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a b s t r a c t 

As a promising candidate material for the accident tolerant fuel cladding in light water reactors, the Nb-containing 
FeCrAl alloy has shown outstanding out-of-pile service performance due to the Laves phase precipitation. In this 
work, the radiation response in FeCrAl alloys with gradient Nb content under heavy ion radiation has been 
investigated. The focus is on the effect of the Laves phase on irradiation-induced defects and hardening. We 
found that the phase boundary between the matrix and Laves phase can play a critical role in capturing radiation 
defects, as verified by in-situ heavy-ion radiation experiments and molecular dynamic simulations. Additionally, 
the evolution of Laves phase under radiation is analyzed. Radiation-induced amorphization and segregations 
observed at high radiation doses will deepen the fundamental understanding of the stability of Laves phases in 
the radiation environment. 
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. Introduction 

With the development of nuclear energy worldwide, the research
otpots focus on the accident-tolerant pressurized water reactors,
he fourth-generation advanced nuclear power reactors, and the key
tructural materials [1–3] . The iron-chromium-aluminum (FeCrAl) fer-
itic alloy is one of the potential materials for accident-tolerant fuel
ATF) cladding because of its strong oxidation resistance to the high-
emperature steam and swelling resistance to radiation. Unlike the
ommonly-used Zr cladding alloys, FeCrAl alloys can produce a pro-
ective oxide layer on the surface at medium and high temperatures
o prevent further degradation without hydrogen gas generation in the
ypical nuclear accident scenarios [4–6] . For FeCrAl alloys used in the
uclear power industry, the composition optimization among the three
rincipal elements has been explored for decades to enhance the safety
argins of nuclear fuel in the reactor. Although a high Cr and Al con-

ent can provide strong protection against high-temperature vapor ox-
dation and aqueous corrosion [ 4 , 7–9 ], the Cr content of FeCrAl-based
lloys should be strictly controlled to mitigate the Cr-rich 𝛼′ phase pre-
∗ Corresponding authors. 
E-mail addresses: shijzhao@cityu.edu.hk (S. Zhao), qinghe5525@163.com (H. Wa
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ipitation [10–12] and ensure sufficient surface protection and radiation
esistance [13–15] . Besides, a higher Al content will cause welding hard-
ning during manufacture. Thereby, the FeCrAl alloys with lean Cr and
l (12–13 wt% Cr and 3–5 wt% Al content) have dominated the current
esearch of FeCrAl ATF cladding. 

Compared to the commercial Zircaloy tube, the thickness of the Fe-
rAl alloy cladding tube should be reduced by nearly half to compensate

or neutron economy, as the thermal neutron absorption cross-section
f FeCrAl alloy is about 10 times higher than that of Zircaloy [16] .
oreover, the model FeCrAl alloy has a low strength at high temper-

tures (30 MPa at 1073 K), which might cause the ultrathin-wall seam-
ess tube to deform in the beyond-design-basis accident. To enhance
he reliability at elevated-temperature, some strengthening strategies
ere proposed to improve the overall performance of FeCrAl alloys. It

s well established that dispersion and solid solution strengthening are
ffective methods to improve the strength of metallic alloys. Previous
tudies have shown that the FeCrAl alloys with dispersed particles pre-
ared by powder metallurgy exhibit improved mechanical properties,
nd the characteristics of the fine dispersions were discussed in detail
17–19] . Nevertheless, this technique is difficult to apply for the mass
ng), xxh@whu.edu.cn (X. Xiao). 
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Table 1 

The FeCrAl alloy compositions (wt%). 

Alloy ID 
Composition (wt%) 

Fe Cr Al Mo Nb 

0Nb Bal. 13.31 4.40 1.91 / 
0.5Nb Bal. 13.70 4.67 1.92 0.40 
1Nb Bal. 13.39 4.47 2.30 1.02 
1.5Nb Bal. 13.65 4.17 1.95 1.77 
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roduction of thin tubes. Yamamoto et al. [20] proposed the wrought
e-13Cr-4.5Al-based alloys with a certain amount of Mo and Nb via a
hermo-mechanical process. This class of FeCrAl alloys owns great high-
emperature strength due to the fine Laves particles precipitated in the
matrix. Besides, the recovered and recrystallized microstructures are

ffectively stabilized because of the pinning effects of the Lave phases
recipitation in the grain or subgrain boundaries [ 21 , 22 ]. These alloys
an be further strengthened with the increase of the volume fraction of
aves phase, which has been regarded as the second-generation FeCrAl
lloys for ATF cladding. 

The researches of Nb-containing FeCrAl regarding oxidation, corro-
ion, and mechanics have been conducted to demonstrate their potential
s advanced cladding materials [ 5 , 23–25 ], but the irradiation experi-
ent data of these alloys remains limited at present. Traditionally, the
hase boundary is considered the efficient sink for radiation-induced de-
ects, though high-dose irradiation, the stability of the Laves phase pre-
ipitate may become a problem. For example, radiation-induced amor-
hization (RIA) of Laves phase Zr(Fe, Cr) 2 in Zircaloy happened under
eutron or ion radiation [26–28] . And the amorphization and disinte-
ration of Laves particles were also observed in ferritic steels [ 29 , 30 ].
or FeCrAl alloys, the role of the Laves phases on the radiation tolerance
nd their stabilities are still to be revealed. 

Herein, a series of FeCrAl alloys with varying Nb content has been
repared via a thermo-mechanical process which allows for mass pro-
uction of cladding tubes. We conducted the heavy-ion irradiation ex-
eriment and mechanical test to synergistically investigate the evolu-
ion of Laves phase in FeCrAlalloys under radiation and demonstrated
he positive role of Laves phase in the irradiation performance of FeCrAl
lloys. The results would help optimize the composition and process of
ext-generation ATF cladding FeCrAl alloys that have both excellent el-
vated temperature strength and great radiation tolerance. 

