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Nano-sized precipitate stability 
and its controlling factors in a 
NiAl-strengthened ferritic alloy
Zhiqian Sun1, Gian Song1, Jan Ilavsky2, Gautam Ghosh3 & Peter K. Liaw1

Coherent B2-ordered NiAl-type precipitates have been used to reinforce solid-solution body-
centered-cubic iron for high-temperature application in fossil-energy power plants. In this study, 
we investigate the stability of nano-sized precipitates in a NiAl-strengthened ferritic alloy at 700–
950 °C using ultra-small angle X-ray scattering and electron microscopies. Here we show that the 
coarsening kinetics of NiAl-type precipitates is in excellent agreement with the ripening model in 
multicomponent alloys. We further demonstrate that the interfacial energy between the matrix and 
NiAl-type precipitates is strongly dependent on differences in the matrix/precipitate compositions. 
Our results profile the ripening process in multicomponent alloys by illustrating controlling factors of 
interfacial energy, diffusivities, and element partitioning. The study provides guidelines to design and 
develop high-temperature alloys with stable microstructures for long-term service.

In order to improve thermal efficiency and reduce greenhouse gas emissions, fossil-energy power plants 
require an increase of the steam temperature and pressure1–3. In the United States, endeavors are under-
way to push the steam temperature to 760 °C and steam pressure to 35 MPa3. Higher steam temperatures 
and pressures impose new challenges on materials in fossil-energy power plants, for example, the creep 
resistance decreases. A tolerable creep strain rate under operation conditions in fossil-energy power 
plants is estimated to be ~3 ×  10−11 s−1 [ref.4]. Nowadays, the most advanced creep-resistant ferritic steels 
are 9–12%Cr ferritic steels5,6 and they can only operate at a metal temperature up to ~620 °C1.

Using precipitation hardening7–10, coherent B2-ordered NiAl-type precipitates have been employed 
to strengthen solid-solution body-centered-cubic (bcc) iron11–18 for elevated-temperature application in 
fossil-energy power plants. Considerable previous research has revealed underlying creep mechanisms of 
NiAl-strengthened ferritic alloys11,15,16. Based on our study, a NiAl-strengthened ferritic alloy, designated 
as FBB8 (see Table 1 for its compositions), exhibits superior creep rupture strength at 700 °C as compared 
to commercial ferritic heat-resistant steels, P122 and P12.

However, nano-sized strengthening features (e.g., particles/precipitates and dislocation substructures) 
are thermally unstable at high temperatures. Specifically, secondary particles/precipitates tend to grow 
and coarsen driven by decreasing the total interfacial energy. The detailed thermodynamic procedure was 
given by Ratke and Voorhees19. Theoretically, Lifshitz and Slyozov20 and Wagner21 (LSW) first developed 
a way to describe the coarsening behavior of a secondary phase in a dilute binary system. Later, research 
extended the LSW theory to multicomponent systems with a considerable secondary phase19,22–25. A 
general ripening theory in multicomponent alloys was recently developed by Philippe and Voorhees26. 
Microstructural degradation was reported in 9–12%Cr ferritic steels27–29 and nickel-based superalloys30–32 
and it significantly weakens their creep resistance for long-term service, such as in fossil-energy power 
plants33,34. Considering the microstructural instability, Ennis et al.35 suggested that the development of 
new 9–12%Cr steels for application at 600 °C and above would be challenging. However, few studies have 
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attempted to understand the stability of NiAl-type precipitates in the bcc iron matrix for application in 
next-generation fossil-energy power plants36–38.

In this study, we investigate the coarsening behavior of NiAl-type precipitates in FBB8 at 700–950 °C 
using combined experimental methods, including the ultra-small angle X-ray scattering (USAXS), scan-
ning electron microscopy (SEM), and transmission electron microscopy (TEM). The coarsening kinetics 
is examined by the ripening model in multicomponent alloys26 and its controlling factors of interfacial 
energy, diffusivities, and alloying element partitioning are discussed. The study provides a systematic 
view concerning phase stability in materials, and helps design and develop advanced alloys with stable 
microstructures for high-temperature application.

