
Full length article

Intermetallic dispersion-strengthened ferritic superalloys with exceptional 
resistance to radiation-induced hardening

Kan Ma a,j,* , Pedro A. Ferreirós a,k , Thomas W. Pfeifer b , Robert G. Abernethy c,  
Sophia von Tiedemann a , Nianhua Peng d, Graeme Greaves e , Colin Ophus f,g , Kai Sun h ,  
Anamul H Mir e, Lumin Wang i , Shasha Huang j , Shijun Zhao j , Patrick E. Hopkins b,  
Christopher D. Hardie c , Alexander J. Knowles a,c,*

a School of Metallurgy and Materials, University of Birmingham, Birmingham B15 2TT, United Kingdom
b Department of Materials Science and Engineering, University of Virginia, Charlottesville, VA 22904, USA
c UK Atomic Energy Authority, Culham Science Centre, Abingdon, OX14 3DB, United Kingdom
d Surrey Ion Beam Centre, Surrey University, Guildford GU2 7XH, United Kingdom
e MIAMI Irradiation Facility, School of Computing and Engineering, University of Huddersfield, HD1 3DH, UK
f Department of Materials Science and Engineering, Stanford University, Stanford, CA 94305, USA
g Precourt Institute for Energy, Stanford University, Stanford, 94305, USA
h Department of Materials Science and Engineering, University of Michigan, Ann Arbor, MI48109, USA
i Department of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor, MI, 48109, USA
j Department of Mechanical Engineering, City University of Hong Kong, Hong Kong, China
k Advanced Materials for Nuclear Energy, VTT Technical Research Centre of Finland, 02150 Espoo, Finland

A R T I C L E  I N F O

Keywords:
Intermetallic dispersion-strengthening
Interface
Radiation-induced hardening
Dislocation
Disordering

A B S T R A C T

Intermetallic dispersion-strengthening (IDS) using nano-scale coherent intermetallic precipitates offers a potent 
strategy to produce high-strength and radiation-resistant steels, whilst addressing the manufacturability chal
lenges of analogous oxide dispersion-strengthened (ODS) steels. However, their performance with intermetallic 
stability under irradiation damage, such as radiation-induced hardening (RIH), whilst hypothesised, is undem
onstrated. Here, we report on a model IDS α(A2) + α’(L21) Fe-Ni-Al-Ti ferritic superalloy, which exhibits 
exceptional resistance to RIH with near-zero hardening after irradiation at 300 ◦C 1 dpa, in contrast to significant 
RIH in a counterpart coarse precipitate alloy (increase in nano-hardness of 1.0 GPa) and Eurofer97 (0.7 GPa). 
This irradiation resistance is attributed to the high density of semi-coherent precipitate-matrix interfaces, and 
partial-disordering L21->B2 which causes a decrease in anti-phase boundary energy. High interface density with 
localised interfacial strain offers effective sinks, suppressing defect populations compared to the counterpart with 
lower interface density. Meanwhile, atomic resolution spectroscopy and irradiation with in-situ transmission 
electron microscopy show that the disordering stems from Al-rich and Ti-rich sublattices mixing in the initial 
L21–Ni2AlTi structure below 500 ◦C, forming metastable B2-Ni(Al,Ti). Combined, the high interface density and 
radiation-induced intermetallic disordering underpin the remarkable radiation tolerance, demonstrating the IDS 
concept as a promising radiation-resistant materials design strategy.

1. Introduction

Structural materials in nuclear reactors undergo irradiation damage, 
generating excess self-interstitial atoms (SIA) and vacancies. These point 
defects, on the one hand, modify the microstructure by forming micro
structural defects, and, on the other hand, their diffusion changes 
elemental distributions and phases/voids/bubbles [1–3]. Such changes 

in microstructure cause degradation of material properties, including an 
expansion of the physical volume, i.e. void swelling, and an increase in 
strength along with a decrease in ductility, i.e. radiation-induced 
hardening (RIH), which threaten the integrity and reliability of the 
structure [4]. Two general strategies to design radiation-tolerant mate
rials are to utilise radiation-resistant matrix phases, such as 
body-centred cubic (bcc) structure or high entropy alloy design, and to 
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increase the defect sinks [5]. Following these strategies, 
oxide-dispersion-strengthened (ODS) steels were designed to contain a 
high interface area with nano-oxide particles and a fine-grained ferri
tic/martensitic matrix [5–9]. Some ODS materials have demonstrated 
superior void swelling resistance up to a dose of more than 100 dpa 
[10–12] and reduced RIH compared to non-ODS counterparts [13,14]. 
However, challenges remain concerning their manufacturability and 
joining methods at commercial scales [15,16]. The development of 
alternative radiation-tolerant materials is still in demand for advancing 
fission and fusion technologies.

In the last decade, there has been rapid development of advanced 
steels reinforced by dispersed intermetallics, whereby the initiative was 
to introduce ordered intermetallic precipitates for improved mechanical 
properties at high temperatures such as creep resistance [17–21], 
inspired by the γ-γ’ microstructure of Ni superalloys. Such a new class of 
materials known as ferritic superalloys have been designed driven by 
CALPHAD methods [17,22–24]. They comprise a disordered 
body-centred cubic (bcc) matrix (α for steel and β for other metals) 
reinforced by coherent or semi-coherent ordered-bcc intermetallics (β’), 
such as B2-NiAl [25,26] and Heusler phase L21–Ni2AlTi [21,27], as 
shown in Fig. 1a. Ferritic superalloys not only exhibit exceptional im
provements in high-temperature mechanical properties but also present 
significant advantages in the fabrication process and cost for application 

compared to ODS steels. Based on ferritic superalloys, ODS-like ‘inter
metallic dispersion-strengthened’ (IDS) steels bearing a high 
matrix-precipitate interface density for point defect recombination are 
proposed to withstand radiation environments. Compared to 
face-centred cubic (fcc) γ-γ’ Ni-based superalloys, bcc ferritic alloys offer 
a low activation and low void swelling matrix. However, the radiation 
behaviour and the role of the coherent interface in ferritic superalloys 
and IDS steels need to be explored. Intriguingly, a recent study has 
demonstrated superior void swelling resistance of B2-Ni(Al,Fe) nano
particle-strengthened martensitic steel over ODS steels [28]. The phase 
transformation, including the in-situ dissolution of ordered phase pre
cipitates and the reprecipitation, promoted in-situ defect annealing and 
efficiently prevented the formation of voids over 500 ◦C. However, 
structure and composition of precipitates are susceptible to radiation 
damage, as shown in other precipitate-strengthened alloys [29,30], 
which will lead to changes in mechanical properties. The RIH behaviour 
of IDS-type ferritic alloys remains still unknown.