. Methods 

.1. Sample preparation 

Four alloy samples used in this study were FeCrAl alloys with the
radient Nb contents in the range of 0–1.5 wt%. Nominal compositions
f alloys are Fe-13Cr-4Al-2.2Mo- x Nb ( x = 0, 0.5, 1, 1.5) which donated
s 0Nb, 0.5Nb, 1Nb and 1.5Nb, respectively. The addition of Mo in-
reased the solid solution strengthening of the matrix and promoted the
ormation of Laves phase. The content of C was less than 0.008%, thus
o carbides would precipitate during aging in all samples, and other
race elements including Si and B were added to optimize smelting. The
ompositions of the main elements are listed in Table 1 . 

Grain refinement could be achieved by properly tailored thermo-
echanical processing, which could improve the processability and
echanical properties during the multi-pass tube preparation process.
erein, initial alloy ingots were prepared by vacuum induction melt-

ng with homogenization. After successive hot-rolling at 1373 K for 2 h
ith the thickness from about 10 to 2.2 mm, four sample sheets main-

ain 1073 K for 0.5 h. Subsequently, alloy sheets were further thinned
ia cold rolling which simulated the commercial preparation of the Fe-
rAl cladding tube. To reduce the residual dislocation in the previous
tep and promote the precipitation as much as possible, the final heat
438 
reatment was annealing at 923 K for 1 h and 623 K for 4 h sequentially.
ventually, all the samples were in the recovery state with a thickness of
 mm. The small coupons with the size of 10 mm × 6 mm × 2 mm were
ectioned from sample sheets by electrical discharge machining (EDM),
nd all coupons were polished according to metallographic standards
or follow-up experiments. 

The microstructure of pre-irradiated four samples was characterized
tilizing SEM (Scanning electron microscope, Aztec HKL standard, Ox-
ord) equipped with electron backscattered diffraction (EBSD) detector,
sing a current of ∼10 nA and accelerating voltage of 20 kV. Based on
he color triangle, the colors in each plane represent crystallographic
rientations to the normal of the plane. 

.2. Irradiation experiment 

The 6.0 MeV Au 3 + ions ex-situ irradiation experiment was performed
t room temperature (RT) by utilizing a 2 × 1.7 MV tandem accelerator
t Peking University. Four radiation doses (from 1 × 10 15 ions/cm 

2 to
 × 10 15 ions/cm 

2 ) were applied in this work to investigate the radi-
tion response of Nb-containing FeCrAl under diverse irradiation dose,
nd the flux of Au ion is about 4 × 10 11 ions/cm 

2 • s. The ion concen-
ration and radiation damage versus radiation depth were calculated by
onte Carlo simulation (SRIM-2013) using “Kinchin-Pease ” mode with

isplacement energy of 40 eV. And the curve was given in Fig. S6. The
eak radiation damage is 23 dpa at a depth of 420 nm under the 4 × 10 15 

ons/cm 

2 Au 3 + ion irradiation, while the Au concentration peak is found
t 615 nm. The cross-sectional TEM samples including the irradiation
one were cut from of irradiated sample via focused ion beam (FIB) at
elios NanoLab 600i FIB workstation, 2 kV Ga + ions were applied at

he last milling stage to minimize the extra damage. 
In-situ Fe irradiation experiments were carried out in the Xiamen

niversity Multiple Ion Beam in-situ TEM Analysis Facility. 400 keV Fe + 

on beam was applied, and the dose rate at ∼8.3 × 10 − 4 dpa/s during
he in-situ radiation. The average dpa damage definition can be found in
he supplementary information. Two groups of irradiation experiments
ere performed at 633 and 753 K to study the effect of temperature on

adiation response. The samples for the in-situ irradiation experiment
ere prepared by a twin-jet electro-polishing method at RT with a volt-
ge of 100 V, and the polishing solution was a mixture of 5% perchloric
cid and 95% acetate. 

Tecnai G20 F30 TEM with the operating voltage of 200 kV was used
or radiation defects characterization in radiation experiments. During
n-situ radiations, the g = 1 ̄1 0 vectors near to [001] zone axis were ap-
lied to detect the evolution of the radiation-induced dislocation loop.
he defect distribution micrograph of ex-situ radiation was also gained
ia TEM. 

.3. Mechanical test 

The tensile sheets with a size of 5 mm × 1.5 mm × 1 mm were cut
rom alloy sheets by electrical discharge machining; detailed size pa-
ameters of the miniature tensile sample can be found in previous work
31] . The tensile direction was parallel to the rolling direction (RD). The
urface of tensile plates was polished with sandpaper to remove the ox-
de layer. Tensile tests were carried out at RT and 1073 K. The crosshead
peed was selected with a constant value of 0.3 mm/min. Thus, the nom-
nal strain rate was 0.06 s − 1 . 

The nanohardness of four FeCrAl alloys with various Nb content was
easured before and after irradiation by Nano Indenter G200 (KLA-
encor) using the continuous stiffness measurement (CSM) mode. At

east 10 indents were checked for each specimen to minimize measure-
ent uncertainty. The maximum indentation depth was 1500 nm, and

he date from the surface to 40 nm might be impacted by indenter tip
eometry and the surface effect. Thus, nanohardness verse depth from
0 to 1500 nm was available in this study. 
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Fig. 1. The microstructure and tensile result of four as-received FeCrAl alloys. (a) EBSD inverse pole figure mappings at three directions; (b) orientation 
distribution function maps of four samples. BSE SEM image of various distribution of Laves phase in Nb-containing FeCrAl: (c) 0.5Nb; (d) 1Nb; (e) 1.5Nb. Tensile 
stress-strain curve of four samples in (f) room temperature and (g) 1073 K. 
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.4. Atom probe tomography (APT) 

Needle-shaped specimens for ATP were sectioned perpendicularly to
he irradiated surface using the FIB workstation. And the final step was
erformed using Ga + ion beam with 5 kV and 4.1 nA. The APT analysis
as conducted by CAMECA LEAP-4000X HR APT system. During test-

ng, the temperature of the specimens was maintained at 80 K, and the
ressure in the analysis chamber was approximately 1.3 × 10 − 10 mbar.
he SEM images of two nano-needle were given in Fig. S7. 