Results
Characterization by SEM.  Figure 1(a) demonstrates the morphology evolution of NiAl-type precip-
itates subjected to aging treatments at 800 and 950 °C. Corresponding precipitate-size distributions are 
presented in Fig.  1(b). NiAl-type precipitates with a spherical shape are embedded in the matrix, and 
they remain spherical even at the mean size of ~1.3 μ m (950 °C/95 h), which probably results from the 
small matrix/precipitate lattice mismatch (~0.02% at 700 °C11). The results derived from the image anal-
ysis are listed in Supplementary Table S1. Note that the mean radius on the observed plane section, rr, 
was divided by 0.82 and converted to the mean precipitate radius, r9. At least 534 precipitates were ana-
lyzed for each case. Precipitates coarsen during the aging treatment. For example, r increases from 
259 ±  5 nm (800 °C/312 h) to 303 ±  5 nm (800 °C/504 h). Statistical parameters (i.e., variance, skewness, 
and kurtosis) of the precipitate-size distributions are also included in Supplementary Table S1. The meas-
ured size distributions are broader and more symmetrical than the LSW distribution.

Compositions of the matrix and precipitates.  NiAl-type precipitates are gradually dissolved into 
the matrix, as the aging temperature increases. The precipitate volume fractions (f) are 0.155 ±  0.00539, 
0.146 ±  0.009, and 0.05 ±  0.005 at 700, 800, and 950 °C, respectively. The solvus temperature of NiAl-type 
precipitates in FBB8 lies between 950 and 1,000 °C. The compositions of the matrix and precipitates are 
presented in Fig. 2 and Supplementary Table S2. NiAl-type precipitates are not stoichiometric and display 
solubility of other elements (i.e., Fe, Cr, and Mo). For example, NiAl-type precipitates have 12.7 ±  0.1 
at.% Fe at 700 °C. It is worth noting that the Fe solubility in NiAl-type precipitates at 800 and 950 °C 
(~30–40 at.%) is approximately three times that at 700 °C. Meanwhile, greater amounts of Cr, but less 
of Mo, are dissolved in precipitates at higher temperatures. The mole ratio of Al and Ni in NiAl-type 
precipitates is close to 1:1, suggesting that other solute atoms randomly replace Al and Ni without the 
clear preferential site occupancy40. On the other hand, aging at higher temperatures increases Al and Ni 
contents in the matrix. For instance, the Al content in the matrix increases from 7.2 ±  0.6 at.% at 700 °C 
to 12.1 ±  0.2 at.% at 950 °C.

Evolution of USAXS spectra.  Figure 3(a) displays a representative USAXS spectrum (700 °C/350 h) 
as a plot of the scattering intensity, I, vs. the scattering vector, q, on the log-log scale. The spectrum in 
Fig. 3(a) consists of three regions. In q <  0.001 Å−1, the intensity is believed to be dominated by that from 
the grain structure and Zr-rich minor phase32. The main features of NiAl-type precipitates (the Guinier 
knee and subsequent power slope) are presented in the q range from 0.001 Å−1 to 0.07 Å−1. In q >  0.07 Å−1, 
the background scattering overwhelms the overall intensity. For this case, the value of r is determined to 
be ~72 ±  5 nm based on data modeling.

The progression of USAXS spectra as a function of aging time at 700 and 800 °C is presented in 
Fig. 3(b,c), respectively. Since q is inversely related to the real-space dimension41, large precipitates are 
expected to have scattering features in a small q region. As shown in Fig.  3(b,c), features from aged 
NiAl-type precipitates shift to the small q region as the aging time increases, indicating that the pre-
cipitate size increases during aging treatments. The USAXS-derived results at 700 and 800 °C are listed 
in Supplementary Tables S3 and S4, respectively. For comparison, we include the ideal inter-precipitate 
distance, Lideal, defined as
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As shown in Supplementary Tables S3 and S4, the inter-precipitate distance of NiAl-type precipitates, 
L, increases with aging time. For example, L increases from 119 ±  3 nm (700 °C/100 h) to 230 ±  5 nm 

Al Ni Cr Mo Zr B Fe

Nominal Composition 12.72 9.00 10.15 1.87 0.2 0.02 Bal.

Measured Composition 13.02 9.25 10.45 1.96 0.2 0.02 Bal.

Table 1.   The compositions of the FBB8 ingot, atomic percent (at.%).
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(700 °C/695 h). The values of L are smaller than those of Lideal, suggesting the existence of a non-uniform 
spatial distribution of NiAl-type precipitates42.

