for 
the other compositions. This is attributable to the highest 
interfacial energy promoted by the Cu content, as explained 
in the next section.

The volume fraction of β´ precipitates was determined to 
be 0.15 and 0.17 for the 2.5at.%Cu and 5 at. % Cu-containing 
alloys, respectively, aged at 850 °C for 100 h. These values 
are consistent with the Calphad calculated ones, 0.134 and 
0.177 for the 2.5 at.%Cu and 5 at. % Cu-containing alloys, 
respectively, as shown in Figure 2b and c.

Figure  9a-e illustrates, for example, the EDX 
FEG-SEM Fe, Ni, Al and Cu elemental mapping for the 
Fe-10at.%Ni-15at.%Al-2.5at.%Cu alloy aged at 850 °C for 
100 h. These images suggest that the Fe is mainly located 
in the α ferrite phase, Ni, Al and Cu are distributed in the β´ 
precipitates, which shows a good agreement with the Calphad 
calculated results, as shown in Figures  3  and  4b  and  c. 
In order to compare the chemical composition of the 
<100> direction-aligned β´ precipitates with that of <110> 
direction-aligned ones, Table 1 shows the EDX FEG-SEM 
point analysis of these precipitates. It can be noted that the 
chemical composition is very similar for both <100>-aligned 
and <110>-aligned β´ precipitates. As shown in Figure 3b and c, 
these results are in good agreement with Calphad results. 
Table 1 also verifies that no fcc Cu precipitation occurred 

Figure 8. FEG-SEM micrographs of the precipitation evolution for the Fe-10at.%Ni-15at.%-5at.%CuAl alloy aged at 850 °C for (a) 10, 
(b) 25, (c) 50 and (d) 100 h.
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during the aging treatment of the Cu-containing alloys. 
This fact is thermodynamically predicted from Figure 2c. 
That is, the fcc Cu precipitation is only possible for aging 
temperatures lower than approximately 600 °C.

4.3. Precipitation of growth kinetics
The growth kinetics of precipitation was analyzed using 

the Precipitation/Kinetics software. For instance, Figure 10a-c 
show the calculated variation of mean radius r as a function of 
time t, as indicated by the continuous line. Additionally, the 
experimental values of equivalent radius r are also included 
in this figure, as shown by the triangle marks. The calculated 
curve of Figure 10a-c shows slow growth kinetics of precipitate 
radius with time for short times, which can be associated with 
the nucleation stage. Then, the growth kinetics is accelerated 
because of the nucleation and growth stage. To continue, the 
growth kinetics is slightly decelerated, and it corresponds 
to the coarsening stage of precipitates20,21. The experimental 
radius values of this work alloys are in the coarsening stage. 
This fact was confirmed following the variation of equivalent 
radius r as a function of aging time t. This growth kinetics 
usually obeys a power law, r = ktN, and the time exponent n 
usually indicates the coarsening mechanism. The time exponent 
values n were determined to be about 0.27-0.30 for all aged 
alloy compositions, as shown in Table 2, which indicate a 
diffusion-controlled coarsening process, according to the 
Lifshitz-Slyozov-Wagner LSW theory25. Besides, the position 
of Precipitation/Kinetics software calculated growth kinetics 
curve of Figure 10a-c can be modified by selecting a value 
of the free interfacial energy γ. Figure 10a-c also present the 
value of γ, which gives the best fit between the calculated 

curve and the experimental values. It is essential to mention 
that the calculation of Precipitation/Kinetics software follows 
the LSW theory for diffusion-controlled coarsening. This 
behavior implies low volume fraction of sphere precipitates 
and elastic-strain between the matrix and precipitates, and 
solute-rich precipitates25, which is not the case for the Fe-Ni-Al 
and Fe-Ni-Al-Cu alloys. Thus, the determination of interfacial 
energy γ is not accurate; however, the energy values could be 
used to explain the coarsening behavior of the present work 
alloys qualitatively. Table 2 presents the experimental γ values, 
the coarsening constant k, and time exponent n for the present 
work alloys. These values of k and n are in good agreement 
with those reported in the literature14,15,17. The coarsening 
behavior, k coarsening constant, can be explained according 
to the interfacial free energy γ. That is, the decrease in the 
coarsening constant k during aging of the 2.5 at. %-containing 
alloy, as shown in Table 2, seems to be related to the decrease 
in the interfacial free energy γ, since the constant k is directly 
proportional to the interfacial energy. Additionally, the Cu 
atomic diffusion is expected to decrease because of the low 
solubility in the ferrite matrix phase, which may also favor 
a higher coarsening resistance of this alloy. In contrast, the 