.5. Molecular dynamics simulation 

In the FeCrAl alloy system studied in this work, Cr and Al can be
onsidered to be randomly and uniformly distributed in 𝛼-Fe to form
he solid solution, and Fe 2 Nb is the main component in Laves phase.
s the focus of the present study is the evolution of phase and grain
oundaries under irradiation, the above-mentioned two complex phases
ere simplified to pure 𝛼-Fe matrix and Fe 2 Nb, respectively. Molecular
ynamics (MD) simulations were performed to compare the defect dy-
amics near typical grain boundaries in Fe and the phase boundaries
etween Fe and the Fe 2 Nb Laves phases. The simulations were carried
ut using the open source LAMMPS software. Sa and Lee [32] devel-
ped the interatomic potentials of Fe-Fe and Fe-Nb based on the modifie
embedded-atom method(MEAM). 

Cascade simulations were performed in a Fe system containing a
5{310} < 001 > grain boundary (GB) and a mixture system containing
e and Fe 2 Nb phases. The grain boundary and phase boundary were
ositioned at the center of the z direction of the simulation cell. The
hase boundary was constructed with the { 10 ̄1 0 } planes of the Fe 2 Nb
nd {111} planes of the 𝛼-Fe. Due to the mismatch of lattice spacing,
here is a misfit strain in the as-constructed phase boundaries. The rep-
tition units in x and y directions were carefully chosen, which results
n a simulation cell of approximately 79 Å × 97 Å × 200 Å. The sys-
em was initially equilibrated at 300 K for 50 ps using the Nose-Hoover
hermostat [33] . To study the role of GB and phase boundary, a pri-
ary knock-on atom (PKA) of 5 keV was randomly chosen at different
439 
istances with respect to the interface. The direction of the PKA was di-
ected toward the interface. A variable timestep scheme was adopted by
estricting the maximum displacement of all atoms within 0.01 Å. The
otal simulation time is around 50 ps, which is long enough to allow
efect recombination. During cascade simulations, the border region of
he simulation cell was controlled at 300 K. The produced defects were
nalyzed using the Wigner-Seitz defect analysis as implemented in the
vito software [34] . For each system, a total of 200 independent cas-
ade simulations were performed to get averaged defect numbers and
efect configurations. For references, the above simulations were also
arried out for pure Fe and Fe 2 Nb phases. 

In the experiment, the Lave phases can get amorphized under irra-
iation. Therefore, we also simulated the irradiation response of the Fe-
morphous Fe 2 Nb mixture system. The amorphous Fe 2 Nb was prepared
hrough a melting and quenching method. After irradiation with a 5 keV
ascade, we analyzed the change of local structures of the amorphous
e 2 Nb phase. Since defects in amorphous materials are ill-defined, we
robe such defects through the atomic-unfilled spaces, which were cal-
ulated through a probe sphere inside a tetrahedron formed by any four
earest-neighbor atoms. 

. Result 

.1. Microstructure and mechanical tensile properties 

EBSD inverse pole figure (IPF) mappings of four samples demon-
trated various microstructures in FeCrAl alloys as shown in Fig. 1 a.
nly the matrix 𝛼 grains were observed because it is hard to distinguish

he fine Laves phase at this scale. The 𝛼 grains in all the samples elon-
ated along the rolling direction (RD), but four FeCrAl samples differed
ostly in terms of the microstructure. Nb-free FeCrAl alloy, namely 0Nb
ith a higher degree of recrystallization had the coarsest grain size. For
ll the Nb-containing FeCrAl alloys under discussion, the equilibrium
icrostructure consisted of Laves phase precipitates and recovered 𝛼

rains matrix containing a low dislocation density. With increasing Nb
ontent, the 𝛼 grains were elongated along RD in the Nb-containing Fe-
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Fig. 2. Evolution in nanohardness of the FeCrAl alloys at different radi- 

ation dose. (a) 0Nb; (b) 0.5Nb; (c) 1Nb; (d) 1.5Nb. (e) Hardness rate of four 
samples at different doses. 
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t
w  
rAl alloys, and numerous subgrains were decorated in the larger in-
ragrain. Fig. 1 b illustrated the orientation distribution function (ODF)
gure ( 𝝋 2 = 45°) of as-received sample. 0Nb showed a strong rotating
ube texture (i.e. {100} < 110 > ) and 𝜸 fiber (i.e. < 111 > //ND), which are
ypical textures in the annealed Fe-Cr roll steel. And these strong tex-
ures in the multi-step rolling were similar to that in the sealless tube
rawing process. The 𝜸 fiber decrease gradually as Nb content increases,
nd 0.5Nb and 1Nb owned similar preferred orientation, but the texture
round {112} < 11 ̄1 > component in 1Nb was more obvious. Meanwhile,
.5Nb had two special texture components compared with 0.5Nb and
Nb: {110} < 110 > and {100} < 120 > components that have not been re-
orted in the FeCrAl system, and other textures disappeared completely.
he above components, respectively correspond to the green and red
rain zones in the 1.5Nb rolling plane in Fig. 1 a, and these grains tended
o be alternately distributed along with RD. The formation of these two
referred orientations is closely related to the excessive addition of Nb.

