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Enhanced irradiation tolerance in crystalline multilayers has received significant attention lately. However, little is known on the
irradiation response of crystal/amorphous nanolayers. We report on in situ Kr ion irradiation studies of a bulk FeggZr4 nanocompos-
ite alloy. Irradiation resulted in amorphization of Fe, Zr and formed crystal/amorphous nanolayers. «-Fe layers exhibited drastically
lower defect density and size than those in large «-Fe grains. In situ video revealed that mobile dislocation loops in «-Fe layers
were confined by the crystal/amorphous interfaces and kept migrating to annihilate other defects. This study provides new insights

on the design of irradiation-tolerant crystal/amorphous nanocomposites.
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Next-generation nuclear energy technology requires
advanced structural materials that must withstand
extreme irradiation environments.[1-3] One of the
emerging approaches is to introduce abundant interfaces
by forming nanostructures in the materials.[4,5] Consist-
ing of two or more nanostructured heterophases, metal-
lic nanolaminates exhibit not only excellent mechan-
ical strength [6-9] and fatigue resistance,[10] but
also impressive tolerance to ion irradiation.[11—13] He
ion irradiation studies have been extensively reported
in immiscible nanolaminates such as Cu/V,[14-16]
Cu/Nb,[11] Cu/W,[17] Cu/Mo,[18] Ag/Ni[19] and
Ag/V [20] and miscible Al/Nb [21] and Fe/W.[22]
Defect density and irradiation-induced hardening in
these systems show a strong size dependence on indi-
vidual layer thickness (h), that is the magnitude of
irradiation hardening and defect density both decrease
at smaller h in immiscible nanolaminates. Fu et al. first
showed prominent simultaneous reduction of irradiation

hardening and He bubble density in the He ion-irradiated
Cu/V system when h is smaller [16]; similar phe-
nomena were later observed in several other systems,
such as Ag/Ni,[19] Ag/V [20] and Fe/W.[22] Molec-
ular dynamics simulations [23] pointed out that layer
interfaces can act as effective defect sinks for irradiation-
induced point defects.[24] Thus, a smaller h gives rise
to a greater interfacial area per unit volume, which pro-
vides more sinks to irradiation-induced point defects and
clusters.

The nature of such sinks is not quite well under-
stood to date as there are only a handful of studies on
irradiation damage in nanolaminates with different types
of interfaces. In general, these studies can be classified
into systems with miscible and immiscible interfaces.
Miscible interfaces are prone to irradiation-induced mix-
ing and hence may be less effective to sustain irradi-
ation damage at higher doses and temperatures.[21,22]
In immiscible systems, several types of interfaces have
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been investigated, such as fcc/bec,[12,14] bee/bece [22]
and fcc/fce,[19,25] where fcc and bec stand for face-
centred cubic and bee-body centred cubic, respectively.
The efficiency of the immiscible interfaces to capture
and annihilate point defects might be related to the den-
sity of misfit dislocations at the interfaces.[12] Yu et al.
recently reported in situ evidence of fast migration of
defect clusters towards Ag/Ni layer interfaces decorated
with high-density misfit dislocations. And the interac-
tive energy needed to annihilate two loops with opposite
nature was estimated to be ~0.4 eV.[25]

In situ irradiations inside a transmission electron
microscope provide important insights for investigating
dynamics of defect—defect and defect—interface inter-
actions, thanks to real-time observation of microstruc-
tural evolution in irradiated materials. Numerous phe-
nomena have been observed using the in situ irradia-
tion technique, such as anisotropic void formation in
Mg,[26] irradiation-induced grain growth in Fe and
Zr,[27] defect absorption by triple junctions in nanocrys-
talline Ni,[28] defect removal by twin boundaries (TBs)
and the irradiation-induced TB migrations in nan-
otwinned metals,[29,30] and defect migration kinetics
in nanoporous metals.[31-33] Meanwhile several in situ
mechanical testing studies on irradiated materials are
also available.[34,35]

Most prior studies on multilayers focused on
thin films (several pm in thickness), whereas the
application in nuclear reactors typically calls for
bulk nanocomposites.[2,3,5] Irradiation studies on bulk
nanolaminate alloys remain scarce.[36] What is more,
there are no investigations on irradiation response of
nanocomposites with crystal/amorphous interfaces. In
this study, we report on in situ studies on the heavy
ion irradiation response of a bulk FeZr nanocompos-
ites consisting of Fe/Fe,Zr nanolaminates and submicron
a-Fe grains prepared by the suction casting technique.
Low-dose irradiation leads to amorphization of Fe,Zr
layers and subsequent formation of Fe/amorphous Fe,Zr
nanolaminates. The crystal/amorphous layer interface
has extraordinary stability against irradiation and the
confined migration of dislocation loops within «-Fe
layers reduces their defect density significantly.