Figure 9. (a) FEG-SEM image and the corresponding EDX-SEM elemental mapping images of (b) Cr, (c) Mn, (d) Ni, and (e) Fe for the 
Fe-10at.%Ni-15at.%Al-5at.%Cu alloy aged at 850 °C for 100 h.

Table 1. EDX-SEM analysis of β´ precipitates for the Fe-10at.%Ni-15at.%Al-5at.%Cu alloy aged at 850 °C for 100 h.

Alignment at. % Fe at. % Ni at. % Al at. % Cu
<100> 17.0±0.26 30.0±0.26 40.0±0.90 13.0±0.90
<110> 18.0±0.23 29.0±0.43 44.0±0.86 9.0±0.67

Table 2. Experimental values of γ, and κ and n constants for present 
work alloys.

at. % Cu Experimental 
γ (J m-2)

Experimental 
k (m3 s-1)

Time 
exponent n

0 0.01 0.3330 x10-25 0.27
2.5 0.009 0.1432x10-25 0.26
5.0 0.040 1.0630x10-25 0.30
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5 at% Cu content caused the highest coarsening constant k, 
which is attributable to the highest interfacial free energy 
γ, as shown in Table 2. Furthermore, an interfacial energy 
value of 0.04 J/m2 may indicate that the interface between 
the β´ precipitate and the ferritic phase could be semicoherent 
or incoherent, as suggested by the irregular morphology of 
β´ precipitates, Figure 8d. Conversely, a value of 0.01 or 
0.009 J/m2 corresponds to a coherent interface between the 
precipitate and the matrix25, showing a planar interface between 
them, Figures 6 and 7a-d. The high interfacial free energy 
can also be adopted as the reason for the <110> alignment of 
β´ precipitates to reduce the total free energy of the system.

The Precipitation/Kinetics software calculated the chemical 
composition of the ferritic matrix and β´ precipitates as a 
function of aging time is shown in Figures 11 and 12a-c, 
respectively, for the present work alloys.

The matrix supersaturation is about 15 at.% Al and 
10 at. % Ni for all the alloys, the composition balance is Fe. 
As the aging progresses, the Al and Ni contents diminish 
to approximately 13 and 7 at. %, respectively, and then 
it remains almost constant. The Cu content also shows a 
decrease to about 1.7 and 2.1 at. % Cu for the 2.5 and 5 at. 
% Cu-containing alloys, respectively. In contrast, the chemical 
composition of β´ precipitates shows interesting behavior. 
That is, The Ni content is slightly higher than that of Al for the 
aged Fe-10at.%Ni-15at.%Al alloy; however, this difference 
becomes smaller for the aged Fe-10at.%Ni-15at.%Al-
2.5at.%Cu alloy. That is, the atomic relation of Ni to Al is 
almost one to one, close to NiAl intermetallic compound. 
Furthermore, the difference is reversed for the aged Fe-
10at.%Ni-15at.%Al-5at.%Cu alloy. That is, the Al content 

is higher than that of Ni. This behavior may also be adopted 
as the reason for the fastest coarsening process of the β´ 
precipitate because of the faster atomic diffusion process in 
this case24. The Precipitation/Kinetics software results also 
show that the precipitation growth kinetics is the fastest for 
the ternary alloy, while the slowest kinetics correspond to 
the 5 at.%Cu-containing alloy, which may be attributed to 
the highest interfacial energy γ24.