The Laves phase particles are the only precipitation in the Nb-
ontaining FeCrAl alloy without carbon. As shown in Fig. 1 c–e, the
ackscattered electron (BSE) images were given to reveal the distri-
ution of the Laves particles in the 0.5Nb, 1Nb, and 1.5Nb (No Laves
hase precipitates in 0Nb sample). And the Laves phase particle size
tatistics can be found in Supplemental Information. The addition of Nb
romoted the precipitation behavior. Few particles were observed in
he 0.5Nb sample; the average size was 178 nm. The particles tended
o precipitate on the grain or subgrain boundaries. The high-density
aves phase precipitates were distributed in the 1Nb without the en-
argement of particle size (about 136 nm). During the rolling process,
ots of subgrains are formed due to shear stress acting on the alloy. In
he subsequent annealing process, these subgrains recrystallize and the
ubgrain boundaries begin to migrate. But the previous Laves particles
ith a high content maintained stable at 923 K and restrained the grain
oundaries movement during annealing. Therefore, there would be no
urther migration of subgrain boundaries, and plenty of subgrain regions
eparated by high-density entangled dislocations appear in the 𝛼 phase.
owever, when the Nb content increases to 1.5 wt%, though 1.5Nb also
ad considerable precipitation, the average particles size was coarsen-
ng to about 228 nm, which is obtained from 1.5Nb SEM image with
ower magnification in the supplementary information. And the total
hase boundary density is reduced, which would have an impact on the
icrostructure and performance of 1.5Nb. 

Mechanical properties depend on different microstructures. Fig. 1 f,
 provides the tensile stress-strain curves of four as-received FeCrAl al-
oy samples tested at RT and 1073 K. The tensile properties exhibited
he strength-ductility trade-off, 0Nb had the lowest strength and the
etter elongation in the RT tensile test. The addition of Nb dramati-
ally improved the strength and slightly decreased the ductility. The
nhancement peaked at Nb content of 1 wt%, and the ultimate tensile
trength of 1Nb was 743 MPa, 27.9% higher than the Nb-free sample.
he strength improvement of 1.5Nb was close to 1Nb, but the plastic-

ty of 1.5Nb decreased. Otherwise, 0Nb showed extremely low high-
emperature strength of 33 MPa at 1073 K which would be risky in the
eyond design basis accident. Nb addition significantly enhanced high-
emperature strength, 1Nb with most phase boundary density had the
ighest ultimate tensile strength of 85 MPa, 153.9% higher than the
b-free sample. It is worth noting that the excessive addition of Nb con-

ent might harm ductility because 1.5Nb fractured earlier in both RT
nd 1073 K tensile tests. The tensile data at other temperatures also re-
ealed a similar loss of ductility which might cause the cladding tube to
eform during service [35] . 

.2. Radiation-induced hardening 

Ion irradiation will cause evident hardening of the samples. Fig. 2 .a–
 showed the nanohardness of FeCrAl alloys before and after radiation
y 6.0 MeV Au ion at doses of 1 × 10 15 to 4 × 10 15 ions/cm 

2 . The max in-
entation depth was 1500 nm close to the irradiation damage range, and
440 
he measured hardness of the irradiated sample can reflect the harden-
ng effect of heavy ions. It is worth noting that the hardness of irradiated
lloys was stable after the depth of ∼125 nm, which was almost unaf-
ected by the softer un-irradiated region. Thus, the hardening rate which
s the ratio of the hardness of the irradiated and un-irradiated samples
t this depth can represent the trend of radiation hardening under ion
adiation. 

The hardening rate at a depth of 125 nm was obtained in Fig. 2 e, all
rradiated samples showed the obvious hardening effect. 0Nb had a sat-
rated hardening at doses of 1 × 10 15 ions/cm 

2 , and the hardening rate
as ∼1.26 and would not increase further with increasing dose. How-

ver, in Nb-containing samples, the hardness of post-radiation climbed
p and then declined with the increase of dose. The hardening rates of
.5Nb were the same as 0Nb at the first two doses, but the hardness
ropped at higher doses. 1Nb has the lowest average hardening rate of
1.10 among the four samples, and the hardness decreased slowly at a
igh dose. The hardening of 1.5Nb was slightly more than 1Nb below
he dose of 3 × 10 15 ions/cm 

2 , but its hardness at the dose of 4 × 10 15 

ons/cm 

2 reduced to about 1.07 close to the un-irradiated state. There-
ore, there is a softening effect in the Laves phase-stabilized FeCrAl al-
oys during high-dose irradiation. 

.3. Structure evolution caused by irradiation 

The existence of Laves phase has a significant impact on the radia-
ion hardening. Herein, 1Nb and 0Nb at the dose of 4 × 10 15 ions/cm 

2 

ere selected to investigate the radiation response of Laves phase in
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Fig. 3. The TEM results of 0Nb and 1Nb samples. (a) Bright-field TEM image of 1Nb with SAED patterns of P3 overlapped. Band slope map of (b) 1Nb overlapped 
with SAED patterns of P4 and P5 and (c) 0Nb. (d) Bright-field TEM image of 0Nb. (e-g) The composition profile in three Laves particles P1, P2, and P3 by EDS line 
scan indicating Fe, Cr segregation in the matrix. 
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he ex-situ radiation experiment. Two samples prepared by FIB had the
011] orientation parallel to the foil normal for comparison. The band
lope mappings of two samples were given in Fig. 3 b,c. Band slope is
he EBSD technique based on the Kikuchi pattern, and the slope of in-
ensity changes between background of pattern and band. Band slope is
ensitive enough to capture the tiny difference in the lattice complete-
ess providing a much stronger phase contrast for Laves phase in the 𝛼
atrix. 

The white dotted line represented the corresponding position of the
amage distribution curve simulated via SRIM. 0Nb had shown no grain
oundary detected within the scope. And the band slope of the zone
rom the damage peak to the furthest ion range decreased, indicating a
arge number of defects formed in this zone. In the 1Nb sample as shown
n Fig. 3 a, the precipitate and subgrain boundaries formed a boundary
etwork, but all the irradiated Laves particles in ion range cannot be
dentified by TKD, while particles outside the irradiated zone had nor-
al crystallinity. Five typical Laves particles were marked as P1 to P5 .
he selected area electron diffraction (SAED) in Fig. 3 b demonstrated
4 was amorphized and P5 remained crystalline; other particles closer
o the surface were also amorphous. 

