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Nano-sized Superlattice Clusters 
Created by Oxygen Ordering in 
Mechanically Alloyed Fe Alloys
Yong-Jie Hu1, Jing Li2, Kristopher A. Darling3, William Y. Wang1, Brian K. VanLeeuwen1, 
Xuan L. Liu1, Laszlo J. Kecskes3, Elizabeth C. Dickey2 & Zi-Kui Liu1

Creating and maintaining precipitates coherent with the host matrix, under service conditions is 
one of the most effective approaches for successful development of alloys for high temperature 
applications; prominent examples include Ni- and Co-based superalloys and Al alloys. While ferritic 
alloys are among the most important structural engineering alloys in our society, no reliable coherent 
precipitates stable at high temperatures have been found for these alloys. Here we report discovery 
of a new, nano-sized superlattice (NSS) phase in ball-milled Fe alloys, which maintains coherency 
with the BCC matrix up to at least 913 °C. Different from other precipitates in ferritic alloys, this 
NSS phase is created by oxygen-ordering in the BCC Fe matrix. It is proposed that this phase has 
a chemistry of Fe3O and a D03 crystal structure and becomes more stable with the addition of Zr. 
These nano-sized coherent precipitates effectively double the strength of the BCC matrix above that 
provided by grain size reduction alone. This discovery provides a new opportunity for developing 
high-strength ferritic alloys for high temperature applications.

The ever-increasing demand for higher energy efficiency continuously pushes the properties of structural 
alloys towards greater strength, higher toughness, and better resistance to high temperature environ-
ments. For example, the applications of ferritic alloys, one of the most important structural engineering 
alloys in our society, in extremely harsh environments such as high-pressure steam pipes, heat exchang-
ers, and nuclear reactors necessitate a new generation of alloy chemistries whose properties meet the 
demands of these environments1,2. It has been well established that one of the most effective strength-
ening mechanisms in alloys is to create and maintain, under service conditions, coherent interfaces 
between the alloy matrix and its precipitates3. The precipitates can be either thermodynamically stable 
or meta-stable.

The successful cases include age-hardened Al-based alloys and Ni-based superalloys. For Al-based 
alloys, the coherent precipitates include the metastable Guinier-Preston zones and a series of metastable 
phases, while for Ni-based superalloys, it is the stable L12 precipitates, both within the FCC matrix4–7; the 
Co-based superalloys under development adhere to the same mechanisms8. The full coherency between 
the precipitates and matrix leads to strengthening by mechanisms such as the creation of antiphase 
boundaries (only for ordered superlattice precipitates, such as the L12 phase in Ni-based superalloys) 
or coherency strains that impede dislocation motion3,5. More importantly, coherency gives rise to low 
interfacial energies between the precipitates and matrix, thus increasing thermal stability by significantly 
reducing coarsening9 or the transitioning to incoherency, i.e., over aging10. As a result, these strengthened 
alloys are known to preserve their excellent mechanical properties at elevated temperatures.
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In ferritic alloys, BCC-Cu precipitates in the Fe-Cu system and β ’ (NiAl-type) precipitates in the 
Fe-Ni-Al system have been explored via aging due to their lattice coherency with the BCC α -Fe matrix. 
Unfortunately, it was found that BCC-Cu easily transforms to FCC at 550 °C, inducing harmful brittle-
ness11. Likewise, the rapid decrease of yield strength around 600 °C and high coarsening rates impede 
the application of NiAl-strengthened ferritic alloys at high temperatures12,13. In contrast to conventional 
aging methods, mechanical alloying provides alternative possibilities in the search and creation of pre-
cipitates, because of its capability to synthesize highly supersaturated solid solutions and metastable 
intermetallics14,15. It may be noted that these metastable phases may not be accessible from equilibrium 
processing routes. One example is the oxide dispersion strengthened (ODS) steels produced through 
mechanical alloying of an alloy and oxide powders16,17. The subsequent reactions between the alloy and 
oxide result in the formation of complex nanoclusters and nanoparticles, whose atomic structures are 
intriguing and being actively investigated16,18.