While ferritic materials exhibit good void swelling resistance at 
elevated irradiation temperatures (>0.4Tm with Tm the melting tem
perature in Kelvin), their critical concerns is RIH at lower operating 
temperatures (0.3–0.4Tm, e.g., ≤500 ◦C). It is known that irradiation 
hardening and embrittlement are phenomena that predominantly 
emerge and evolve at early-stage damage levels (0.001–0.1 dpa) [4]. For 

Fig. 1. Design and microstructure of FNAT alloys. (a) Schematic phase diagram of Fe-Ni-Al-Ti systems at 1200 ◦C calculated using TCNI8 database of ThermoCalc 
with the unit cell of three bcc phases in ferritic alloy systems. (b) SXRD patterns of FNAT-Fine and FNAT-Coarse showing the A2+L21 microstructure with the inset 
enlarged profiles of FNAT-Fine showing the pattern refinement. Microstructure of FNAT-Fine: (c) TEM/DF image using an L21 reflection, (d) precipitate (ppt) size 
distribution with d the side length and f the area fraction, (e) TEM SAED patterns along a zone axis 〈011〉 with (f) APT element maps showing the microstructure 
consisting of an A2 Fe-rich matrix and L21–Ni2AlTi precipitate. Microstructure of FNAT-Coarse: (g) TEM/DF image showing the A2 matrix and L21 precipitates 
microstructure; (h) precipitate size distribution; (i) HR-STEM/HAADF image with (j) APT element maps, showing a hierarchical A2-L21-A2 structure. Secondary A2 
Fe-rich precipitates have a disc morphology preferentially growing in {001} planes. Phase composition by APT in (f) and (j) in Table 1.
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example, high radiation-induced hardening was revealed in Fe and Fe-Cr 
alloys at 0.6 dpa between 300–500 ◦C [31]. For IDS alloys, while their 
high matrix-precipitate interface density may enhance defect annihila
tion, the intrinsic phase stability of reinforcing intermetallics (e.g., B2, 
L21) and their dynamic response to irradiation—such as disordering or 
amorphisation—remain unresolved. Specifically, if nanoprecipitates 
lose coherency or degrade under irradiation, their effectiveness as defect 
sinks could diminish, exacerbating matrix hardening. Thus, under
standing the interplay between precipitate microstructure (e.g., inter
face density, phase stability) at early-stage of irradiation is critical to 
designing IDS alloys with balanced swelling resistance and hardening 
resistance.

Here, we consider Fe-Ni-Al-Ti alloys as the template system of IDS- 
type ferritic alloys to study RIH behaviour. Fe-Ni-Al-Ti systems offers 
a wide range of alloys with exceptional mechanical properties. High 
content of Ni (>30 at.%) promote a fcc matrix with either L12 ordered- 
fcc [32] or bcc [33] strengthening phase. However, high Ni content will 
increase the radio-activity of materials after neutron irradiation and a 
fcc matrix, as explained above, is less resistant to void swelling than a 
bcc one. Low content of Ni (<30 at.%) promotes ferritic superalloy with 
a bcc matrix. Recent advancements demonstrate that carbon-free 
Fe-Ni-Al-Cr-Ti alloys achieve exceptional creep resistance up to 700 
◦C, compared to their Ti-free counterparts, via hierarchical B2-NiAl 
precipitates with L21–Ni2TiAl sub-precipitates within a bcc-Fe matrix 
[17,34,35]. These hierarchically structured phases arise from double 
miscibility gaps in the Fe-Ni-Al-Ti system [36,37]. Al additions (2.5–10 
wt.%, i.e., ~5–19 at.%) stabilise the bcc matrix by inhibiting bcc-to-fcc 
transformation [38] and could enhance oxidation resistance. As bulk 
Ni₂AlTi and the two-phase NiAl/Ni₂AlTi alloys exhibit significantly 
improved creep resistance compared to single-phase NiAl [39,40], Ti (<
5 at.%) is added to replace Al, which modifies the B2 phase into 
L21–Ni2TiAl. This increases lattice misfit between precipitates and the 
matrix, which strengthens the material by impeding dislocation climb 
and enhancing creep properties [35]. Recently, different from other 
FNAT alloys, a high content of Ti (~13.5 at.%) is added into Fe with 
equal amount of Al to create a novel Fe-Ni2AlTi alloy [27]. This alloy 
exhibits microstructure with cuboidal precipitates, similar to Ni-based 
superalloys CMSX-4. Micromechanical testing with digital image cor
relation (DIC) reveals that the Fe-Ni2AlTi alloy minimises plastic strain 
mismatch at precipitate-matrix interfaces, reducing interfacial stresses 
(~3 × lower than Ni-based CMSX-4), which enables ductility retention 
under tensile loading without strength loss, showcasing a critical 
advantage for high-performance structural applications.

In this work, we present a study of irradiation behaviour of two 
model Fe-Ni2AlTi IDS alloys (FNAT for short) with the same composition 
as [27] to achieve a superalloy-type microstructure: reinforced by 
(semi-)coherent L21–Ni2AlTi intermetallic precipitates. These FNAT 
alloys along with a standard ferritic-martensitic (FM) steel Eurofer97 
were irradiated with heavy ions to study the role of fine precipitates in 
ferritic superalloys on RIH. The FNAT-Fine alloy with a high sink density 
within the range of ODS steels shows exceptional resistance to RIH 
compared to its counterpart alloy FNAT-Coarse with a low sink density 
within the range of FM steels, revealing the effectiveness of 
semi-coherent precipitate-matrix interfaces as sinks for point defects in 
IDS design. Post-irradiation transmission electron microscopy (TEM) 
characterisation combined with in-situ irradiation experiments aims to 
evaluate the propensity of the reinforcing intermetallics to disordering 
or amorphisation under irradiation. Results show that high interface 
density effectively suppresses the formation of dislocation loops and the 
L21-to-B2 disordering under irradiation at temperatures lower than 500 
◦C offers also an offset of on the RIH. Combining the prevailing mech
anisms of interface-enhancing recombination, the new mechanism of 
in-situ partial disordering from L21 to B2 in IDS provides a new design 
perspective for nuclear materials.

2. Materials and methods

2.1. Materials and sample preparation

The as-cast Fe-20Ni-13.5Al-13.5Ti (in at. %) alloy was manufactured 
by arc melting elements of 99.95% purity. Impurity content was 
measured as 0.007, 0.003, 0.002, 0.01, 0.16 wt percent for C, S, N, O, Si 
respectively by a ‘LECO Corporation’ (www.leco.com) combustion 
analyse. The sample was turned and remelted five times to ensure 
chemical homogeneity. Samples were encapsulated in silica glass am
poules backfilled with argon to avoid oxidation. The two FNAT alloys 
received a heat treatment at 1200 ± 5 ◦C for 2 h; then were water 
quenched to room temperature. FNAT-Coarse was again encapsulated 
and aged at 700 ± 5 ◦C for 8 hours followed by water quenching. All 
heat treatments were carried out in a Carbolite CWF1300/5 furnace. The 
homogenised and aged samples are respectively abbreviated to FNAT- 
Fine and FNAT-Coarse. In addition, Eurofer97 (Fe-10.2Cr-1.6Al-9.4 W, 
at.%) with a bcc ferritic matrix was used to conduct a comparative study.