TEM image revealed various morphologies of radiation-induced de-
ects at different depths. Fig. 3 a, d was bright-field images of 1Nb and
Nb using g = 1 ̄1 0 . And the main type of defect is the dislocation loop.
t the same depth, 0Nb had a more defect density than 1Nb. The few
efects were found near irradiated surfaces in the 0Nb sample, and ap-
eared in large numbers at a depth of 420 nm which is around the peak
amage. The dislocation loop rafting was observed beyond 800 nm cor-
esponding to 1 dpa. In the case of 1Nb, there were cumulative defects
441 
bserved around Laves particles. Meanwhile, the Laves particle P1 lo-
ated in Zone Ⅰ had blurred boundaries at peak damage of 18 dpa. Zone
 and Zone Ⅲ are separated by a depth of 800 nm. Zone Ⅱ ( > 1 dpa)
as found occupied by a dislocation network which might be a result
f the interaction between pre-existing dislocation lines and radiation-
nduced loops. The Zone Ⅲ ( < 1 dpa) showed that tiny dislocation loops
ccumulation was attracted via a neighboring Laves particle, which was
enerally around all Laves particles in the irradiated area. 

The EDS line scan profiles across P1 –P3 at different depths in1Nb
ere given in Fig. 3 e–g to reveal the representative composition evolu-

ion at various damage. Nb and Mo were enriched in the three particles,
nd there were fluctuations in the composition of the matrix border-
ng the particles. The Fe segregation was found on the right of the P1

article, the left of the P3 particle, and both sides of the P2 particle. 
To further study compositional disturbance caused by radiation,

toms distribution of primary elements in 1Nb was obtained via APT as
ndicated in Fig. 4 a. Two Laves phase interfaces (marked as L1 and L2 )
ocated at the depth from 260 to 400 nm were investigated. Consistent
ith previous studies, Mo was not only precipitated in particles but also
idely distributed in the matrix, and Nb only existed in Laves particles.
he incomplete interface L2 exhibited segregation of Fe, Cr, and Mo. Fe
nd Cr preferred to segregate the outer surface of the particle, while Mo
nd trace B atoms were enriched near the inside of the interface. The
ajor element composition profiles across two-phase interfaces were ob-

ained from two placed horizontal cylinders with a diameter of 20 nm
nd height of 40 nm as shown in Fig. 4 b, and the data of trace elements
an be found in the supplementary information. Most elements had a
imilar evolution trend across phase boundaries. Nb content increases
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Fig. 4. The APT results of 1Nb sample. (a) Ion maps of Fe, Cr, Al, Nb, Mo, B from a vertical slice of an ATP from the irradiated layer in 1Nb sample. (b) Nb ion 
map with 2.5% Nb isosurfaces showing two-phase boundary marked as L2 and L2. The composition profiles across (c) L1 and (d) L2 phase boundaries. 
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radually from the matrix to Laves particle (from 0.03 at% to around
8.18 at%). However, Mo has much higher segregation inside the in-
erface of L2 than that of L1 . Across the L1 boundary, the Mo content
ncreased to 9.73 at%. But the Mo content reached a peak of 12.36 at%
n the below L2 particle, and then reduced to 11.13 at% in particle in-
erior. 

In-situ Fe + radiation experiment results further revealed the defect
apture ability of Laves phase boundary. The bright-field TEM images
nd corresponding electron diffraction patterns are given in Fig. 5 . All
icrographs are obtained under g =1 ̄1 0 , but SEAD images are collected
nder several vectors, which will not affect the characterization of amor-
hization. At 633 K that is close to the working temperature of the
ladding tube in the light water reactor, a Laves particle was located
t the top of the view. Black points and tiny dislocation loops were ob-
erved with a dose of 0.9 dpa; a defect denudation zone with a depth of
20 nm was formed around the phase boundary, where defect density
as lower than that inside the 𝛼 grain. And the morphology of the pre-

xisting dislocation lines changed. Subsequently, the density of loops
ncreased slightly and the size increased remarkably. The evolution of
hree loops in a blue circle can be described as the adjacent tiny loops
rew and contacted with each other to form a new and larger loop until
he damage reached 2.4 dpa. Two independent dislocation loops at the
hase boundary and inside the grain, respectively are indicated in the
ed and green circle. The size of the loop at the phase boundary increases
y 226% (5.33 to 17.37 nm), which is lower than the increasing rate of
76% (6.73 to 25.29 nm) in the intragranular loop. And the statistics
an be found in Fig. S11. 

And evident diffraction spots of Laves phase were hardly observed in
he SAED at a dose of 0.9 dpa, and the amorphous rings were more obvi-
us in subsequent results indicating the particle had been amorphized.
442 
t a higher temperature of 753 K, the nucleation rate of radiation-
nduced defects was significantly lower than that at low temperatures
ue to the high mobility of atoms. A typical dislocation loop, firstly
ound at a dose of 0.4 dpa, moved along the g vector to the Laves parti-
les on the upper right with the increase of dose. When further irradiated
o 1.4 dpa, this loop disappeared, which might be due to its annihilation
n the surface. Up to 3.4 dpa, only a few loops were observed in the mon-
tored area of interest. At this temperature, the Laves particle began to
e amorphized at 0.9 dpa and completely amorphous at 1.4 dpa. There-
ore, the dose threshold of amorphization at 753 K is slightly higher than
hat at 633 K. During all in-situ observations, no void and no evolution
f Laves particle were found. 

. Discussion 

.1. The precipitation behavior of Laves phase 

The distribution of Laves phase has an impact on the performance
f alloys. In steels, previous studies suggested that the strengthening ef-
ects of Laves phase are variable. The precipitation characteristics of the
aves phase in ferritic stainless steels change within a certain tempera-
ure range [36] . Specifically, the Laves particle coarsened into needle- or
od- shape in the micrometer scale after a long time annealing with the
nitial fine Laves phase sacrificed, which was considered to adversely
ffect the high-temperature mechanical properties. 