In the present work, we report the discovery of a new, oxygen-enriched, nano-sized superlattice (NSS) 
clusters (2–5 nm) in ball-milled Fe and Fe alloys which maintain coherency and fine sizes up to at least 
913 °C, much higher than the stability temperature of known coherent precipitates in ferritic alloys11,12. 
Being fully coherent with the α -Fe matrix, the NSS clusters have given rise to an additional strengthening 
for these Fe alloys, likely similar in nature to the aforementioned Ni- and Al-based alloys. Contrary to 
other precipitates and dispersion particles in ferritic alloys and ODS steels that need additional alloying 
elements or oxides, the NSS clusters are created by oxygen ordering in α -Fe BCC lattice and are further 
stabilized by the addition of Zr. The discovery of this new phase reveals a new opportunity for developing 
high-strength nanostructured ferritic alloys for extreme environments.

Results and Discussion
The Vickers microhardness versus annealing temperature of the high-energy ball milled Fe (unalloyed 
Fe) and Fe-1at.% Zr samples, measured in our prior studies19, is shown in Fig.  1A,B. It is commonly 
accepted that the hardness of these alloys is dominated by the effects of grain boundary strengthen-
ing19. However, the substantial hardness difference between the Hall-Petch predictions for the ball milled 
α -Fe20 and the experimental observations indicate that there should be additional mechanisms at play. 
This is particularly evident for samples that have been annealed between 530 and 913 °C. At a grain size 
of 7 μ m, the hardness of the unalloyed Fe sample is close to three times of the value predicted based on 
the Hall-Petch relation (Fig. 1A). This particular strengthening phenomenon can be preserved to some 
extent even after annealing at 1173 °C for one hour (Fig. 1B) in the Fe-1at.% Zr sample. Such an obser-
vation signifies that this strengthening phenomenon is enhanced by alloying with Zr and persists despite 
being exposed to high homologous temperatures, thereby displaying a significant increase in thermal 
resistance. In Fig. 1C, the hardness values of the unalloyed Fe samples annealed at 530 and 700 °C are also 
compared to some other strengthened ferritic alloys with similar grain sizes17,21–28. Another ball-milled 
Fe-based alloy in prior a study, prepared in a similar way as the present work, is also included for 
comparison29. As seen, due to this abnormal strengthening phenomenon, samples in the present and 
prior investigations exhibit significant hardness improvements in the grain-size range of submicro or 
micrometers. One may notice that the hardness of the Fe-1at.% Zr sample annealed at 913 °C is about 2 
GPa lower than that of the unalloyed Fe sample annealed at 530 °C, though their grain-sizes are similar. 
This could be attributed to the bimodal grain-size distribution of the 1at.% Zr sample, induced by high 
temperature annealing, which is not present in the unalloyed nanocrystalline Fe annealed at 530 °C19.

