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Nickel-based superalloys with L12-ordered Ni3Al precipitates exhibit excellent
high-temperature mechanical properties and corrosion resistance. Here we
studied the phase stability of a Ni/Ni3Al multilayer under high-temperature
thermal annealing and Ni ion irradiation. Ni/Ni3Al multilayers with order–
disorder interfaces were fabricated by magnetron sputtering at 773 K. Ther-
mally induced interdiffusion and precipitation occurred under thermal
annealing at 1073 K for 1 h. Ni ion irradiation at 773 K to a dose of 2 9 1016/
cm2 led to chemical intermixing across the Ni/Ni3Al interface, although the
Ni3Al layer remained ordered. The results of this study provide insight into
the understanding of disorder, recovery, and dissolution processes occurring
in ordered intermetallic compounds in extreme environments.

INTRODUCTION

Understanding physical and chemical processes
in extreme conditions is imperative to the discovery
and design of materials for applications involving
stringent operating conditions. Intermetallic com-
pounds with excellent high-temperature strength,
creep, and corrosion resistance are promising for
application in advanced nuclear reactors.1–4 Ni-
based alloy 617 has been considered as a structural
material for very-high-temperature reactors
(VHTRs) for components operating at temperatures
up to 1223 K.5 The formation of intermetallic com-
pounds, such as nickel aluminides, results in pre-
cipitation strengthening and creep resistance. c¢ and
c¢¢ are two typical intermetallic compounds in Ni-
based alloys. c¢ is identified as Ni3(Al,Ti) with L12-
ordered face-centered cubic (fcc) structure, whereas
c¢¢ denotes the ordered Ni3Nb with DO22 body-
centered tetragonal (bct) structure. In Ni-based
alloys, the cohesive interface between the Ni-based
matrix and the intermetallic compounds could give

rise to a good combination of mechanical properties
and oxidation resistance. The formation of a c/c¢
lamella structure results in an increase in the
compressive strength of Ni-12.6Al-20Ir-5Nb refrac-
tory superalloys that depends on the volume frac-
tion and orientation of the lamellar structure.6

Fractography of Ni/Ni3Al multilayers reveals duc-
tile failure in both Ni and Ni3Al layers without
interface delamination.7 The ultrafine-grained Ni-
based fcc structure with finely dispersed c¢ Ni3Al
phase accelerates the formation of continuous alu-
mina layers, thereby improving the oxidation per-
formance of c/c¢ composite in air at 1273 K for 20 h.8

In the core of a nuclear reactor, materials must
withstand an exceptionally extreme environment,
including high temperatures and intense irradiation
fluxes.9 Study of the stability of c/c¢ interfaces at high
temperatures and under irradiation is therefore vital
to their engineering applications in the nuclear
industry. During thermal annealing at temperatures
ranging from 1073 K to 1323 K for 1000 h, the c¢
particles coarsen with a kinetics that is consistent
with a linear relationship for Ostwald ripening.10 The
morphology of the c¢ phases in c¢/c interfaces evolves
from sphere to rod-like, and foliated c¢ phases formed
eventually with increasing thermal exposure time.11

Long-term exposure of the c¢¢ intermetallic compound
in Ni-based alloys at 923–1023 K led to a phase
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transformation to d phases, resulting in a consider-
able loss of ductility.12 The irradiation environment
in nuclear power plants could cause intermetallic
compounds to suffer various forms of degradation in
operation, such as phase transformation, swelling,
embrittlement, etc.13–16 It has been reported in
literature that the ordered c¢ and c¢¢ precipitates are
susceptible to irradiation damage and readily became
disordered, especially at relatively low temperatures.
Our previous work on Ni-based superalloy Rene N4
showed that such disordering of cuboidal c¢ precipi-
tates occurred at 0.3 dpa under Kr ion irradiation at
room temperature.17 Proton irradiation of Inconel
718 alloy showed that the order–disorder transfor-
mation of c¢ and c¢¢ precipitates started at 0.1 dpa and
completed at 0.7 dpa at room temperature.18 The
radiation-induced order–disorder transformation of
c¢ and c¢¢ precipitates is attributed to the ballistic
effect of ion bombardment, which disrupts the struc-
tural ordering of the precipitates. Some types of
intermetallic compound are susceptible to amor-
phization under irradiation. A molecular dynamic
study concluded that such radiation-induced amor-
phization of ordered intermetallic compounds
involves a chemical disorder process followed by the
stabilization and accumulation of point defects.19

In the work described herein, we fabricated Ni/
Ni3Al multilayers using magnetron sputtering and
studied the stability of the L12 ordered Ni3Al phase
under thermal annealing and irradiation. The
order–disorder transition, recovery, and dissolution
of c¢ Ni3Al precipitates under thermal annealing
and irradiation are discussed. The results of this
research provide insight into the degradation mech-
anism of order–disorder interfaces in extreme
environments.