4.4. Response to aging treatment
The plot of Vickers hardness versus aging time, aging 

curve, is shown in Figure 13 for the Fe-10at.%Ni-15at.%Al, 
10at.%Ni-15at.%Al-2.5at.%Cu and Fe-10at.%Ni-15at.%Al-
5at.%Cu alloys aged at 850 °C. The hardness of the solution 
treated Cu-containing alloys is about 420 VHN, which is 
lower than that reported for the ternary alloy, 438 VHN. 
This behavior may be attributed to the low Cu solid solution 
strengthening because of the formation of Cu cluster during 
air-cooling after solution treatment24, as shown in Figure 1. 
The volume fraction of precipitated fcc Cu is very low, less 
than 1 vol. % according to Calphad calculation, in the solution 
treatment. Thus, the contribution of fcc Cu precipitates is 
meager to be taken into account. An increase in hardness, 
ΔHV, between 50 and 70 VHN, was determined for the two 
Cu-containing alloys in comparison to that of the solution 
treated specimen, as a result of the β´ precipitation process 
at 850 °C. No precipitation of fcc Cu is thermodynamically 
possible at this aging temperature, Figures 1 and 2c. This 
increase is higher than that of the ternary alloy, ΔHV =45 VHN 
at 850 °C. The highest aging response of Cu-containing 
alloys can be attributable to the fact that the Cu addition 

Figure 10. Precipitation/Kinetic software calculated curve and experimental values of average radius vs. time for the (a) Fe-10at.%Ni-
15at.%Al, (b) Fe-10at.%Ni-15at.%Al-2.5at.%Cu and (c) Fe-10at.%Ni-15at.%Al-5at.%Cu alloys aged at 850 °C.
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increases the volume fraction of the β´ precipitates, as shown 
in Figure 2b and c, and it promotes the increase in Cu content 
of the β´ precipitates, as shown in Figure 4b and c. That is, 
it decreases the iron content of the β´ precipitates, and its 
chemical composition is closer to the composition of NiAl 
intermetallic. The aging curves at 850 °C for the ternary 

and 5at.%Cu–containing alloy have a similar hardening 
behavior. That is, both curves show an increasing tendency 
for hardness, while the 2.5 at. % Cu-containing alloy shows 
an aging curve with a clear hardness peak, followed by an 
overaging stage, and subsequently, the hardness remains 
almost constant.

Figure 11. Precipitation/Kinetic software calculated chemical composition of ferritic matrix vs. time for the (a) Fe-10at.%Ni-15at.%Al, 
(b) Fe-10at.%Ni-15at.%Al-2.5at.%Cu and (c) Fe-10at.%Ni-15at.%Al-5at.%Cu alloys aged at 850 °C.

Figure 12. Precipitation/Kinetic software calculated chemical composition of β´precipitates vs. time for the (a) Fe-10at.%Ni-15at.%Al, 
(b) Fe-10at.%Ni-15at.%Al-2.5at.%Cu and (c) Fe-10at.%Ni-15at.%Al-5at.%Cu alloys aged at 850 °C.
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5. Conclusions
Numerical and experimental analyses of the growth 

kinetics of precipitation and coarsening processes were 
carried out during the isothermal aging at 850 °C for Fe-
10at.%Ni-15at.%Al , Fe-10at.%Ni-15at.%Al-2.5at.%Cu and 
Fe-10at.%Ni-15at.%Al-5at.%Cu alloys, and the conclusions 
are as follows:

1.	 Calphad calculated results indicated that the Cu 
addition promoted a higher volume fraction of 
β´ precipitates than that of the ternary alloy, and 
the Fe content in precipitates is also reduced. The 
Cu alloying element is mainly located in the β ´ 
precipitate.

2.	 A content of 2.5 at. % Cu decreased the interfacial 
free energy γ between the β´ precipitate and the 
ferritic matrix, and it caused a lower coarsening 
constant k than that of the ternary alloy. In contrast, 
the interfacial free energy increased considerably 
for the 5 at. % Cu-containing alloy, which caused 
the fastest coarsening kinetics and an irregular 
morphology of precipitates aligned in the <110> 
crystallographic direction of the ferrite phase. This 
fact suggests that the addition of a Cu content lower 
than 2.5 at. % could be beneficial to improve the 
coarsening resistance.

3.	 The aging response of Cu-containing alloys was 
higher than that of the ternary alloy because of the 
higher volume fraction of β´precipitates, and its 
chemical composition close to the NiAl intermetallic 
compound.

4.	 The above results suggest that the addition of a Cu 
content lower than 2.5 at. % to Fe-Ni-Al alloys could 
be beneficial to improve the coarsening resistance 
and mechanical strength at high temperature.
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