As shown in Fig. 1 , the grain size of the 𝛼 phase decreased with
he increase of Nb content. 1.5Nb had the smallest matrix grain size,
hile the densest Laves phase precipitated in the 1Nb sample. Fig. S13

howed the TKD mapping of two selected areas that were recrystalliza-
ion region and red texture region (100//ND) in 1Nb and 1.5Nb, which
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Fig. 5. Bright-field TEM micrographs and corresponding SAED around Laves phase boundary indicating the microstructure evolution of 1Nb at different 

temperature. (a)-(e) 633 K and (f)-(j) 753K. 
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emonstrated the position relationship between Laves phase and dif-
erent types of grain boundaries. In the recrystallization region of both
wo samples, an amount of Laves phase was found around grain bound-
ries. The HAGBs were pinned on the larger Laves particles, and smaller
aves particles preferred to precipitate in intragrain or near LAGBs. Most
recipitates were spherical or ellipsoidal in the 1Nb alloys. Around the
ner Laves phase, especially the nanoparticles, the resolution rate was

ow due to the tilt boundary which caused the overlapping patterns of
wo phases. In the case of 1.5Nb, the average Laves phase size was
arger; some Laves particles in the shape of a short rod were precipi-
ated along the boundary. In the 100 texture region (red grain region in
apping), two samples showed different microstructure: 1Nb had con-

iderable precipitation of Laves phase maintaining fine subgrain stable
t high temperature, while 1.5Nb was lack of effective pinning due to the
ess Laves precipitation. During high-temperature annealing, 100//ND
rain tended to coarse in 1.5Nb. In addition, 1.5Nb has non-uniform pre-
ipitation, and a part of precipitates is coarsened, which will weaken the
indering effect on dislocations during deformation. In other words, the
Nb with uniform fine precipitation has a shorter mean free path length
f dislocation. Therefore, mechanical properties and un-irradiated hard-
ess of 1.5Nb were slightly lower than 1Nb. 

.2. Enhancement of radiation tolerance via phase boundary 

Generally, both grain and phase boundaries are thought to be pref-
rential sinks for irradiation-induced defects. Based on the radiation
ardening results, the hardening level of 1.5Nb with more high-angle
rain boundaries was higher than that of 1Nb at a dose of 1 × 10 15 

ons/cm 

2 , showing that there might be a difference in the interaction be-
ween irradiation-induced defects with the grain and phase boundaries.
o compare the defect absorption ability of the two kinds of bound-
ries, a simplified model was constructed by MD to simulate the defect
bsorption of two kinds of boundaries under heavy ion irradiation. 

We calculated the defect number in the bulk region as a function of
he PKA distance to the grain/phase boundary. It’s worth noting that the
efects produced in the simulation are different from those observed in
he experiment. The simulated defects are point defects, while those in
he experiment are dislocation loops. The dotted lines were defect num-
ers averaged in the corresponding bulk materials. The defect number
as 9 in pure Fe and 97 in pure Fe 2 Nb. It showed that grain boundary
referably interacts with interstitials, leading to a significantly lower
443 
umber of interstitials than vacancies in the region away from the grain
oundary, consistent with previous results. In contrast, the bias in the
nteraction between the phase boundary with interstitials and vacancies
s weak, as can be verified from the slightly higher number of intersti-
ials and vacancies in Fig. 6 b. When the PKA location was closer to the
hase boundary, the cascade interacted more in the Fe 2 Nb phase, lead-
ng to an increasing defect number approaching that in the pure Fe 2 Nb
hase. Since there were distinct differences in the irradiation response
f pure Fe and pure Fe 2 Nb phase, we isolated the role of the interface
y defining the defect fraction as: 

 = 

𝑛 𝑝ℎ𝑎𝑠𝑒 1 

𝑛 𝑏𝑢𝑙𝑘 
𝑝ℎ𝑎𝑠𝑒 1 

+ 

𝑛 𝑝ℎ𝑎𝑠𝑒 2 

𝑛 𝑏𝑢𝑙𝑘 
𝑝ℎ𝑎𝑠𝑒 2 

ere, 𝑛 𝑝ℎ𝑎𝑠𝑒 1 and 𝑛 𝑝ℎ𝑎𝑠𝑒 2 denoting defect numbers were the two regions
ith different lattice orientations or lattice types. The results are shown

n the right column of Fig. 6 . For both curves, the defect fractions were
inimum at an optimal PKA distance, corresponding to the largest over-

ap between the cascade center and the interface. In the grain boundary
ase, the fraction of interstitial was always lower or equal to 1, suggest-
ng GBs tended to absorb interstitials. On the other hand, the vacancy
raction was higher than 1, resulting from the higher vacancy number
s shown in Fig. 6 a. For the phase boundary case, we found the fractions
f both vacancies and interstitials were significantly lower than 1 (can
e as low as 0.2) at the optimal distance. Therefore, the results demon-
trated that the phase boundary could efficiently absorb both vacancies
nd interstitials, leading to local recombination at the boundary region
nd reducing defect production in the bulk phase, which was consistent
ith the existence of defect denudation zone around the phase boundary

n the in-situ irradiation experiments. 
The simulation results were comparable to experimental observa-

ions as shown in Fig. 3 a, which demonstrated that the radiation defects
n the Laves phase-rich regions were significantly reduced due to the
bsorption of irradiation defects by the network composed of phase in-
erface and subgrain boundary. Nevertheless, only 1Nb samples main-
ained a low hardening level, which confirmed the significant role of the
hase interface during the irradiation process. 