The Fe4at% Zr alloy was prepared by melt-
ing high-purity iron (99.95%) and zirconium (99.8%)
using an Edmund Buhler AM arc melting machine. The
raw materials were remelted multiple times (for homo-
geneity) in water-cooled Cu crucibles under an ultra
high-purity (UHP) argon (Ar) atmosphere and solidified
rapidly by the suction casting technique. The chamber
was pumped down to a vacuum of 3 x 1073 Pa prior to
melting and later backfilled with UHP Ar at a pressure
of 90 kPa during fabrication. The cooling rate of suction
casting was estimated to be 1,000—4,000°C/s.

The as-casted alloy ingots were cylindrical rods
with a diameter of 3mm. Samples for transmission
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electron microscopy (TEM) study were transversely
cut from the rod to avoid contamination from the
crucible, followed by mechanical grinding, chemical
etching and polishing. The TEM specimens were then
irradiated using the intermediate voltage electron micro-
scope (IVEM) facility at Argonne National Laboratory
where a Hitachi H-9000ONAR microscope was equipped
with a TANDEM accelerator. TEM specimens were
irradiated with 1 MeV Kr** ions up to 2dpa (cor-
responding to a dose of 4 x 10'%ions/cm?) at room
temperature. The beam size was ~1.5 mm (without ras-
tering) and was able to cover the entire thin area of TEM
specimens during irradiation. A Tecnai F20 transmis-
sion electron microscope was operated at an accelera-
tion voltage of 200keV to examine the microstructure
before and after the irradiation experiments. Scanning
transmission electron microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDX) analyses were
conducted by using high-angle annular dark-field and
Oxford detectors attached to the aforementioned TEM
microscope.

As-casted specimens contained three major com-
ponents: cellular zone, nanolaminates and large «-Fe
grains as shown in the TEM micrograph in Figure 1(a).
The volume fraction ratio of large grains to the eutec-
tic phase is ~2 : 1. The selected area diffraction (SAD)
pattern of the nanolaminate in the box in Figure 1(a)
shows two major phases: a-Fe (examined from (110)
zone axis) and fcc-like Fep,Zr (C15 type Laves phase
with Mg,Cu as prototype) along the (112) zone axis
(Figure 1(b)), consistent with X-ray diffraction profile
(Figure S1). Fey3Zrg is a minor phase as indicated by
weak diffraction spots (connected by orange lines) in
Figure 1(b). Index of diffraction patterns suggests that
a-Fe {200}//Fey3Zrg {800}. The interplanar spacing of
a-Fe {200} nearly equals that of Fe,Zr {400}, consistent
with the lattice parameter ratio of the two phases (are
0.287 nm, aperzr = 0.701 nm),[37] and the d-spacing of
a-Fe {200} (0.145nm) is similar to that of Fey3Zrg
{800} (0.15nm, areyszre = 1.172nm). The streaking
lines in Figure 1(b) indicate the formation of high-
density stacking faults that are usually observed in the
Fe,Zr phase.[37,38] The STEM image in Figure 1(c)
confirms the eutectic nanolaminate structure, and its
line-scan compositional profile depicted using the EDX
spectrum (as shown in Figure 1(d)) corresponds well
with Fe,Zr and a-Fe. As Fey;Zrg is a minority phase,
we will focus on a-Fe and Fe,Zr in this irradiation
study. Figure 1(e) shows a magnified TEM micrograph
of nanolaminates with high-density stacking faults in
the Fe,Zr layers. In addition, growth defects decorating
the Fe/Fe,Zr interfaces were identified. High-resolution
TEM (HRTEM) micrograph of the Fe/Fe,Zr interface
in Figure 1(f) reveals a typical incoherent configuration
of the interface, where «-Fe {200} is nearly parallel
to Fe,Zr {200}, as indicated by the inset fast Fourier
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Figure 1. Microstructure and chemistry of unirradiated «-Fe/Fe;Zr nanocomposites. (a) TEM micrograph showing three typical
components: large a-Fe grains, cellular and nanolaminate phases consisting of «-Fe and Fe,Zr layers. (b) The SAD pattern of
nanolaminate in box b of Figure 1(a) shows three sets of diffraction dots, arising from «-Fe, Fe;Zr and Fey3Zrg, respectively (see
Supplementary Figure S1 and S2 for more detail), observed from (110) zone axes of bce «-Fe and fec-like Fep3Zrg, and (112)
zone axis of fcc-like FeyZr. The streaking lines indicate the formation of high-density stacking faults in the Fe; Zr phase. (c) STEM
image reveals the laminar «-Fe and Fe, Zr with an average layer thickness of ~50 nm. (d) The alternating compositional line profile
of nanolaminate determined by EDX spectrum corresponds to «-Fe and Fe,Zr. (¢) Magnified TEM micrograph shows stacking
faults in Fe,Zr layers and growth defects decorating the Fe/FeyZr layer interfaces. (f) HRTEM micrograph reveals incoherent
atomic configuration along the Fe/Fe,Zr layer interface.
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transformation of the image. Note that the interfacial
relationship of Fe/Fe,Zr varies frequently as shown in
Figure S2.