The microstructures of the unalloyed Fe and Fe-1at.% Zr samples, which were annealed at 913 °C for 
one hour, were analyzed by transmission electron microscopy (TEM). Energy dispersive x-ray spectros-
copy (EDS) and electron energy loss spectroscopy (EELS) were performed on samples for composition 
analysis. The EELS results revealed that surface oxides existed on both the Fe-1at.%Zr and unalloyed Fe 
TEM samples, which has the structure of Spinel Fe3O4 as identified by selected area electron diffraction 
(SAED); see Supplementary Section 4 for more details. Further scrutinizing the SAED patterns of the 
α -Fe matrix, e.g., Fig. 2A (unalloyed Fe sample), reveals an additional set of reflections (marked with an 
orange circle) corresponding to α -Fe forbidden {100} reflections30. In fact, the presence of these α -Fe 
{100} forbidden reflections are consistently observed in the α -Fe < 100>  SAED patterns for both unal-
loyed Fe and Fe-1at.% Zr samples. Given the existence of the surface spinel Fe-oxides, it is important to 
note that the observed α -Fe {100} forbidden reflections are a bulk phenomenon and cannot be attributed 
to surface Fe oxides (see Supplementary section 5). These additional reflections also do not match the 
structure of any other existing Fe oxides. They are believed to have come from a superlattice ordering in 
the α -Fe matrix as the ordering breaks the translational symmetry of the BCC crystal lattice (or it can 
be equivalently thought of as a doubling of the supercell dimensions)30,31. By using the {100} forbidden 
reflections in Fig.  2A to obtain a TEM dark field (DF) image, the morphology, size, and distribution 
of the superlattice regions reveal a random dispersion of equiaxed nano-clusters with a size range of 
2–5 nm, as shown in Fig.  2B. The spatial dispersion of the clusters is at the same length scale. Fig.  2C 
shows the high resolution TEM (HRTEM) image of the unalloyed Fe sample along the [001] zone-axis. 
It is clearly shown that the nano-clusters have a perfect ordered superlattice structure in the α -Fe matrix. 
A dispersed superlattice phase with similar size and distribution was also observed in the Fe-1at.% Zr 
sample; see Fig. S3A for the representative SAED pattern and Fig. S3B for a corresponding DF-TEM 
image of the morphology and distribution.
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To further investigate the chemistry of the NSS clusters in the ball-milled Fe sample, EELS was per-
formed. The nano-sized TEM beam was placed on the individual NSS clusters and on the surrounding 
α -Fe matrix (as shown in Fig. 2C), respectively. Fig. 3 shows a comparison of the EELS spectra for the 
O K-edge from the NSS clusters and from the adjacent α -Fe matrix. It is seen that the net intensity of 
the O K-edge of the NSS clusters is evidently higher than that of the adjacent α -Fe matrix, revealing 
O-enrichment in these NSS clusters. The chemistry of the NSS clusters in the Fe-1at.% Zr sample is 
also investigated. A Zr elemental map in the Fe-1at.% Zr sample, recorded in STEM/EDS (Scanning 
Transmission Electron Microscopy/Energy Dispersive X-ray Spectroscopy) mode with a probe size of 1 
nm, is presented in Fig. 4A. The blue regions (Zr-enriched) are found to be about 5 nm, the same as the 
size of the NSS clusters revealed by a dark-field image in Fig. S3B, which indicates enrichment of Zr in 
the clusters. Fig. 4B,C show EDS spectra from a Zr-enriched cluster (higher Zr-L peak) and the Fe matrix 
(almost no Zr-L peak), respectively. Based on the EDS analysis using Zr-K and Fe-K peaks (not shown), 
the concentration of Zr in the NSS clusters is around 6.0 at.%, substantially higher than the equilibrium 
solubility of Zr in α -Fe32. Furthermore, the intensity of oxygen in Fig. 4B is nearly two times higher than 
that in Fig. 4C, indicating that oxygen is also enriched in the NSS clusters for the Fe-1at.% Zr sample. 
Further composition analysis, in terms of other possible impurity elements, is provided in supplementary 
section 2. By excluding the possibility of other impurities in the α -Fe matrix, it is concluded that the NSS 
cluster is mainly composed of Fe and O.

Since no oxide powders are added to the alloy as in ODS steels, it is of interest to ascertain the 
source of the oxygen in the NSS clusters. The Fe powders, before ball milling, were analyzed by TEM. It 
was found that a mixed Fe-oxide layer is present on the surface of the starting Fe powders. Because no 
Fe-oxides are found in the ball-milled samples (Fig. S1), it is suggested that these pre-existing surface Fe 

Figure 1. Indentation hardness of (A) unalloyed Fe (orange) and (B) Fe-1at.% Zr (blue) versus annealing 
temperature for 1 hour annealing time. The solid squares indicate the observed hardness and the open 
squares indicate the hardness predicted by the Hall-Petch relationship for ball-milled Fe given by Jang and 
Koch20. Hardness and grain size data are by Darling et al.19. The asterisk (*) indicates the 913 °C annealed 
samples analyzed by TEM in the present work. (C) Hardness comparison between the samples in the present 
work, our prior study and some other strengthened ferritic alloys with similar grain-size: markers in red 
(unalloyed Fe samples in present work and prior study19,29); markers in blue (ball-milled Fe-alloys22–24); 
markers in green (ODS17,21,25); markers in black (solute and precipitates strengthened steels26–28).
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oxides were incorporated into the α -Fe matrix during the high-energy ball milling process, providing 
the source of the oxygen in the α -Fe matrix to form the O-enriched NSS clusters. Additionally, shown 
in Fig. S7 is a typical [001]α-Fe SAED pattern for a grain in the starting Fe-powder. As expected, no {100} 
superlattice reflections are present. This also confirms the contributing effect of high-energy ball milling 
on formation of the ordered NSS clusters. Prior literature supports these claims. During high energy 
mechanical alloying, it has been shown that oxides can be decomposed, and their constituents forcibly 
dissolved into the Fe matrix, providing the oxygen source to form oxide nanoparticles. The initial oxides 
can either be from surface oxidation on the alloying powders or outside additions17,33. The extent of 
dissolution remains an active area of current research.