Thin slices (2 mm thick, 20 × 10 mm rectangles) were cut from each 
material, then mounted, ground and polished using an oxide polishing 
suspension (OPS) to achieve a mirror-like surface. The microstructure of 
these samples was characterised by a Field Emission Gun (FEG) Scan
ning Electron Microscopy (SEM, JEOL 7000F) operating at 20 kV 
equipped with Oxford INCA energy dispersive X-ray spectroscopy (EDS) 
detector. The bulk composition of the alloys was evaluated by averaging 
five 200 × 200 µm area measurements at five regions of the sample. The 
composition of two FNAT alloys are given in Table S1. The small stan
dard deviation indicates a low macro-segregation. SEM images were 
analysed using a machine learning plugin tool in ImageJ, trainable Weka 
segmentation, to obtain the size distribution of the precipitates.

2.2. Synchrotron X-ray diffraction

Synchrotron X-ray diffraction (SXRD) analysis was conducted on 
powder derived from FNAT-Fine and FNAT-Coarse alloys. The powder 
was obtained through mechanical grinding of bulk samples. Afterwards, 
the powder was contained in an alumina crucible and then encapsulated 
with titanium flakes as oxygen getters under argon, followed by 
annealing at 500 ◦C for 15 min. This annealing process aims to relieve 
stress in the powder. Subsequently, the powder was loaded into boro
silicate capillaries with a diameter of 0.5 mm. Control measurements 
were also carried out on powders without annealing to identify oxide 
peaks observed in the stress-relieved powder. SXRD experiments were 
conducted on Beamline I11 at Diamond Light Source. A wide-angle 
position-sensitive detector with an intrinsic 2θ step size of 4 millide
grees was employed. The wavelength (λ) used was 82.6596(10) pm, 
calibrated using a NIST Si 640c standard, and the collection time was set 
at 120 s. Rietveld refinement of the XRD pattern was performed using 
the FULLPROF Suite. This refinement aimed to determine the lattice 
parameters of the ferritic A2 matrix and L21 precipitates. Additionally, 
the lattice misfit (δ) between the A2 matrix and L21 precipitates was 
calculated as follows. 

δ =
2(aL21 − 2aA2)

aL21 + 2aA2 

2.3. Irradiation experiments

The irradiation experiment for nano-indentation was performed at 
the University of Surrey. Thin slices were irradiated by 2 MeV Fe+ ions 
at 300 ± 10 ◦C using a rastered beam. The temperature was monitored 
by a thermocouple attached to the aluminium stub where samples were 
attached. The ion flux was 1.5 ± 0.2 × 1011 ions cm− 2 s− 1 and the 
fluence was 1.1 ± 0.2 × 1015 ions cm− 2. The damage profile was 
calculated by the Stopping Range of Ions in Matter (SRIM) 2013 code 
using the Kinchin-Pease option with a displacement threshold energy of 
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40/40/25/30 eV for Fe/Ni/Al/Ti respectively. The dose in dpa was 
calculated based on the Norgett, Robinson and Torrens (NRT) model 
using the following equation: 

dose =
k
(
Erecoil − Er,ionise

)

2Ed

ϕ
N 

where k=0.8 is the displacement efficiency, Erecoil is the energy absorbed 
by target atoms, Er,ionize is the target atom energy lost to ionisation, 
Ed=36.6 eV is the weighted average displacement energy using atomic 
percent of each element and their Ed, ϕ is the ion fluence and N=8.11 ×
1022 atoms/m3 is the atom density of the alloy. The damage and im
plantation profiles were plotted in Fig. S1a.The final dose varied from 
0.5 dpa near the surface to 1.2 dpa near the peak damage depth of 600 
nm. Before irradiation, shielding was placed at about 1 mm from two 
parallel edges so that the regions approximately 1 mm wide along these 
edges were unirradiated. After irradiation, a boundary contrast dividing 
the irradiated and unirradiated region was evident in secondary electron 
imaging.

In-situ ion irradiation was performed in two campaigns, (i) using a 
300 kV FEI Tecnai G2 F30 TWIN TEM at Michigan Center for Materials 
Characterisation (MC)2 at the University of Michigan and (ii) using a 
300 kV Hitachi H-9500 TEM at the MIAMI-2 facility at the University of 
Huddersfield. For (i), TEM lamellae prepared by FIB were mounted on a 
heating chip and irradiated by 1170 keV Kr3+ with an average ion flux of 
4.51 × 1011 ions cm2 s-1. The ion incident angle, i.e., the angle between 
the incoming ion beam and the normal (perpendicular) to the substrate 
surface, was about 40◦ The irradiations were carried out at room tem
perature and 300/400/500 ◦C. For (ii), TEM lamella was mounted on a 
copper FIB grid and irradiated by 900 keV Kr3+ ions with an average flux 
of 3.87 × 1011 ions cm2 s-1. The ion incident angle was about 10◦ The 
samples were heated by a Gatan heating TEM holder. The irradiations 
were carried out at room temperature and 150/425/450/500 ◦C. 
Considering that TEM samples are thin, the dose rates are calculated by 
averaging the value between 0–100 nm thickness, which leads to (i) 
0.061 dpa/min and (ii) 0.043 dpa min-1 (see profiles in Fig. S1(b,c)). 
Different Kr ion energies are due to the platform capacity. Irradiation at 
room temperature and 500 ◦C were repeated at both platforms and 
showed the same results. In all experiments, the diffraction patterns 
along the pre-selected zone axis, either <101> or 〈112〉 were captured 
along the irradiation to reveal the disordering of L21 as a function of 
dose.

2.4. Nano-indentation

Nanoindentation experiments were carried out in regions within the 
unirradiated and irradiated zones in each sample between 1500 nm and 
2000 µm depth. The measurement was performed at room temperature 
using a NanoIndenter-XP (MTS Systems Corp.) and NanoSuite 6.0 soft
ware. A diamond Berkovich tip was used with the Continuous Stiffness 
Measurement (CSM) method allowing a continuous measurement of 
hardness [41]. The tip geometry was calibrated by indenting a fused 
silica reference sample with known mechanical properties. For each 
material, load–displacement data from 5 × 5 arrays indents (with 50 µm 
spacing between the indents) were acquired with a strain rate of 0.05/s 
and analysed based on the method in [41]. Majority of indents were 
within grains, avoiding the effect of grain boundaries. At least 3 grains 
were indented respectively in unirradiated and irradiated zone in each 
sample to avoid orientation effects.