In Fig. 3(c), the scattering curves show additional features in the q range from ~0.01 to 0.1 Å−1. These 
features originate from ultra-fine precipitates with a size ranging from several to tens of nanometers. 
These ultra-fine precipitates are known to nucleate and grow during the cooling process following the 
aging treatment and their size depends on the cooling rate43. Figure  3(d) displays the dark-field TEM 
image of the specimen aged for 100 h at 800 °C, followed by air cooling. It reveals duplex precipitates: 
aged (r ~ 163 nm) and fine cooling ones (r ~ 7.6 nm). Effects of fine cooling precipitates on the 
room-temperature deformation of NiAl-strengthened ferritic alloys were reported by Sun et al.43.

Discussion
The coarsening kinetics in multicomponent alloys can be described by26

= ( )/r kt 21 3

where k is the coarsening rate, and t is the aging time. In Fig. 4(a), r is plotted against t1/3 for three aging 
temperatures. The linear relationship between r and t1/3 is well satisfied following Eq. (2). k is determined 
from the linear slope in Fig. 4(a), giving values of ~12.1, 37.8, and 118.3 nm/h1/3 at 700, 800, and 950 °C, 
respectively [Fig. 4(b)]. The values of r at 800 °C determined by USAXS agree with those derived from 
image analysis, which supports the USAXS analysis. The consistency between the experimental results 
and theoretical predictions probably results from the absence of large coherency strain in the matrix30. 
Following the coarsening rate, the precipitate size would be ~1 μ m after a ten-year service at 700 °C. 
Correspondingly, the Orowan stress, Δ σOr, provided by NiAl-type precipitates would decrease from 
~500 MPa (700 °C/100 h) to ~70 MPa (700 °C/10 years)43,44.

Neglecting off-diagonal terms of the mobility matrix (M), k3 is given by26
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where βVm is the precipitate molar volume, γ is the matrix/precipitate interfacial energy, Mi is the mobility 
of the component i, and αCi  and βCi  are the equilibrium mole fractions of the component i in the matrix 
(subscript ‘α ’) and NiAl-type precipitates (subscript ‘β ’), respectively. The relationship between the 
mobility matrix, M, and diffusion matrix, D, can be expressed as (neglecting off-diagonal terms)26
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where Di is the self-diffusion or impurity diffusion coefficient of the element i in the matrix and αGm is 
the matrix molar Gibbs free energy. Assuming the ideal solution for simplicity, αGm is given by

Figure 1.  NiAl-type precipitates and their size distribution. (a) NiAl-type precipitates characterized by 
back-scattered electrons in samples aged at 800 and 950 °C. (b) Corresponding precipitate-size distribution 
as in (a).
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where Gi
0 is the molar Gibbs free energy of a pure component i, R is the gas constant, and T is the tem-

perature. Note that = − ∑α α
=c c1 i

N
i1 2 . Hence, the number of component variables is N-1. In this case, 

Figure 2.  Matrix and precipitate compositions. Compositions (at.%) of the matrix and NiAl-type 
precipitates for samples aged at 700 °C/100 h, 800 °C/504 h, and 950 °C/95 h. Note that calculated precipitate 
compositions are presented.
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αc Al, 
αcNi, 

αcCr, and αc Mo are taken as component variables. The second differential term in Eq. (4) is approx-
imated by
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Therefore, Eq. (3) can be expressed as
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For a ternary alloy system, Eq.  (7) is reduced to that developed by Kuehmann and Voorhees23. 
According to Eq. (7), γ can be estimated, given other parameters listed in Table 2. βVm was calculated from 
the precipitate lattice constant measured by neutron diffraction11. Impurity diffusion coefficients in α -Fe 
were summarized by Abe et al.45 and original references46–50 are given in Table  2. By substituting all 
parameters into Eq. (7), the γ values are determined to be ~190, 40, and 20 mJ/m2 at 700, 800, and 950 °C, 
respectively. It is interesting to notice that γ at 700 °C is almost at the upper limit of interfacial energy 
for coherent interface (~200 mJ/m2)51. Ghosh52 calculated γ between α -Fe and NiAl by first principles 
and the computational results (~100, 120, and 250 mJ/m2 for {110}, {111}, and {100} habits, respectively) 
are comparable with the present value at 700 °C.