The superlattice reflections are observed in both unalloyed Fe and Fe-1at.% Zr samples; as such, the 
NSS clusters are more likely to arise from oxygen ordering, rather than other ordering mechanisms, such 
as Zr ordering. Based on the above observations, we propose the NSS clusters with a D03 (A3B) structure, 
where Fe occupies the A sites and O occupies the B sites to form a Fe3O unit cell (Fig. 5A). Similar crystal 
structure exists in ferritic intermetallics (Fe3Al and Fe3Si)34,35 and other BCC metal oxides (Mo3O)36. The 
proposed structure model could be thought of as a FCC superlattice ordering in the BCC matrix. The 
FCC unit cell consists of eight(2 ×  2 ×  2) α -Fe unit cells, in which the Fe atoms on the corners and the 

Figure 2. SAED pattern, dark and bright field image of the unalloyed Fe sample. (A) SAED pattern 
by tilting α -Fe to [001] showing {100} superlattice reflections (marked with circle). (B) dark-field image 
using the 010 superlattice reflection marked in (A) showing dispersed phase 4.4 ± 0.9 nm in size. (C) 
[001] HRTEM image showing clustering of ordered superlattice phase (2-5 nm in size). Dashed lines mark 
approximate boundaries of a few clusters.

Figure 3. Comparison of the EELS O K-edge spectra from an NSS cluster (blue solid line) and the 
adjacent α -Fe matrix (red dash line) in the unalloyed Fe sample, revealing the oxygen enrichment of the 
NSS cluster.
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Figure 4. (A) Zr elemental map in a grain of the Fe-1at.% Zr alloy recorded in STEM/EDS mode (probe 
size: 1 nm) showing Zr-enriched clusters with a size of ~5 nm. (B) EDS spectrum from Zr-enriched cluster 
showing a high oxygen content. (C) EDS spectrum from Fe matrix showing a lower oxygen content and no Zr.

Figure 5. (A) Proposed Fe3O unit cell [D03 (A3B) structure)], which contains 12 Fe atoms and 4 O atoms 
and has a space group symmetry of Fm3m. The inset shows orientation relationship between Fe3O unit cell 
and α -Fe unit cell, i.e. α -Fe [100]// Fe3O [100], α -Fe [010]// Fe3O [010], α -Fe [001]// Fe3O [001]. (B) 
Simulated [001] diffraction pattern of the proposed Fe3O structure (here Fe3O {020} reflections correspond 
to BCC {010} superlattice reflections). (C) Experimentally observed [001] HRTEM image (unalloyed Fe 
sample) compared with the simulated HRTEM image of [001] projection of the proposed Fe3O structure 
(inset within an orange dotted box), showing good agreement. The [001] structure projection of Fe3O is 
shown in corner (left bottom). (D) Differential charge density map of the Fe3O unit cell in (110) plane 
without Zr. (E) Differential charge density map of Fe3O unit cell in (110) plane with one Fe atom replaced by 
Zr. The unit of charge density is e/Å3.
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face-centered sites are replaced by O atoms. Fig. 5B shows the simulated [001] diffraction pattern of the 
Fe3O structure. As expected, because of the oxygen ordering, additional superlattice {100} reflections 
appear on a typical BCC [001] diffraction pattern, which is in good agreement with the observations 
in Fig. 2A and S3A. Moreover, as shown in Fig. 5C, the simulated Fe3O HRTEM image along the [001] 
zone-axis (inset in Fig. 5C) is consistent with the experimentally observed one in the unalloyed Fe. In 
the present work, the [001] zone axis is particularly useful and critically important for identifying the 
ordered structure of NSS clusters because the corresponding reflections cannot be obstructed by neither 
the double diffraction nor the reflection from surface oxides. Further comparisons between simulated 
SAED patterns of the proposed Fe3O structure and observed patterns of the α -Fe matrix, along other 
zone-axes, are shown in Fig. S8.