2.5. Microstructure characterisation

Transmission electron microscopy (TEM) and atom probe tomogra
phy (APT) specimens were prepared from the irradiated FNAT-Fine and 
FNAT-Coarse samples using a Focused Ion Beam (FIB) equipped on an 
FEI Quanta 3D field emission gun (FEG) dual-beam SEM. The lift-out and 

thinning were conducted using 30 kV Ga+ ions and the sample was 
finally cleaned using 5 kV and 2 kV ions. The characterisation of 
microstructure and irradiation defects was performed using a 200 kV FEI 
Tecnai F20 equipped with FEG. Diffraction mode and Dark-Field (DF) 
mode were employed to analyse the phase structure and distribution. 
Scanning TEM high-angle annual dark field (STEM-HAADF) mode with a 
relatively low collection angle was used to obtain both defect and mass 
contrast. STEM-EDS was conducted at tilt ⍺≈15◦ using an Oxford INCA 
EDS instrument. High-resolution Scanning Transmission Electron Mi
croscopy (HR-STEM) and atomic-scale EDS mappings were performed 
using a probe-corrected Thermal Fisher Themis TEM operating at 300 
kV at the Nanoscale Materials Characterization Facility (NMCF) at 
University of Virginia. A tiling method was used to denoise and 
construct the HR-STEM/EDS map [42]. the 4D-STEM experiments were 
performed using the double-aberration-corrected TEAM I TEM oper
ating at 300 kV at the National Centre for Electron Microscopy (NCEM) 
at Lawrence Berkeley National Laboratory (LBNL). APT measurements 
were conducted in a Cameca LEAP 5000 XR instrument, either in voltage 
mode (pulse rate of 250 kHz, pulse fraction of 0.2) in laser mode (laser 
energy of 50 pJ, pulse fraction of 0.2) with a sample temperature of 50 K 
and a target evaporation rate of 0.5%. Data reconstruction and analysis 
were carried out using Cameca AP Suite 6.3 software. The reconstruc
tion was conducted based on the voltage evolution with an image 
compression factor of 1.65 and a k factor of 3.3. The composition of the 
matrix and primary precipitates (intermetallic) was measured from an 
atom-count weighted average of three regions of interest (ROIs). The 
uncertainty is the standard deviation. The composition of secondary 
precipitates in FNAT-Coarse was obtained from the only secondary 
precipitates. The volume fraction of the intermetallic precipitates was 
determined by Lever rule by performing the linear regression to (Cn, 

i-Cmat,i) and (Cppt,i-Cmat,i), where Cn,i is the nominal composition of the 
element i, Cmat,i is the matrix composition and Cppt,i is the intermetallic 
precipitate composition (Table 1). In FNAT-Coarse, the secondary pre
cipitates has similar composition as the matrix (Table 1), which was 
considered as part of the matrix for the volume fraction calculation. The 
nearest neighbor distance (NND) distribution and radial distribution 
function (RDF) analysis were performed in representative ROI in the 
matrix and primary precipitates using the NND function and RDF 
function implanted in AP Suite. NND analysis used the parameters of 
dmax from 2–4 nm and dstep = 0.02 nm with various order (O =
1/10/50/100). RDF between Ni and other elements in the matrix and 
precipitates were calculated with a pin size of 0.1 nm over 5 nm. Results 
were displayed with normalised concentration.

2.6. Computational details

First-principles calculations were performed using the Vienna ab 
initio simulation package (VASP) [43,44], implementing the projected 
augmented wave (PAW) method [45,46]. Exchange-correlation in
teractions were described using the Perdew-Burke-Ernzerhof (PBE) 
formulation of the generalised gradient approximation (GGA) [47]. A 
plane-wave basis set with a cutoff energy of 400 eV was employed. The 

Table 1 
Phase composition measured by APT in FNAT-F and FNAT-C.

Concentration (at%)

Fe Ni Al Ti

FNAT-F Matrix 86.8 ±
0.7

4.8 ± 0.1 3.7 ± 0.3 4.6 ± 0.2

​ L21 Precipitate 21.8 ±
0.1

35.5 ±
0.1

21.2 ±
0.1

21.3 ±
0.1

FNAT- 
C

Matrix 91.7 ±
0.5

2.6 ± 0.2 2.2 ± 0.2 3.4 ± 0.2

​ L21 Precipitate 15.6 ±
0.1

37.3 ±
0.4

23.7 ±
0.3

23.4 ±
0.3

​ 2nd precipitate 90.7 2.1 2.9 4.2

K. Ma et al.                                                                                                                                                                                                                                      Acta Materialia 293 (2025) 121095 

4 



Methfessel-Paxton scheme (first order) with a smearing width of 0.1 eV 
was utilised for treating partial orbital occupancies. All calculations 
incorporated spin polarisation. For the pristine bulk structure, full 
geometrical optimisation was performed, allowing relaxation of atomic 
positions, supercell volume, and shape. In contrast, for supercells with 
planar faults, atomic positions were optimised only along the z-axis 
while maintaining fixed cell volume and lattice parameters [48]. 
Convergence criteria were set to 1 × 10⁻⁵ eV/atom for electronic 
self-consistency and 0.02 eV/Å for ionic forces. The Brillouin zone was 
sampled using a 4 × 4 × 2 k-point mesh. The anti-phase boundary (APB) 
energy calculations were performed using supercells of B2 Ni(Al,Ti) and 
L21 Ni2AlTi, each containing 144 atoms, as illustrated in Fig. S2 (Atomic 
configurations of B2 and L21 structures for APBE calculations). The 
pristine configurations of B2 Ni(Al,Ti) and L21 Ni2AlTi are shown in 
Fig. S2(a,c), respectively. Through displacement along 12 [111] direction, 
1
2 < 111 > {110} APBs are created in both structures, as depicted in 
Fig. S2(b,d).

3. Results and discussion

3.1. Design and microstructure of FNAT alloys

FNAT-Fine and FNAT-Coarse alloys both consist of a disordered-bcc 
phase (A2) and an ordered-bcc phase (L21) with a lattice misfit of about 
2.0% by synchrotron X-ray diffraction (SXRD) pattern in Fig. 1b (details 
see Fig. S3 and Table S2). Transmission electron microscopy shows that 
FNAT-Fine comprises an A2 matrix and cuboidal L21 precipitates with 
an average size D of 62±26 nm (Figure 1(c-e)). In FNAT-Coarse, the L21 
precipitates show a slightly rounded cube shape with an average size of 
280±169 nm (Figure 1(g, h)). The composition of the matrix and pre
cipitates measured by atom probe tomography (APT) are given in 
Table 1. Element distribution in Fig. 1f and Fig. 1j indicates that the 
matrix is Fe-rich, and the precipitates have a close stoichiometry to an 
intermetallic (Ni, Fe)2AlTi, in line with their A2 and L21 structure. Both 
alloys share similar element partitioning, with a slight increase of Fe in 
the matrix in FNAT-Coarse due to ageing. and secondary precipitates are 
observed inside. In the L21 precipitate of FNAT-Coarse, secondary Fe- 
rich precipitates are observed, exhibiting an A2 structure with a 
similar composition to the matrix (Figure 1(i, j). The secondary pre
cipitates have disc morphology lying on {100} planes. This hierarchy, 
A2-L21-A2, is different from other Fe-Ni2AlTi alloys with Ti content up 
to 5 at.%, which were reported to be only A2-L21 or A2-L21-B2-ABP 
(anti-phase boundary) or A2-L21-B2 [21,34,49]. The area fraction of the 
intermetallic precipitate measured using scanning electron microscopy 
(SEM) is about 50% in both alloys, in line with the volume fractions 
measured by APT using the Lever rule, respectively 52% and 51% in 
FNAT-Fine and FNAT-Coarse. (Fig. S4). In both alloys, the 
precipitate-matrix interfaces are the dominant sink for point defects over 
grain boundaries due to the coarse grain size > 400 µm (Table 2). Based 
on the formula by Brailsford and Mansur [50], the sink density provided 
by the matrix-precipitate interface was approximated as follows: 

Sp = 2πND 

with D the average size of precipitates and N the number density 
deduced from the volume fraction and to be 8.5 × 1014 m-2 in FNAT-Fine 
and 4.2 × 1013 m-2 in FNAT-Coarse. Due to the low defect mobility in 

intermetallic, the additional interface area of the secondary Fe-rich 
precipitates inside the primary precipitates was not taken into account 
here.