In situ irradiation experiments were performed
using 1 MeV Kr ions up to a dose of two displacements-
per-atom (dpa). TEM micrograph of the Kr ion-
irradiated specimen at 1dpa (Figure 2(a)) shows
abundant defect clusters in large Fe grains. In contrast,
much fewer defects were generated in the cellular zones.
Irradiated nanolaminates at 1 dpa (Figure 2(b)) have
exceptionally low defect density, despite the sporadi-
cally visible dislocation loops bounded in the Fe layers.
A magnified TEM image (Figure 2(c)) of nanolaminates
shows defective Fe and clean Fe,Zr layers. Moreover,
the inserted SAD pattern shows a diffuse ring indicat-
ing the amorphization of Fe,Zr. An HRTEM micro-
graph in Figure 2(d) shows significant amorphization
of Fe,Zr adjacent to interfaces in nanolaminates (see
Supplementary Figure S3 for more details).

Statistical studies (in Figure 2(e)) show that defect
density in large Fe grains increased rapidly during the
initial stage of irradiation, and appeared to reach satura-
tion by ~1.25 dpa, whereas defect density in Fe layers
within nanolaminates was much lower and barely varied
up to 2 dpa. Meanwhile in large Fe grains, defect size
increased monotonically with dose to ~60nm at 2 dpa
(Figure 2(f)), in drastic contrast to nearly unchanged
defect dimension of ~ 20nm in Fe layers in nanolam-
inate (Figure S4). As defect clusters were absent in
irradiated Fe,Zr layers in nanolaminates, no statistical
data were available for comparison for Fe,Zr layers.

The saturated defect density in the Fe layers of
Fe/Fe,Zr nanolaminates is much lower than that in large
Fe grains, implying that a large number of defects must
have been annihilated during irradiation. In order to
examine the evolution of microstructure of irradiated
nanolaminates, we will show two important phenom-
ena captured during in situ irradiation studies. The first
one is low dose irradiation- (less than 0.1 dpa) induced
amorphization of Fe,Zr and subsequent formation of
crystal/amorphous interfaces and the second case is a
higher dose irradiation initiated dislocation loop migra-
tion in Fe layers.

Low-dose irradiation-induced amorphization of
Fe,Zr and the formation of crystal/amorphous inter-
faces in Fe/Fe, Zr nanolaminates. Figure 3(a) shows
a series of snapshots of numerous events of disloca-
tion absorption by the Fe/Fe,Zr layer interface at a low
dose (~0.01 dpa) (Supplementary Video 1). Before irra-
diation, crystalline Fe,Zr layers contained high-density
stacking faults. At 1s, a dislocation formed in the Fe
layer A and started to evolve and migrate towards the
right layer interface, as indicated by a small arrow. At
1.1s, the evolving dislocation became longer and well
defined, and nearly reached layer interface. Meanwhile
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another dislocation line emerged in the Fe layer B. The
two dislocations continued to migrate rightwards at 1.3 s
and the dislocation in layer A was completely absorbed
by layer interfaces at 1.4 s, followed by absorption of the
dislocation in layer B. Furthermore, the crystalline Fe,Zr
layers became amorphous.