Defects, i.e., vacancies and interstitials, in crystalline materials can
e defined explicitly. In contrast, structural defects in amorphous ma-
erials were ambiguous due to the disordered arrangement of atoms. In
morphous materials such as metallic glasses, it was suggested that un-
lled spaces could be used to denote structural changes under external
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Fig. 6. MD calculation results of Fe-Fe and Fe-Fe 2 Nb systems. Defect number produced in (a) the Fe-Fe system with a Σ5 grain boundary and (d) Fe-Fe 2 Nb phase 
boundary mixture system. Defect fraction scaled by the defect number in (b) the Fe-Fe system and (e) Fe-Fe 2 Nb system with the dotted lines representing defect 
numbers in pure Fe ( ∼9) and pure Fe 2 Nb ( ∼97) phases. Typical atomic configurations of (c) Fe-Fe system and (f) Fe-Fe 2 Nb system before and after radiation. 
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Fig. 7. MD calculation results of Fe-amorphous Fe 2 Nb system . (a) Distribu- 
tion of free volume in amorphous Fe 2 Nb before and after irradiation with a 5 
keV cascade. (b) Typical atomic configurations of the crystalline Fe-amorphous 
Fe 2 Nb interface before and after radiation. (c) Defect number of Fe; (d) Free 
volume change in amorphous Fe 2 Nb; (e) Defect fraction in mixture system after 
irradiation. 
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timuli. The unfilled spaces in crystalline materials were intrinsic voids
mong different atoms in a packed structure. Different from crystalline
aterials, the unfilled spaces in an amorphous alloy included the intrin-

ic voids and free volumes, the latter of which can be used to dictate de-
ects. In this study, such free volume was probed by the volume change
ith respect to the atomic svolume obtained through the Voronoi tessel-

ation [37] in the crystalline Fe 2 Nb, Δ𝑉 𝑖 = 𝑉 𝑖 
𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑟𝑠 

− 𝑉 𝑖 
𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑙 𝑖𝑛𝑒 

, where
 is the atomic species (Nb or Fe). 

In the crystalline Fe 2 Nb structure, the volume of Nb and Fe was de-
ermined to be 14.71 and 11.96 Å3 , respectively. We then calculated
he volume change in the as-prepared amorphous Fe 2 Nb and irradiated
nes. Fig. 7 a showed one of the typical results on the volume change
efore and after irradiation. In the pristine amorphous phase, it is found
hat the volume of Fe increases significantly, whereas that of Nb re-
ained mostly unchanged. After irradiation, the free volumes associ-

ted with Fe and Nb increase remarkably. Similar observations have
een observed in neutron-irradiated metallic glass [38] . 

We then constructed a mixture system consisting of pure Fe and an
morphous Fe 2 Nb to investigate the effects of the phase boundary on
he irradiation response. After cascade simulations, we calculated the
amage fraction as defined by: 

 = 

𝑛 𝐹𝑒 
𝐹𝑒 𝑖𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝐹𝑒 

𝑛 𝐹𝑒 
𝑝𝑢𝑟𝑒 𝐹𝑒 

+ 

Δ𝑉 𝑁𝑏 
𝑁𝑏 𝑖𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝐹 𝑒 2 𝑁𝑏 

Δ𝑉 𝑁𝑏 
𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝐹 𝑒 2 𝑁𝑏 

+ 

Δ𝑉 𝐹𝑒 
𝐹𝑒 𝑖𝑛 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝐹 𝑒 2 𝑁𝑏 

Δ𝑉 𝐹𝑒 
𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝐹 𝑒 2 𝑁𝑏 

Here, the first term is defect number in the Fe parts in the mixture
ystem scaled by the defect number in pure Fe bulk. The second and
hird terms are free volume changes in the Fe 2 Nb parts in the mixture
ystem, scaled by the volume change in the amorphous Fe 2 Nb before
nd after irradiation. The obtained results shown in Fig. 7 e suggest that
he mixture system strongly suppresses the defect formation increase.

hen the impact point is near the interface, the defect fraction is close
o 0, highlighting the role of the interface in absorbing the irradiation-
nduced volume changes. 

Upon inspection of the atomic configurations, as shown in Fig. 7 b, it
s found that the amorphous Fe 2 Nb phase can accommodate irradiation-
nduced changes due to the free spaces available in the interface region.
fter irradiation, the atoms may just move to the interface and lead

o atomic rearrangement. In this case, defects, mainly vacancies, are
roduced in the crystalline Fe phase, whereas interstitials migrate into
444 
he interface region. The rearrangement minimizes the change of free
olumes compared to the pure amorphous Fe 2 Nb without interface in
ig. 7 a, leading to an ultra-low defect fraction close to 0. 

.3. Stability of irradiated Laves phase 

Laves phase is the only strengthening phase in the ferritic FeCrAl al-
oys in this work, and the stability of Laves phase is critical under radia-
ion. The ex-situ radiation experiments in this study indicated the crystal
tructure of Laves phase was extremely sensitive to heavy ions. Thus,
lmost all irradiated Laves particles in the 1Nb sample have been amor-
hized under RT radiation, and the dose threshold of amorphization is
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Fig. 8. HRTEM image of phase boundary between Laves phase and 𝜶 ma- 

trix. (a) un-irradiated, (b) irradiated. 
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elow 1 dpa. Although the calculation methods of dpa damage were dif-
erent, the dose thresholds were ∼1.4 dpa during in-situ radiation at 633
nd 753 K,which was different from the previous case reported by He
t al. [30] . In the above study radiation-induced amorphization of Laves
hase at 748 K was also observed, but the dose threshold was ∼30 dpa.

Two earlier theories as possible mechanisms of precipitation amor-
hization in radiation environment were proposed: the heterogeneous
morphization firstly occurs at the edge of particles and then extends to
he core during collision cascades. Another one is homogeneous amor-
hization exceeding a critical defect concentration by the accumulation
f radiation defects. The defects caused by the damage cascades increase
ith the irradiation dose. The displaced atoms cannot be back to their
rigins, and evolve to disordered atom arrangement resulting in amor-
hous transformation [39] . 