3.2. Suppression of radiation-induced hardening

To evaluate the irradiation behaviour, the Fe ion irradiation exper
iment was performed at 300 ◦C followed by nano-indentation, as illus
trated in Figure 2(a,b), so that the irradiated zone and unirradiated zone 
experienced the same heat treatment at 300 ◦C during the irradiation. 
Fig. 2c is an area on the irradiated FNAT-Fine alloy where nano- 
indentation arrays can be identified in both regions. The nano
indentation hardness was shown as a function of the indentation depth 
for the unirradiated and irradiated zones in FNAT-Fine, FNAT-Coarse 
and Eurofer97, plotted respectively in Figure 2(d-f). To avoid artefacts, 
such as from the indenter tip geometry, surface contamination and 
polish hardening, data from depths less than 80 nm are not considered. 
In all curves, the hardness H decreases with the contact depth h, which 
has been well known as an indenter size effect [51]. Both curves 
converge to the same value for nano-indents deeper than 1000 nm 
beyond the radiation damage profile, read as the bulk alloy’s hardness. 
Within the damage profile, however, an apparent increase in hardness is 
revealed in FNAT-Coarse and Eurofer after irradiation. At the same time, 
the curves in FNAT-Fine remain similar, with no change after 
irradiation.

To further determine the hardness of the irradiation damage layer, 
H2 was plotted over 1/h in Figure 2(g,j) based on the model by Nix-Gao 
[52] and the method by Kasada et al. [53]. H2 versus 1/h should follow 
the equation: 

H2 = H0
2
(

1+
h∗

h

)

Where H0 is the hardness at infinite depth, h∗ is a characteristic 
length as a function of the material and the indenter shape. In all three 
alloys, the data from the unirradiated zones present an excellent line
arity, reflecting a constant hardness of the bulk alloy. The hardness of 
the unirradiated alloys, Hunir, as the square root of the intercept of the 
curve and are indicated in Table 3. The hardness values fitted using Nix- 
Gao model are consistent with the direct hardness measurement at h >
1000 nm. As for the irradiated zone, the hardness of irradiated areas at h 
> 1000 nm, i.e. probing beyond the damage range, are in excellent 
agreement with the unirradiated values, ensuring the hardness mea
surement’s reliability. Finally, the hardness between 80–200 nm showed 
good linearity and was used to determine the hardness of irradiated 
layer, denoted as Hir, to reduce the contribution of unirradiated sub
strate on the measurement. The Hir values are given in Table 3. Thus, the 
irradiation hardening increments ΔH are − 0.05 GPa, 1.0 GPa and 0.7 
GPa for FNAT-Fine, FNAT-Coarse and Eurofer, respectively. FNAT-Fine 
exhibited no significant change in hardness-depth profiles (Figure 2(d)), 
though the fitted characteristic hardness decreased marginally. The RIH 
in FNAT-Fine alloy is strongly reduced compared to its coarse precipitate 
counterpart and the reference steel.

The irradiation hardening increment for the three alloys was calcu
lated and depicted as a function of sink strength in Fig. 3. Additionally, 
we have included data from various ferritic and ODS steels that show the 
increase in irradiation hardening ΔН or yield strength Δσy versus sink 
strength [5–9,54–56]. Yield strength is converted into hardness using 

Table 2 
Measured size, volume fraction and calculated number density of precipitates in FNAT alloys with total sink strength Stotal as the sum of precipitate-matrix interface Sp 
and grain boundaries, Sg.

Alloys Precipitate size (nm) Volume fraction Number density N (m-3) Sp Sg Stotal

(× 1013 m-2) (m-2)

FNAT-Fine 62 0.52 2.2 × 1015 85 0.012 8.5 × 1014

FNAT-Coarse 280 0.52 2.4 × 1013 4.2 0.012 4.2 × 1013
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the empirical conversion formula ΔН=Δσy/289.17 for ferritic steels with 
ΔН in GPa and Δσy in MPa [57]. Although the irradiation type and 
mechanical testing methods are varied in literature, Fig. 3 provides a 
qualitative comparison across different materials with various sink 
strengths. A consistent trend emerges among the two FNAT alloys, 
revealing that the RIH is significantly lower when compared to other 
ferritic alloys. It is worth highlighting that the sink strength in 
FNAT-Fine reaches approximately 1015 m-2, placing it close to ODS 
steels. This notable resistance to RIH can be attributed to the high 
interface area of FNAT-Fine. However, it is essential to acknowledge that 
the sink strength of FNAT-Fine is lower than that of ODS steels, sug
gesting the involvement of other mechanisms in its performance, which 
requires further characterisation of the irradiated microstructure.

3.3. Distribution of dislocation loops and hardening mechanism

Radiation-induced structural defects such as dislocation loops and 
precipitates have been known as sources of RIH. However, dislocation 
loops are observed. The on-zone [001] STEM Low Angle Annular Dark 
Field (LAADF) image in Fig. 4a reveals the presence and distribution of 
radiation-induced dislocation loops in FNAT-Fine. As no loop is 
observed in regions beyond the damage layer, the effect of FIB damage 
on the microstructure is excluded. As depicted in Fig. 4b, the observed 
dislocation loops are predominantly present within the damage range, 
specifically in the central regions of precipitates, while being noticeably 
absent in the matrix. Quantitatively, the number density of dislocation 
loops is measured as 2.2 × 1021 m-3, with an average size of 16 nm. Their 
Burgers vectors were identified as a0<110> or a0<100> with a0 being 
the lattice parameter using invisibility criteria (Fig. S5 and Table S3) 
[58]. In intermetallics with L21 structure, dislocations with Burgers 
vectors of both a0<110> and a0<100> were observed after creep 
testing [40]. Dislocation loop nature determination in Fig. S6 suggested 
these loops were interstitial-type. The observed dominance of interstitial 
loops aligns with the low vacancy mobility in intermetallics at such a 
low temperature (300 ◦C). In FNAT-Coarse, dislocation loops are smaller 
(~7 nm in diameter) (see Fig. S7). Due to the microstructure complexity, 
the number density is estimated to be >9 × 1021 m-3 counting only 
recognisable loops. Many loops are trapped at interfaces without being 
annihilated.