Schematics in Figure 3(b) illustrate the ‘interface-
assisted annihilation’ of dislocations and subsequent
amorphization of Fe,Zr. First, irradiation-induced dislo-
cation loops in Fe layers evolve into dislocation lines,
which propagate towards the Fe/Fe,Zr layer interfaces
(Figure 3(bl)). The absorption of dislocations then
leads to the distortion of the crystalline structure in
Fe,Zr layers. Due to the defect absorption and quench-
ing of cascades, amorphization occurs in Fe,Zr layers
(Figure 3(b2)). Note that irradiation caused immedi-
ate destruction of stacking faults in the Fe,Zr layers,
followed by their amorphization at very low doses
(<0.2dpa). Meanwhile, the layer interface remained
stable (chemically abrupt) during the entire irradiation
experiments (at higher dose). Post-irradiation analysis
also evidenced amorphization (Figure 2) and the absence
of stacking faults throughout the irradiated specimen.
Another example of low-dose irradiation-induced defect
evolution is shown in Figure S5 and Supplementary
Video 2. It is well known that irradiation breaks chem-
ical bonds of compounds, such as Fe,Zr in this study,
and induces their amorphization. On the other hand, it
is likely that the layer interface actively absorbed inter-
stitials or interstitial clusters, creating rapid disordering
in the irradiated Fe,Zr layer. The layered Fe,Zr might
experience accelerated radiation-induced amorphization
in comparison with the bulk counterpart. Thus, the rea-
son for the amorphization of Fe,Zr was a combination
of defect kinetics and disordering of the chemical bonds
induced by heavy ion bombardment.

High-dose irradiation-induced migration of dislo-
cation loops in Fe layers in nanolaminates (up to 2 dpa).
We observed different types of defect morphology in var-
ious zones of irradiated specimens. First, in «-Fe grains,
discrete dislocation loops were frequently observed.
Many individual loops also combine with one another to
form dislocation segments at greater doses. Second, in
the cellular zone, defect clusters were often bounded by
layer interfaces (Figure 2(a)). Third, Fe,Zr nanolayers
in nanolaminates were frequently depleted with defect
clusters, while defect clusters are typically sporadically
distributed in «-Fe layers. And the amorphization of
Fe,Zr nanolayers is widespread in nanolaminates.

Numerous mechanisms could contribute to the dras-
tic reduction of defect cluster density in Fe nanolayers.
Misfit dislocations at layer interfaces (Figure 1(e)—(f))
may play a role in removing defects. Excess free
volume at misfit dislocations can act as sinks to
point defects. This mechanism has been proposed to
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Figure 2. Microstructure evolution of o — Fe/Fe,Zr nanocomposites subjected to in situ Kr ion irradiation up to two displace-
ments-per-atom (dpa). (a) At 1 dpa, TEM micrograph showing abundant defect clusters in the large «-Fe grains. In contrast, smaller
defect clusters were observed in cellular areas, residing at the phase boundaries and remained stable during successive irradiation
experiments. (b) «-Fe layers in irradiated nanolaminates were mostly clean, with sporadic dislocation loops. Little defect clusters
were detected in the irradiated Fe,Zr layers. (c) At 2 dpa, a TEM micrograph of irradiated nanolaminate shows the retention of sharp
layer interfaces between «-Fe and Fe,Zr. The halo ring in the inserted SAD pattern reveals the formation of amorphous Fe,Zr. (d)
An HRTEM micrograph along the interface showing amorphization of Fe,Zr in irradiated nanolaminates. o-Fe remained a crys-
talline structure. Comparison of dose-dependent evolution of defect clusters in «-Fe in large grains and nanolaminates. (e) Defect
density in «-Fe large grains increased rapidly during the initial irradiation, and appeared to reach saturation by ~1.25 dpa. In com-
parison, defect density in «-Fe in nanolaminate was nearly an order of magnitude lower and barely changed up to 2 dpa. (f) In large
«-Fe grains, defect size increased monotonically with dose to ~60 nm up to 2 dpa, in drastic contrast to nearly unchanged defect
dimension of ~20 nm in the «-Fe layers in nanolaminates.
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crystalline
crystalline

Figure 3. Defect annihilation by layer interface and amor-
phization of the FeyZr phase in nanolaminates. (a)ln situ
snapshots of dislocation absorption by the Fe/Fe,Zr layer inter-
face at a dose of about 0.01 dpa (over less than 25s). At 1s, a
dislocation formed in the «-Fe layer A and started to evolve
and migrate towards the right layer interface, as indicated by
the small arrow. The dotted lines mark the ends of the disloca-
tion lines and the small arrows indicate the migration direction.
At 1.1s, the dislocation in layer A became longer and another
dislocation line was formed in Fe layer B. The two disloca-
tions continued to migrate rightwards at 1.2 and 1.3 s and were
absorbed by layer interface at 1.4 s. By 0.2 dpa, Fe,Zr became
nearly amorphous. See Figure S5, Supplementary Videos 1 and
2 for more details. (b) Schematics of the ‘interface-assisted
annihilation” mechanism demonstrating the absorption of dis-
locations by layer interfaces and amorphization of Fe, Zr at low
irradiation dose.