The interfacial energy between two phases consists of two terms: chemical (γch) and structural (γst) 
contributions. γch is believed to dominate γ due to the small matrix/precipitate lattice mismatch in 
FBB836. We define the composition variance between the matrix and precipitates (Δ ) as

Figure 3.  Evolution of USAXS spectra. (a) Example of USAXS modeling for the specimen aged for 350 h 
at 700 °C. (b,c) Progression of USAXS curves for samples aged at 700 and 800 °C, respectively. (d) Duplex 
NiAl-type precipitates in the sample aged for 100 h at 800 °C +  air cooling. The dark-field image was taken 
using the [100] superlattice reflection.
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The Δ  values at 700, 800, and 950 °C are calculated to be ~0.68, 0.30, and 0.18, respectively. It is con-
cluded that the matrix/precipitate composition difference gradually diminishes as the aging temperature 
increases. Consequently, the average chemical bonding strength of the matrix and NiAl-type precipi-
tates becomes similar with an increasing aging temperature, which is likely to cause the observed γ gap 
from 700 to 950 °C. Calderon and Fine36 investigated the coarsening kinetics of NiAl-type precipitates 
in Fe-3.00Ni-9.67Al (at.%) at 700 °C and determined k (~5.3 nm/h1/3) and γ (~20 mJ/m2) between the 
matrix and NiAl-type precipitates. These values are much smaller than those in the present study. Based 
on the Fe-Ni-Al ternary phase diagram53,54, NiAl-type precipitates in Fe-3.00Ni-9.67Al (at.%) contains 
~30 at.% Fe at 700 °C, which is probably why Calderon and Fine36 had a much smaller γ and hence, the 
slower k (Eq. 7).

Based on Eq.  (7), precipitate stability in multicomponent alloys is controlled by three factors: the 
interfacial energy, γ, element diffusivities in the matrix, Di, and element partitioning between the matrix 
and precipitates, αCi  and βCi . In the development of NiAl-strengthened ferritic alloys, Mo was added to 
adjust the matrix/precipitate lattice mismatch38 to minimize γ. However, Calderon et al.36,37 claimed that 
coherency strain, which results from the matrix/precipitate lattice mismatch (0.06%–0.8% in their stud-
ies), has no significant influence on γ , as long as the interface remains coherent. Further, Krug and 
Dunand55 concluded that the interaction between dislocations and precipitates during dislocation climb-
ing in creep is proportional to the matrix/precipitate lattice mismatch. Therefore, it would be effective to 
control the composition difference (probably by adjusting the Al/Ni ratio) rather than lattice mismatch 
between the matrix and precipitates in order to minimize γ, and hence, k, in NiAl-strengthened ferritic 

Figure 4.  Coarsening kinetics of NiAl-type precipitates. (a) Evolution of r as a function of t1/3 for three 
temperatures (open: USAXS; filled: image analysis). (b) Coarsening rate, k, as a function of aging 
temperatures.

700 °C 800 °C 950 °C

βVm (m3/mol) 1.47 ×  10−5 1.48 ×  10−5 1.49 ×  10−5

/β αc cAl Al 0.436/0.07239 0.344/0.094 0.303/0.121

/β αc cNi Ni 0.412/0.0339 0.299/0.057 0.299/0.081

/β αc cCr Cr 0.008/0.11939 0.049/0.114 0.049/0.108

/β αc cMo Mo 0.014/0.03139 0.013/0.021 0.007/0.021

DAl (m2 s−1) 3.6 ×  10−17  46 5.5 ×  10−16  47 1.6 ×  10−14  47

DNi (m2 s−1)48 8.9 ×  10−18 3.8 ×  10−16 1.5 ×  10−14

DCr (m2 s−1)49 4.0 ×  10−18 3.7 ×  10−16 1.5 ×  10−14

DMo (m2 s−1)50 4.1 ×  10−18 2.5 ×  10−16 1.2 ×  10−14

γ (mJ/m2) ~190 ~40 ~20

Table 2.   List of parameters and estimated interfacial energies at 700, 800, and 950 °C.
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alloys. On the other hand, elements, which have low diffusivities in the matrix and are preferred for 
enriching precipitates, would help stabilize precipitates. As an interesting example, Wang et al.56 and 
Miller et al.57 reported the unusual stability of Y-Ti-O nanoclusters up to 1,300 °C in ferritic alloys pre-
pared by mechanical alloying. They attributed the observed stability to low diffusivities and solubility of 
solute atoms due to the strong chemical bonding between solute atoms and vacancies56,58. Computational 
calculations17,59,60 would be helpful in order to find such alloying elements that could further retard the 
coarsening kinetics of NiAl-type precipitates in bcc-iron. For example, Jiao et al.17 studied the Mn par-
titioning between the matrix and precipitates in NiAl-strengthened ferritic steels by combined experi-
mental and computational methods. Ding et al.59 examined the impurity diffusivities of 5d transition 
metal solutes (Ta - Au) in α -Fe by first-principles calculations and found that they have higher or similar 
diffusivities in α -Fe, as compared to the Fe self-diffusivity, except Re and Os.