EXPERIMENTAL PROCEDURES

Magnetron sputtering was used to synthesize a
Ni/Ni3Al multilayer film on an MgO substrate at
773 K under vacuum at pressure of 0.399 kPa. The
base pressure of the system was 1 9 10�8 torr.
Ni3Al layers were deposited by cosputtering from Al
and Ni targets. The direct-current (DC) power used
on the Al and Ni targets was varied to obtain the
required stoichiometry of Ni3Al. The total deposi-
tion duration was around 20 min. Transmission
electron microscopy (TEM) characterization was
performed on an image-corrected FEI Titan oper-
ated in TEM mode at 300 keV and equipped with
energy-dispersive x-ray spectroscopy (EDS). Cross-
sectional TEM specimens were prepared by
mechanical polishing followed by subsequent low-
energy ion milling in a Precision Ion Polishing
System (PIPS). To study their thermal stability, the
Ni/Ni3Al multilayer films were annealed at 1073 K
for 1 h with gettered Ar flowing through the tube
and cooled down to room temperature at a con-
trolled rate of 5 K/min. Grazing-incidence x-ray
diffraction (GIXRD) analysis was performed at

angles of incidence of 0.5�, 0.75�, and 1� on both
as-deposited and as-annealed multilayers to iden-
tify the phase components within the films. Ni ion
irradiation experiments were performed at an
energy of 10 MeV at 773 K to a dose of 2 9 1016

Ni++/cm2 with a flux of 0.74 9 1013 Ni++/cm2 s. The
stopping and range of ions in matter (SRIM) code
was used to predict the profiles of displacement
damage and Ni ion concentration in the specimen.
The Kinchin–Pease method was used in the calcu-
lation with an average displacement energy of 40 eV
for Ni and 28 eV for Al.

RESULTS AND DISCUSSION

As-Deposited Multilayer

A Ni/Ni3Al multilayer structure with various
layer thicknesses was designed, as shown in Fig. 1a.
A total of seven layers were designed with layer
thickness ranging from 5 to 100 nm. To create L12-
ordered Ni3Al intermetallic compound in the mul-
tilayer, magnetron sputtering was performed at
773 K on MgO substrates. Figure 1b shows a cross-
sectional TEM micrograph of the as-deposited Ni/
Ni3Al multilayer. Instead of the designed seven
layers of Ni and Ni3Al, only three distinct layers
formed on the MgO substrate. The selected-area
diffraction (SAD) pattern of the area in Fig. 1b
taken along the [001] zone axis is shown in Fig. 1c,
showing diffraction spots originating from both the
MgO substrate and Ni/Ni3Al film. MgO(220) and
Ni(220) reflections are marked in the SAD pattern.
The superlattice reflections from the ordered
Ni3Al(110) and Ni3Al(220) are also labeled in the
SAD pattern. Both Ni and ordered Ni3Al phase
exhibit fcc structure, with a modest lattice mis-
match. The chemical distribution across the Ni/
Ni3Al multilayer on theMgO substrate was charac-
terized by EDS line scanning. Figure 1d shows
three layers distinguished by chemistry in the as-
deposited multilayer, i.e., Ni, Ni3Al, and Ni-en-
riched Ni–Al. The thickness of the deposited Ni
layer followed the original design, while the depos-
ited Ni3Al layer was a combination of the designed
Ni3Al and Ni layers with thicknesses of 50 nm and
100 nm. The top Ni-enriched Ni–Al layer was a
mixture of Ni and Ni3Al layer with thicknesses of
5 nm and 50 nm. The TEM micrograph suggests
that chemical interdiffusion occurred between Ni
and Ni3Al layers during magnetron sputtering at
775 K, which caused the disappearance of the
interfaces when the layer thickness was less than
50 nm. Figure 2 shows high-resolution TEM
(HRTEM) micrographs of the MgO/Ni and Ni/Ni3Al
interfaces at the [001] zone axis and the corre-
sponding fast Fourier transform (FFT) patterns of
each layer. The finding of Ni(200)//MgO(200) and
Ni3Al(200)//Ni(200) implies a cohesive configuration
of the interfaces, in good agreement with the results
seen in the SAD pattern in Fig. 1c.
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Fabrication of Ni/Ni3Al multilayers by magnetron
sputtering has been reported in literature, and the
multilayer microstructure varies with the sputter-
ing parameters. The substrate temperature and
layer thickness are two important tuning parame-
ters that detremine the formation of L12-ordered
Ni3Al phase in the Ni/Ni3Al multilayer. The Ni/
Ni3Al multilayer fabricated by magnetron sputter-
ing at room temperature showed a c Ni–Al solid-
solution phase without evidence of ordered Ni3Al
phase, while the ordering transformation from Ni–
Al phase to L12-ordered Ni3Al takes place after post-
sputtering thermal annealing at 773 K and 973 K.20

At higher deposition temperatures (� 723 K), Ll2-
ordered Ni3Al phase formed in the Ni/Ni3Al multi-
layers without post-sputtering heat treatment.21