Fig. 2. Irradiation experiment and hardness measurement by nano-indentation. Schema showing (a) the irradiation and (b) nano-indentation experiments with 
(c) backscattering scanning electron microscope image of the indentation traces on FNAT-Fine samples. The depth, h and hardness, H, relationship by continuous 
stiffness measurement technique from the unirradiated area (blue) and irradiated area (red) in (d) FNAT-Fine, (e) FNAT-Coarse and (f) Eurofer with the radiation 
damage profile (orange) showing the radiation-induced hardening. The relationship between h-1 and H2 based on Nix-Gao model in (g) FNAT-Fine, (h) FNAT-Coarse 
and (i) Eurofer for the determination of the characteristic hardness using data in the range of 80–200 nm.

Table 3 
Characteristic hardness of each alloy before and after irradiation from Nix-Gao 
model fitting.

Alloys Hunir (GPa) Hir (GPa) ΔH = HirHunir (GPa)

FNAT-Fine 8.63 8.58 ~− 0.05
FNAT-Coarse 6.55 7.54 ~+1.0
Eurofer 2.82 3.50 ~+0.7
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In general, dislocation loops act as obstacles for dislocation move
ment, thus increasing yield strength and hardness. The dispersed barrier 
hardening model is developed to estimate the hardness increment owing 
to dislocation loops [3]: 

ΔH = αMμbn
̅̅̅̅̅̅
Nd

√

with α is the obstacle strength [7], M = 2.9 the Taylor factor for bcc 
materials, μ = 80 GPa the shear stress of bcc iron, b = 0.249 nm, the 
Burgers vector of a0/2 < 111> dislocations with a0 the lattice constant, n 
= 3 a conversion factor between hardness H (in GPa) and yield strength 
σ (in GPa) as H = nσ. N and d are the average number density of loops 
and size respectively. Depending on the value of α varying from 0.2 to 
1.44 [3,7], here, an increase of hardness is calculated to be 0.2–1.2 GPa, 
contrasting with the observations where no RIH is detected. It should be 
noted that Orowan bypassing is the common mechanism for precipitates 
larger than tens of micro-meters, as shown in B2 or L21 precipitates 
strengthened ferritic alloys [59–61], and shearing of ordered-bcc phases 
typically occurs at smaller sizes, e.g., < 10 nm in bcc-superalloys [62], 
due to the high anti-phase boundary energy in ordered-bcc phases [63],. 
Strengthening contribution analysis in the current alloy system also 
implies Orowan bypassing as the operative mechanism in both FNAT 
alloys, owing to the large size of precipitates ~ 60 nm, see Fig. S8, 
though, in FNAT-Fine, precipitate shearing could happen in some small 
precipitates. Essentially, this mechanism dictates that, during defor
mation, dislocations tend to bow around precipitates rather than cutting 
through them. Consequently, the formation of dislocation loops within 
precipitates is expected to have minimal influence on the overall dislo
cation mobility and the difference in RIH resistance cannot be attributed 
to a transition between shearing and Orowan mechanisms, as both alloys 
share the same underlying deformation mode.

The coherent interface decorated by interfacial dislocations act as 
recombination sites for these dislocation loops as shown in the sche
matic in Fig. 4c. The effective role of the interfaces in suppressing defect 
formation in the matrix and proximity of precipitates is believed to be 
attributable to the misfit and high strain field around the interface. 
Using 4D-STEM techniques, the strain distribution in FNAT-Fine is 
captured in Figure 4(e,f). Note that the lattice in the precipitate was 

taken as the reference lattice for strain mapping. As the matrix and 
precipitates have a cube-cube orientation relationship with a lattice 
misfit of ~1.5%, the lattice at an interface is mainly a longitudinal 
dilatation or compression. Notably, the matrix side is subjected to a 
compression field, while the precipitate side is subjected to a tension 
field, related to the larger lattice parameter of the L21 structure 
compared to the A2 structure. Although the effects of strain field on the 
dislocation loop formation are not well benchmarked, it has been 
revealed that strain field can change the microstructure development 
under irradiation, affecting materials’ creep behaviour and void 
swelling [64–66]. It was found that the radiation-induced loops can be 
suppressed under compression while tension boosts the loop formation 
or accelerates microstructure evolution [64,67]. The compression field, 
thus, should play a favourable role in suppressing the loop formation. 
Furthermore, 4D-STEM has been found effective in detecting local strain 
variation around a 2D structure, such as the stacking fault inside 
radiation-induced dislocation loops [63]. As shown in Figure 4(g,h), a 
strain concentration peak is revealed at the interface on the precipitate 
side with a long tail from the local maximum to 5–10 nm into the pre
cipitates. This peak is counterintuitive for a continuous matter, as a 
monotonic lattice parameter transition will not lead to such a peak. One 
possible origin is the misfit dislocations at the interface causing local 
stresses. Such a long-range strain field may enhance the point defect 
mobility at the proximity of the interface, which leads to defect deple
tion, as observed in Fig. 4b

Apart from the role of the interface in enhancing defect recombina
tion, the defect depletion close to the interfaces may be evidence that the 
presence of fine precipitates with a high density of interfaces can sup
press the production of overall primary radiation damage. This agrees 
with a newly modified Norgett, Robinson and Torrens (NRT) formalism 
accounting for the microstructure, which revealed that factors like 
precipitate size and compositions strongly affect the damage experi
enced by each phase in a bcc ferritic superalloy [68]. In all, by 
comparing the FNAT-Fine and FNAT-Coarse, which have similar inter
face properties but different densities, their RIH behaviour underscores 
the IDS design where the coherent semi-coherent precipitate-matrix 
interfaces offer an efficient way to enhance the radiation resistance of a 
bcc matrix.

Fig. 3. Radiation-induced hardening of model IDS alloy FNAT and other materials. Effect of initial sink strength on the radiation hardening of FNAT and some 
steels including conventional low-activation ferritic/martensitic steels (the Japanese low-activation ferritic JLF-1 and EUROFER) and several ODS steels. Data of sink 
strength from [5–9,54] and data of change in yield strength from [55,56].
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3.4. Partial disordering of L21

The softening in FNAT-Fine after irradiation is counterintuitive to 
the observation of dislocation loops. After irradiation, the phase 
composition remains almost constant (Fig. S9), with a slight trade of Ni, 
Al and Ti in the matrix with the Fe in the intermetallic precipitates. APT 
results suggest a slight increase in the intermetallic volume fraction in 
irradiated samples likely due to the variation of volume fraction inside 
the sample as no significant change in precipitate size is evidenced by 
the TEM observations (Fig. 4a and Fig. S7). Additionally, APT analysis 
fails to show radiation-induced clustering/precipitation in both matrix 
and precipitates (an example APT dataset in Fig. 5a), where no clus
tering contrast is visible and the experimental nearest neighbour dis
tance (NND) distributions agree with the random ones even with a high 
order O = 100 (Fig. 5b). Further radius distribution function (RDF) of all 
elements to Al shows normalised concentrations close to 1 at distance >
2 nm (Fig. S10), which also suggests an absence of clusters in FNAT-Fine 
after irradiation.