The proposed atomic structure of the NSS cluster does not correspond to any of the known equilib-
rium Fe oxide phases; therefore, it is further analyzed by atomistic simulations for verification. 
First-principles calculations based on density functional theory (DFT) are performed to find the equilib-
rium state of the proposed crystal structure. Three different exchange-correlation functionals are applied 
to study the proposed structure systematically. In the unrelaxed Fe3O cell, the lattice parameters of all 
three directions were initially set to be twice that of the α -Fe lattice parameter so that the cell would be 
perfectly coherent with the BCC matrix. After relaxation, the Fe3O supercell retains the initial space 
group symmetry, Fm3m. The lattice parameter of the relaxed supercell shows an average lattice mismatch 
of − 0.7% when compared to the initially set value, indicating a good coherency with the BCC matrix 
(Table S2). The formation enthalpy of the proposed Fe3O structure with respect to the pure α -Fe and 
oxygen molecule is also calculated via DFT (Table S4). Although the 0 K enthalpy of formation is as high 
as 39.0 kJ/mol-atom, it is entirely possible to produce this non-equilibrium oxygen ordering structure at 
the nano-scale through mechanical alloying, which has been widely used to synthesize non-equilibrium 
alloy phases14,15. For example, the meta-stable BCC W-Cu solid solution, which has a positive enthalpy 
of formation around 35 kJ/mol-atom, was synthesized via mechanical alloying processing37. Therefore, we 
propose that the Fe3O NSS cluster arises from metastable FCC oxygen ordering on the parent α -Fe lattice 
and has a D03 crystal structure.

In addition to elucidating the atomic structure of NSS clusters, it is important to understand the role 
of Zr in stabilizing these clusters, as Zr is observed to enrich the nano-clusters, and the strengthening 
induced by the NSS clusters is better preserved in Fe-1at.% Zr samples after high temperature annealing. 
In the first-principles calculations, one Zr atom is added into the Fe3O supercell to replace one Fe atom 
for the sake of consistency with the experimental composition. The Zr atom prefers to occupy the first 
nearest neighbor site (FNS) with respect to one O atom based on the data and analysis in the Supplementary 
Information section. After fully relaxing the supercell, the deformation electron density in the (110)-plane, 
represented by the charge density difference for the fully relaxed structure with and without self-consistent 
calculations, are plotted in Fig.  5D,E for the Fe3O and Fe-O-Zr supercells, respectively. The electron 
density between Fe and O is low in both figures, indicating that the interactions between them are weak. 
However, the charges of Zr and O exhibit significant delocalization and polarization along the [111] 
direction, implying strong bonding between Zr and O. This explains the co-enrichment of Zr and O in 
the EDS data as Zr and O prefer coupling with each other to form strong chemical bonds.

Considering that the NSS clusters are in a metastable state in Fe-matrix, they start to decompose at 
high temperatures. As shown in Fig. 1, after annealing at 1173 °C, the hardness enhancement due to the 
presence of nano-clusters in pure Fe is practically eliminated since the clusters are probably decomposed 
by annealing. However, because of the strong chemical bonds between Zr and O, the NSS clusters could 
be further stabilized at higher temperatures by Zr, which are found to enrich in these nano-clusters. As 
a result, the Fe-1at.% Zr samples can retain the higher-than-predicted hardness even after annealing at 
high temperatures.

Conclusions
A metastable Fe3O phase, in the form of nano-sized superlattice (NSS) clusters, is produced by mechani-
cal alloying of Fe powders containing surface oxides. Originating from an ordering of oxygen in the BCC 
Fe-matrix, the Fe3O phase is fully coherent with the α -Fe matrix and forms ordered superlattice clusters 
with sizes on the order of 2 to 5 nm. As a result, a new, nano-scale coherent precipitate strengthening 
phenomenon results in this ball-milled α -Fe. An enhancement of hardness is observed in the samples 
with submicro or micrometer grain sizes, without high concentration alloying or the addition of addi-
tional oxides, such as yttria or titania, which are commonly used in ODS alloys16,25,38–41. These D03-Fe3O 
nanoparticles maintain coherency with the α -Fe matrix up to annealing temperatures of 913 °C. The 
thermal resistance of the strengthening effects caused by this nanoparticle can be enhanced by alloying 
with Zr to even higher temperatures. With such advantages of high strength and heat resistance, this 
type of superlattice-precipitate-strengthened Fe alloy reveals a new opportunity to develop high-strength 
nanostructured ferritic alloys for high temperature applications.