The thermal instability of nano-sized strengthening features in high-temperature materials (e.g., 
nickel-based superalloys and advanced heat-resistant steels) significantly shortens materials’ service life 
at elevated temperatures. By illustrating the controlling factors in the ripening process of multicompo-
nent alloys, the present study provides insights into designing and developing advanced materials with 
stable microstructures for long-term service at high temperatures.

In conclusion, we have studied the stability of nano-sized NiAl-type precipitates in FBB8 at 700–
950 °C by USAXS and electron microscopies. The linear relationship between r and t1/3 is well satisfied, 
which is consistent with the ripening model in multicomponent alloys26. The coarsening rates were deter-
mined to be ~12.1, 37.8, and 118.3 nm/h1/3 at 700, 800, and 950 °C, respectively. Correspondingly, the 
interfacial energies were estimated to be ~190, 40, and 20 mJ/m2 at three aging temperatures. We found 
that interfacial energy is dominated by the composition difference rather than lattice mismatch between 
the matrix and precipitates in NiAl-strengthened ferritic alloys. This study profiles the ripening process-
ing in multicomponent alloys by discussing the controlling factors of interfacial energy, diffusivities, and 
element partitioning, which provides guidelines to design and develop advanced materials with stable 
microstructures.

Methods
Materials preparation.  An ingot of FBB8 (~12.7 cm ×  25.4 cm ×  1.9 cm) was prepared by Sophisticated 
Alloys, Inc. using vacuum-induction melting. Hot iso-thermal pressing (HIP) at 1,200 °C/103 MPa for 4 h 
was performed to minimize casting porosity. Slices were cut from the ingot, and sealed into quartz tubes 
in a vacuum environment. Encapsulated specimens were solution treated for 1 h at 1,200 °C, followed by 
air cooling, and then aged at 700–950 °C.

USAXS experiments.  USAXS measurements on thin foils (thickness of ~70 μ m) were performed with 
the photon energy of 16.8 keV and slit of 1.5 mm ×  0.6 mm at the ChemMatCARS beamline 15-ID-D, 
located at the Advanced Photon Source (APS), Argonne National Laboratory. The beamline setup was 
reported elsewhere61. Raw data was reduced, using the Indra package, which resulted in data on the 
absolute intensity scale. The reduced USAXS data was analyzed by Irena62. The form factor of spherical 
particles was used, while the inter-particle structure factor42,63,64 was employed to characterize the inter-
action among NiAl-type precipitates. The precipitate-size distribution becomes more symmetrical and 
broader with an increasing volume fraction than does the LSW distribution65. Hence, it was assumed 
that the precipitate-size distribution follows the Gaussian distribution. Result uncertainty was obtained 
by evaluating the effect of input data uncertainties and stability of fitting parameters.

Characterization by electron microscopies.  Specimens were examined in a Zeiss Gemini 1525 
SEM equipped with a back-scattered electron detector. Specimens were polished without chemical etch-
ing. Images were converted to binary ones through the image-processing toolbox in Matlab66. The infor-
mation, such as precipitate volume fraction and size distribution, was extracted from binary images. 
Meanwhile, the compositions of the matrix and precipitates were determined by the energy-dispersive 
X-ray spectroscopy (EDS) in SEM. At least three measurements were performed in each case. Due to 
the limited resolution, the EDS measurements were conducted on precipitates with a size larger than 
~1 μ m. Otherwise, the lever rule39 was used to calculate the precipitate compositions, given the precip-
itate volume fraction.

Moreover, TEM was conducted using a Zeiss Libra 200 model. Discs with the diameter of 3 mm were 
polished to ~70 μ m, and then further thinned through electro-polishing in a Fischione twin-jet polisher. 
The electrolyte of 5 volume percent HCl in ethanol was used at room temperature. After perforation, the 
TEM specimens were ion milled for ~15 minutes with the ion energy of 3.5 kV.
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