At the high dose (over 3 × 10 15 ions/cm 

2 ), a weakening of harden-
ng occurred in the Laves phase stabilized FeCrAl alloys, which might be
ttributed to softening of irradiated Laves phase. There are two possible
echanisms for softening: shear softening and defect softening. Shear

oftening was confirmed to exist in amorphous intermetallic compounds
 40 , 41 ], but this softening was considered as a precursor effect and not
 consequence of amorphization, similar to the precursor softening be-
ore melting. Another softening was often observed in Laves phases due
o deviations from the stoichiometric composition [42–44] . As the ir-
adiation dose increased, the radiation-induced defects could enhance
he plasticity of Laves phase by promoting dislocation activity during
ynchroshear, a basic plastic deformation mechanism. Therefore, defect
oftening possibly dominates in the case of high dose ion radiation since
he nano-hardness in 0.5Nb and 1.5Nb decreased obviously at high dose.

1Nb owned a resistance to the softening effect at the high dose,
ig. 8 a,b showed the high-resolution TEM image of un-irradiated and ir-
adiated phase boundaries in 1Nb. The un-irradiated boundary was flat
ith an obvious difference in contrast between the two sides. However,

he irradiated boundary was jagged because of the radiation, forming a
pecial combination of crystalline matrix and amorphous Laves phases,
hich might affect the radiation hardening. When the deformation oc-

urs, the dislocation slip in the crystalline 𝛼 phase would be strongly
onstrained by the high-strength amorphous phase [45] . This enhance-
ent mechanism is considered to exist in all Nb-containing FeCrAl sam-
les. But due to the highest boundary density 1Nb has shown the best
echanical stability at high dose radiation among four samples. 

.4. Radiation-induced segregation of Laves phase 

In this study, the heavy ion produced the Fe and Cr segregation ring
round Laves particles at RT, which is similar to that heavy ion in-
uced amorphization of Laves phase Zr(Fe, Cr) 2 in Zircaloy-4 reported
y Lefebvre and Lemaignan [46] at 873 K Kr radiation experiment. Ion
adiation can produce solute redistribution. But solute migration medi-
ted by radiation defects is shown to result in solute gradients, and the
omogeneous amorphization transformation is often with no change in
omposition at low temperatures [47] . Thereby, the dissolve amorphiza-
ion theory cannot well explain the formation of the ring. As shown in
445 
ig. 3 , rings were located at a depth of 250 nm, 500 nm, and 800 nm,
espectively. The appearance of the segregation ring is consistent with
he curve of Au concentration calculated by SRIM. Thus, it is speculated
hat the formation of the Fe and Cr segregation ring is related to the
oncentration of heavy ions with a larger atomic radius. In the cascade
ollision, the large atom occupies the atomic position on the surface of
he precipitate, while the original Fe, Cr atom is emitted to a certain dis-
ance from the surface to form a segregation ring, which is supported by
he fact that only Fe, Cr depletion not segregation rings were observed
t the outer edge of Laves phase in neutron and Fe ion radiation exper-
ments [ 26 , 30 ]. None of the particles changed in size or disintegrated
ince it was harder for Fe and Cr atoms to outward diffuse under the
oncentration deficit at the current dose. 

The composition evolution in the irradiated Laves phase in the previ-
us study could not be precisely measured by EDS because of the matrix
ontribution to energy spectrum analysis. Based on the APT analysis
hat can accurately clarify atom distribution in space, the Fe, Cr seg-
egation rings also appeared around L1 and L2 , and the ring was at
5 nm outside the phase boundary, but the scattered segregation of Mo
ound inner the L2 particle was unexpected. The max Mo segregation
eaching 16 at% was found at a depth of 420 nm corresponding to the
eak damage of 23 dpa. With the decrease of damage, the content of Mo
lusters shrank, as shown in Fig. S8. Therefore, the Mo segregation in
recipitate might be dominated via radiation damage dose. In a complex
hase system containing multiple elements, the radiation defects of un-
ersized and oversized atoms are more convenient to diffuse via mixed-
umbbell and vacancy mechanisms [48] . Those of transition metals in-
luding self-interstitial atoms and light atoms prefer to form dumbbells
tructures that two atoms share a lattice site [ 49 , 50 ]. In Laves phase,
he order of atomic mass is Mo > Nb > Fe > Cr > P > Si > Al > B, the amount of
race B atom was few but close to the precipitation form of Mo, con-
rming a significant concentration of B interstitials combined with Mo
o form Mo-Bdumbbell resulting in radiation-induced segregation. In
igh-temperature irradiation, these segregations may disappear due to
nnealing. However, with the increase of irradiation flux, the driving
orce of segregation cannot be ignored, which is related to whether the
aves strengthening phase in Nb-containing FeCrAl alloy can maintain
he stability of size and hindrance in practical serve conditions. 

. Conclusion 

Overall, we prepared four FeCrAl alloys with Nb content (0, 0.5, 1,
nd 1.5 wt%). The 1Nb sample owned the most dispersive Laves precip-
tate distribution resulting in optimum performance in the tensile test.
anoindentation test used to evaluate the hardening of four samples
t four doses of 1 × 10 15 to 4 × 10 15 ions/cm 

2 has revealed that 1Nb
wns the lowest average hardening rate indicating an obvious effect of
bundant Laves phase boundary in promoting radiation resistance and
echanical stability. Almost all irradiated Laves particles were found

morphous. Based on in-situ radiation experiments and molecular dy-
amics simulations, the Laves phase boundary can act as an excellent
ink for radiation defects, even if Laves phase is amorphous. Further-
ore, radiation-induced segregations related to Laves phase were found.

e, Cr segregation ring outside the particles might be correlated with the
oncentration of oversized heavy ions, while Mo, B could form dumbbell
o facilitate segregation of Mo and B interstitial atoms at high radiation
amage (over 20 dpa). Future work is needed to assess whether these
egregations would affect the stability of particles at high temperatures.
his work has investigated the heavy ion radiation response of Laves
hase in FeCrAl alloy with gradient Nb content and discussed the ra-
iation resistance of Laves phase boundary in the FeCrAl system under
eavy ion radiation. 
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