Method
Sample Preparation. 99at.% Fe-1at.% Zr was mechanically alloyed from elemental powders 
via high-energy ball milling in a SPEX 8000 shaker mill. Milling vials were carefully prepared in an 
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ultra-high purity argon atmosphere to avoid excessive oxygen contamination. Milling was performed for 
24 hours with a 10:1 ball to powder mass ratio. Control samples with no added Zr were also prepared to 
understand the role of Zr in the hardening and microstructural evolution. Samples were annealed in a 
standard tube furnace with an Ar-2% H2 gas mixture. Milling and annealing procedures were the same 
as described in Reference 19.

X-ray Diffraction. Powder x-ray diffraction was performed on both a Rigaku DMAX-Rapid 
Microdiffractometer equipped with a Mo x-ray source and a two-dimensional image plate and a Panalytical 
EmpyreanTM x-ray diffractometer with Cu Kα  x-ray source and in the Bragg-Brentano geometry.

Transmission Electron Microscopy. The microstructure of the samples was examined by trans-
mission electron microscopy (TEM). Most TEM samples were prepared by focused ion-beam (FIB) 
milling to minimize the sample volume and thus magnetic interactions with the electron beam. (To 
preclude the possibility of FIB-induced artifacts from Ga implantation, control samples were also pre-
pared by mechanical polishing the samples to 20–30 μ m, followed by ion milling at low temperature to 
perforation. No significant differences between the differently prepared specimens were observed.) The 
TEM characterization was performed using a JEOL 2010F field-emission TEM operated at 200 kV and 
equipped with a scanning TEM (STEM) system, an energy dispersive x-ray spectroscopy (EDS) system 
(Oxford), and a Gatan Enfina electron energy loss (EEL) spectrometer. A JEOL 2000FX TEM microscope 
operated at 200 kV was used for large-angle tilting of the samples to obtain SAED patterns for multiple 
zone axes. Multislice simulations of diffraction pattern and HRTEM images for the proposed structure 
model were carried out using JEMS softwarei.

First-Principles Calculations. All the first-principles calculations in the present work are performed 
using the projector augmented wave method (PAW)42,43 based Vienna ab-initio Simulation Package 
(VASP)43. Three different exchange-correlation functionals have been applied: (i) the general gradient 
approximation by Perdew, Burke, and Ernzerhof (PBE)44; (ii) the hybrid density functional Hartree-Fock 
(HF) method by Hey-Scuseria-Ernzerhof (HSE06), which is mixed by 25% of the exact HF exchange and 
75% of the PBE exchange-correlation functional45–47; (iii) the hybrid functional HSEsol, which has the 
same form as HSE06, but is based on the PBEsol48 functional for the semi-local exchange and correlation 
part49. To increase the accuracy of the calculation, the plane wave energy cutoff is increased by a factor 
of 1.3 times the maximum energy of the pure elements. The structures are relaxed by implementing the 
Methfessel-Paxton method in order to calculate the forces acting on the atoms50. The atomic positions, 
volume, and cell shape of the proposed structures are relaxed with respect to all degrees of freedom by 
using high accuracy, spin-polarized calculations. The contour plots of the differential charge density were 
generated using VESTA51,52. The plots in Fig. 5D,E are the results achieved by PBE functional. In order 
to calculate the formation energy of the proposed Fe3O structure, BCC-Fe, HCP-Zr, and O2 molecule are 
also relaxed by VASP to obtain the ground state energy. The k-point grid was optimized for each calcu-
lation in order to achieve compromise between computing time and accuracy. For proposed Fe3O and 
(Fe,Zr)3O structure, a 20 ×  20 ×  20 grid is applied for the calculation based on PBE and a 9 ×  9 ×  9 grid 
is applied for both HSE06 and HSEsol. The k-point grids of BCC-Fe calculations are 20 ×  20 ×  20 for PBE 
and 11 ×  11 ×  11 for HSE06 and HSEsol. For HCP-Zr, 24 ×  24 ×  15 grid is chosen for PBE calculations 
and 11 ×  11 ×  6 for HSE06 and HSEsol. All the calculations of single oxygen atom and O2 molecule are 
relaxed by implementing Gamma centered scheme with k-meshes of 1 ×  1 ×  1.
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