Instead, a long-range phase transformation of the L21 precipitates 
occurred. The irradiation stability of the long-range ordering of inter
metallic and ceramics has received long-standing attention [69,70]. In 
intermetallic-strengthened alloys such as ferritic steels and zirconium 
alloys, (ion) irradiation has been shown to induce complete disordering 
and eventual amorphisation of intermetallic phases [71–74], 

influencing the radiation and corrosion resistance. In 
precipitate-hardened Ni superalloys such as Inconel 718, both ion and 
neutron irradiation-induced disordering and dissolution of precipitates 
which caused softening and was believed to counterbalance the hard
ening induced by radiation-induced defects [29,75]. In FNAT-Fine, the 
TEM dark field image in Fig. 5c is generated from a L21 superlattice 
reflection along the zone axis (ZA) [011] and is overlapped with the 
profiles of radiation damage and implantation, where a disappearance of 
the L21 structure is revealed within the radiation damage zone (< 900 
nm). 4D-STEM phase maps in Fig. 5d indicate the existence of B2 
structure within the damage zone, as confirmed by the STEM diffraction 
patterns along <112> zone axis. Within the L21 depletion regions, B2 
superlattices reflections are observed while, in deeper areas, L21 
superlattices reflections appear. The depth of L21 denuded regions aligns 
well with the damage profile before the peak of self-ion implantation. 
Another TEM sample from unirradiated regions (masked during irradi
ation) shows L21 with the same diffraction pattern as the deep area of an 
irradiated sample, ensuring that this change of diffraction patterns is not 
due to any artefacts, such as surface treatment or heat treatment during 
irradiation. The same phenomenon is also observed in FNAT-Coarse 
(Fig. S11). Therefore, we can conclude that the initial long-range or
dered L21 structure is disordered into a lower-ordered B2 structure 
under irradiation. To unravel the disordering path, HR-STEM images 
coupled with EDS were performed (Figure 5(e-h)), indicating that the 

Fig. 4. TEM observation of irradiated microstructure in FNAT-Fine. (a) STEM-LAADF image along zone axis [001] showing an overview microstructure from 
irradiated layer to unirradiated area. (b) Kinematic bright-field images under a two-beam condition with diffraction g ≤ 200> (sg>0) close to zone axis 〈001〉 within 
the damage layer. In irradiated precipitates, radiation-induced dislocation loops within the precipitates are observed. (c) Schematic diagram of point defects diffusion 
in the matrix and precipitates. (d) 4D-STEM virtual dark-field image along the zone axis [001] in unirradiated FNAT-Fine samples with corresponding (e) εxx and (f) 
εyy strain maps (εxx and εyy are longitudinal strain along the x and y axis respectively). (g) and (h) show the line scan of strain as indicated in (d).
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two sub-lattices, Ti and Al, in the initial L21 structure have been mixed 
after irradiation. The disordering from L21 to B2 is thus attributed to the 
mixing of Al-rich sublattice and Ti-rich sublattice under irradiation, 
which forms a B2-Ni(Al,Ti) compound. Based on the corresponding 
strain maps (Fig. S12), this sublattice mixing induces minimal lattice 
parameter changes or misorientations.

3.5. Phase stability under irradiation: A2-B2 reversible transformation

The stability of the L21 structure and its disordering kinetics under 
irradiation were further investigated using in-situ ion irradiation from 
room temperature to 500 ◦C. 1.17 MeV or 900 keV Kr3+ ions were used 
to increase the dose rate, while the high energies of Kr3+ ions ensure that 
the injected atoms can be neglected. Fig. 6a superlattice reflections 
disappear, leaving only B2 reflections, as a function of irradiation tem
perature. The partial disordering can be observed when temperatures 
are lower than 500 ◦C and are accelerated by decreasing the tempera
ture. It is worth noting that no complete disordering from B2 to A2, or 
amorphisation, was observed, and the B2 structure remains stable under 
irradiation from RT to 450 ◦C within the dose range up to 1.5 dpa.

Another direct effect from the disordering is the change of antiphase 
boundary (APB) energies, which play a crucial role in determining 
dislocation mobility and plasticity, thereby significantly influencing the 

strength and ductility of intermetallic compounds. In BCC in
termetallics, APB formation typically occurs through shearing within 
{110} planes [77,78]. The APB energies were calculated using the 
equation [79]: γAPB = EAPB − E0

2A , where EAPB and E0 are the energies of the 
supercell with and without APBs, respectively, and A denotes the 
cross-sectional area of the APB. To account for statistical variations, we 
generated three simulation cells for B2 Ni(Al,Ti), each with different 
random distributions of Al and Ti atoms in their sublattice. The calcu
lated APB energies are presented in Fig. 6b, alongside γAPB values for B2 
NiAl and NiTi structures for comparison. Our calculated APB energy for 
B2 NiTi shows excellent agreement with previous findings [78]. The 
results further demonstrate that the APB energy of B2 Ni(Al,Ti) falls 
between those of B2 NiAl and NiTi, following a rule of mixture behavior. 
Notably, the L21 structure exhibits substantially higher APB energies 
compared to the B2 structures. This elevated APB energy in the L21 
phase suggests enhanced resistance to dislocation glide across APBs, 
resulting in reduced dislocation mobility. This finding correlates well 
with experimental observations, where transformation to the B2 phase 
after irradiation induces less hardening effects compared to their pris
tine L21 counterparts, aligning with the aligns with behavior in analo
gous systems, such as oxide dissolution in ODS alloys [80] and γ′ (Ni3Al) 
disordering in Ni-based superalloys [81].

Phase stability under irradiation has been a longstanding topic and 

Fig. 5. Disordering of L21 structure in FNAT-Fine after irradiation at 300 ◦C. (a) APT element map with a selected slice of 2 nm thickness. (b) Nearest neighbor 
distribution with various order O for a volume of interest inside the matrix and the precipitate. (c) Dark-field (DF) image using a < 111> reflection of L21 structure. 
Damage and implantation profiles are overlapped with the image. (d) 4D-STEM phase maps showing the sum of the L21 reflections intensity (upper hot map) and 
STEM diffraction patterns from the irradiated area and unirradiated area (lower). Patterned apertures were used as described in this study [76]. The specimen is tilted 
along 〈112 〉 zone axis. High-resolution (HR) STEM/HAADF images in a precipitate from (e) an unirradiated and (f) an irradiated sample with (g) and (h) the 
corresponding HR STEM/EDS maps. The contrast is coloured using inferno colourmap in python. Fe was omitted in spectrum analysis due to signals from the in
struments. (i) scheme depicting the mixing of the Ti and Al sublattice in the L21 structure under irradiation.