explain size-dependent reduction of defect density in Kr
ion-irradiated Ag/Ni,[25] and He-irradiated Cu/Nb,[12]
Cu/V [16] and Fe/W [22] multilayers. However, unlike
the previously observed rapid migration of defect
clusters towards layer interface in the Ag/Ni sys-
tem, we observed, through in situ studies, an inter-
esting unexplored mechanism through which defect
clusters were removed in «-Fe nanolayers (channels) in
nanolaminates with crystal/amorphous layer interfaces.
In situ TEM snap shots in Figure 4(a) capture one
such typical defect annihilation process in Fe nanolay-
ers in nanolaminates. A dislocation loop A (outlined
in circle in Figure 4(a)) nucleated at 0.755dpa and
started to migrate (Supplementary Video 3). Loop A
migrated continuously during subsequent irradiation,
while another dislocation loop B emerged at 0.849 dpa.
Loop A migrated over a distance of 295 nm before it
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0.801 dpa

crystalline
amorphous
crystalline
amorphous

Figure 4. Annihilation of defect clusters via mobile disloca-
tion loops in confined layers. (a) In situ TEM snapshots of dis-
location loop migration over a dose range of 0.737-0.907 dpa
(over 70 s) in confined nanolaminates. At 0.755 dpa, a disloca-
tion loop A was generated and started to migrate downwards
within the «-Fe layer, as outlined by the circle. Loop A
migrated over a distance of 295nm by 0.885 dpa before it
encountered loop B. The two loops then interacted and com-
bined with each other at 0.885 dpa and eventually disappeared
at 0.907 dpa. More details are shown in Supplementary Videos
3 and 4. (b) Schematics of the defect removal mechanism illus-
trating the migration of dislocation loops in «-Fe channels and
the recombination of dislocation loops with opposite nature.
Notice that «-Fe layers are sandwiched between amorphous
FeyZr layers.

encountered loop B at 0.885 dpa. Subsequently, the two
loops interacted and annihilated each other at 0.907 dpa.

The mechanism of such defect annihilation is shown
schematically in Figure 4(b). First, defect clusters in
Fe layers can evolve into a larger dislocation loop
confined by crystal/amorphous layer interfaces. Mobile
dislocation loops can migrate over hundreds of nanome-
tres in long narrow «-Fe layers (channels), wherein
point defects of the same (opposite) nature are collected
(removed) (Figure 4(b1)). Meanwhile such mobile inter-
stitial loops may eventually encounter and annihilate
vacancy loops in the channel (Figure 4(b2)). Thus, these
mobile interstitial loops could act as the ‘sweeper’ in the
Fe layer to wipe out most other immobile defect clusters
before they are annihilated by loops with the opposite
Burgers vector. In contrast in large «-Fe grains, the
dimension and density of defect clusters increase mono-
tonically with dose as there is insufficient defect sinks to
absorb these defects. In the cellular zones, the defects
are bounded by limited layer interfaces with insuffi-
cient capability (or low probability) to nucleate mobile
dislocation loops.
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The role of amorphous Fe,Zr nanolayers is criti-
cal. First, the amorphous layers have abundant excess
free volume, which can accommodate a large number of
irradiation-induced point defects in a-Fe. Second, such
amorphous layers are not transparent to mobile disloca-
tion loops. The mobile dislocation loops generated in
confined «-Fe channels can thus propagate frequently
to collect and remove other types of irradiation-induced
defect clusters. Third, the crystal/amorphous interface is
resistant to irradiation-induced intermixing up to at least
2 dpa, even though the adjacent layers include identical
elements (Fe). Fourth, the amorphous Fe,Zr interface
curtails the growth of defect clusters in irradiated Fe
layers.

In summary, rapidly solidified bulk FeysZr4 nanocom-
posite consists of Fe/Fe,Zr nanolaminates, cellular
zones and large Fe grains. Irradiated nanolaminates
contained much lower defect density and smaller
defect size than those in large Fe grains. Low-dose
irradiation-induced amorphization of Fe,Zr and the
crystal/amorphous layer interfaces absorbed irradiation-
induced defects and led to confinement of defect clusters.
In situ video evidenced active defect annihilation due to
the sweeping effect of mobile dislocation loops confined
in Fe nanolayers. This study provides an encouraging
outlook on the implementation of crystal/amorphous
interfaces in the design of bulk irradiation-tolerant
nanocomposites for extreme irradiation environments.
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