K. Ma et al.                                                                                                                                                                                                                                      Acta Materialia 293 (2025) 121095 

9 



can be considered a result of two competing effects. The energetic 
displacement cascades caused by irradiation can lead to atomic mixing, 
causing precipitates to dissolve or disorder through ballistic processes 
and creating uniform solid solution structures. Conversely, when atomic 
diffusion is augmented by irradiation and thermal effects, it tends to 
promote the nucleation and growth of precipitates, especially in cases 
where the thermodynamic equilibrium state involves a two-phase or 
multi-phase condition. A generic way was proposed to describe the 
contribution of ballistic effects to interdiffusion and to study the mixing 
and unmixing in the presence of such effects. To determine the stable 
state of the material, the irradiation can be considered as an increase in 
the temperature, which depends on the irradiation parameters and 
material properties [70]. However, from the phase diagram of the 
quaternary system Fe-Ni-Al-Ti [82] and in Fig. S13, an increase in 
temperature from an L21 region will lead to either (i) a fully L21 struc
ture, (ii) the coexistence of amorphous zones (Liquid) and L21 ordered 
compounds or (iii) complete amorphisation, which is controversial to 
the present observations. Here, we believe that there is simultaneous 
disordering and reordering under irradiation, as shown in Fig. 6. The 
strong ballistic effects of heavy ion irradiation are known to induce local 
atom mixing and disordering by thermal spikes, replacement collision 
sequences and random vacancy-interstitial recombination [83]. After
wards, the reordering into a fully recovered L21 structure when T > 500 
◦C or into an intermediate state of order (i.e. B2) when T < 500 ◦C takes 
place. The reordering is accelerated with temperature, suggesting that 
the thermally activated migration of point defects may play a dominant 
role in the reordering, as evidenced by the resistivity experiments in 
other materials [84–86]. It is worth noting that reordering to B2 occurs 
at ambient temperature, as B2 is known to readily form from A2/liquid. 
This continuous disordering-reordering process offers several advan
tages in radiation resistance. At a wide range of temperatures, it may 
offer an additional point defect recombination mechanism in ferritic 
superlattice steels to suppress the accumulation of vacancies, which is 
known to lead to void swelling [28]. Also, the ability of intermetallic to 
retain its crystalline structure could avoid significant volume changes, 
such as swelling due to radiation-induced amorphisation, which is 
known in covalent crystals like ceramics. Finally, the partial disordering 

alters the matrix-precipitate interface from A2/L21 to A2/B2. Since the 
cleavage energy of the A2/B2 interface is lower than that of the A2/L21 
interface [87], this partial disordering could result in a less brittle 
interface.

3.6. Recovery of radiation-induced L21-to-B2 transformation by thermal 
annealing

Thermal annealing is an effective way to recover radiation-induced 
damage. To probe the reversibility of the L21-to-B2 transformation, we 
conducted in-situ irradiation and annealing experiments up to 1200 ◦C. 
In-situ annealing at 500 ◦C on an irradiated sample for ~2 min fully 
restored the ordered L21 structure in the irradiated sample, with the 
phase remaining stable upon cooling to RT, confirming the reversibility 
of irradiation-induced disordering (Fig. 7). With reheating, diffraction 
analysis revealed retained L21 superlattice reflections up to 1100 ◦C, 
demonstrating exceptional thermal stability of the phase. At 1200 ◦C, 
both L21 and B2 superlattice reflections vanished, indicative of precip
itate dissolution into a solutionised matrix. Observed additional 
diffraction spots during heating at 1200 ◦C were attributed to surface 
oxidation rather than phase transformation. Residual coarsened pre
cipitates, likely adopting the disordered A2 structure, exhibited no 
contrast differentiation in HAADF images, consistent with DSC data 
showing phase transformation completion at 1100–1140 ◦C (Fig. S14). 
These findings highlight that annealing above 500 ◦C enables recovery 
of the L21 phase, though precipitate coarsening at elevated temperatures 
may diminish strengthening effects. While thermal recovery of dis
ordering is achievable, the effectiveness of defect recovery (e.g., dislo
cation loops) at these temperatures remains uncertain, necessitating 
further study to evaluate implications for post-annealing mechanical 
properties.

4. Conclusions

In summary, the early-stage irradiation behaviour of a model inter
metallic dispersion-strengthened (IDS) ferritic alloys (FNAT) was 
investigated. FNAT comprises nanoscale L21 precipitates within a 

Fig. 6. Competition of ballistic effects and thermal effects on the structure ordering and antiphase boundary energies. (a) Threshold dose for reduction of 
structure ordering from L21 to B2 in FNAT determined by in-situ ion experiments. Inset schematic showing the structure disordering by ballistic effects and reordering 
by thermal effects. Error bars represent the standard error of the measurements. (b) Comparison of APB energies in B2 NiAl, B2 Ni(Al,Ti), B2 NiTi, and L21 Ni2AlTi 
intermetallic compounds. The APB energies for B2 Ni(Al,Ti) were calculated using three independent simulation cells with distinct random distributions of Al and Ti 
atoms in the sublattice. Error bar is from different configuration.
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ferritic A2 matrix, resulting in a high density of semi-coherent in
terfaces. The nanostructure can be tuned by heat treatment to achieve 
different precipitate size and density, morphology and hierarchical 
structure with various interface irradiation sink strengths. An FNAT 
alloy with an average precipitate size of 62 nm and a sink density in the 
range of ODS steels has been found to exhibit exceptional resistance to 
radiation-induced hardening. Advanced microscopy reveals that inter
facial strain fields—driven by positive lattice misfit—critically suppress 
dislocation loop formation by promoting defect recombination at 
matrix-precipitate interfaces. Additionally, irradiation-induced partial 
disordering of L21 precipitates into B2 structures reduces antiphase 
boundary APB energy, introducing a competing softening mechanism 
that offsets hardening from dislocation loops. This softening mecha
nism—evidenced as the sole significant microstructural change in the 
absence of voids, defect clusters, or elemental segregation—aligns with 
behaviour in analogous systems such as ODS and Ni-based superalloys. 
This dual dynamic—interface-mediated defect suppression combined 
with precipitate disordering—underpins the alloy’s exceptional resis
tance to irradiation hardening at low doses. By linking microstructure 
(lattice misfit, phase stability) to radiation tolerance, this work advances 
the design of IDS alloys as potential alternatives to ODS steels for nuclear 
applications, offering superior manufacturability without compromising 
defect sink efficacy.

Future efforts should explore long-term microstructural stability 
under reactor-relevant conditions (e.g., elevated temperatures, higher 
doses) and quantify the relative contributions of interfacial sinks versus 
APB energy reduction to irradiation resistance. While this study estab
lishes the early-stage irradiation resistance of FNAT alloys—highlight
ing interfacial strain fields and L2₁ precipitates as critical defect 
sinks—further investigation is needed to unravel the long-term stability 
of these strain states and their quantitative efficiency relative to grain or 
twin boundaries. Future in-situ irradiation experiments coupled with 
multiscale modelling could elucidate whether interface-dominated 
defect recombination persists at higher doses or if strain relaxation 
compromises this mechanism. Notably, the absence of voids here aligns 
with low-temperature, low-dose conditions, but extending this work to 
reactor-relevant regimes (e.g., elevated temperatures, higher doses, as in 
[28]) will test the scalability of FNAT’s radiation tolerance. Such efforts 

would bridge our understanding of emergent microstructural sinks 
(coherent interfaces, nanoscale intermetallics) with classical 
defect-engineering principles, accelerating the design of next-generation 
nuclear alloys.
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