Similar to literature reports, L12-structured Ni3Al
phase was obtained in the Ni/Ni3Al multilayer by
magnetron sputtering at high temperature (773 K)
in the current study. Compared with sputtering at
room temperature, the lower solidification rate
during sputtering at 773 K allows Ni and Al atoms
to order chemically and form antiphase domains.22

It was also observed in the current study that the
Ni/Ni3Al interface became unstable due to chemical
interdiffusion for layer thickness less than 50 nm.
From a thermodynamic point of view, the Ni/Ni3Al
interface is in a highly nonequilibrium state during
sputtering at 773 K. Chemical diffusion along grain
boundaries in Ni3Al could be several orders of
magnitude faster than the bulk diffusion process.
With decreasing layer thickness, more Ni/Ni3Al
interfaces and columnar boundaries form in the
multilayer, resulting in an enhancement of chemi-
cal diffusion during sputtering.

Thermal Stability

The thermal stability of the Ni/Ni3Al multilayer
structure was studied with isothermal annealing
experiments. Cross-sectional TEM micrographs of

the as-annealed specimens are shown in Fig. 3. In
Fig. 3a, the interface of Ni/Ni3Al becomes discrete
with precipitates forming on the interface. Monte

Fig. 1. (a) Schematic of designed Ni/Ni3Al multilayer structure with layer thickness ranging from 5 to 100 nm. (b) Bright-field TEM micrograph of
Ni/Ni3Al multilayer fabricated by magnetron sputtering at 773 K. (c) SAD pattern showing diffraction spots originating from the ordered Ni3Al
layer, Ni layer, and MgO substrate. (d) EDS line scan across the Ni/Ni3Al multilayer, showing the distribution of Ni and Al elements.

Fig. 2. HRTEM micrographs of interfaces within the Ni/Ni3Al
multilayer: (a) HRTEM micrograph of Ni/MgO interface, showing
Ni(200)//MgO(200); (b, c) FFT patterns of Ni layer and MgO
substrate. (d) HRTEM micrograph of Ni/Ni3Al interface, showing
Ni(200)//Ni3Al(200). (e, f) FFT patterns of the Ni and Ni3Al layer. The
Ni3Al exhibits L12-ordered structure.
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Carlo simulation indicates that the Ni/Ni3Al inter-
face enhances the vacancy diffusion along the
interface and thus promotes the precipitation of
the c¢ particles on the interface at 1073 K.23 Fig-
ure 3b shows the SAD pattern of the area in Fig. 3a
with [110] zone axis. The superlattice reflections are
still present in the SAD pattern, suggesting that the
L12-ordered Ni3Al phase is still present in the as-
annealed specimen. Figure 3c shows a weak-beam
dark-field (WBDF) TEM micrograph with c¢ Ni3Al
diffraction vector of g = [111]. In contrast to the
layered structure in the as-deposited multilayer, a
high density of c¢ Ni3Al spherical particles was
observed within the as-annealed multilayer. The c¢
Ni3Al particles are shown in bright contrast in the
WBDF TEM micrograph, as seen in Fig. 3c. The
magnified micrograph in Fig. 3d reveals that the
average diameter of the c¢ phase particles
was � 5 nm.

GIXRD experiments were performed to charac-
terize the distribution of the L12-ordered Ni3Al
phase across the Ni/Ni3Al multilayer. Figure 4a
shows the GIXRD diffraction patterns of the as-
deposited Ni/Ni3Al multilayer at angles of incidence
of 0.5�, 0.75�, and 1�. The diffraction peaks of Ni/
Ni3Al (110), (111), (200), and (220) were indexed. As
the angle of incidence was increased, the peak
intensity of the superlattice increased and the
intensity of the superlattice diffraction (110) peaks
emerged only when the angle of incidence reached
0.75�, suggesting that the concentration of L12-
ordered Ni3Al phase increased with the x-ray pen-
etration depth. In the as-annealed specimen, the
(210) diffraction peak appeared and the intensities
of the three major diffraction peaks (111), (200), and
(220) did not change dramatically with the x-ray
angle of incidence, implying a relatively uniform
distribution of L12-ordered Ni3Al phase within the
multilayer. These GIXRD results agree well with
the TEM characterization. The diffraction peak
labelled with a star could result from an oxide
phase on the surface caused by the thermal anneal-
ing. Li et al.24 reported the formation of Al2O3 phase
in Ni3Al film under in situ thermal annealing at
973 K in a TEM.

Irradiation Damage

The irradiation response of Ni/Ni3Al multilayer
was studied using self-ion irradiation at 773 K. The
SRIM simulation results shown in Fig. 5a predict
that the average displacement damage within the
film was � 3.5 dpa. A peak displacement damage
occurred in the MgO substrate at a depth of � 3.5
lm, and the peak concentration of the injected Ni
ions decreased in the MgO substrate when moving
towards the deposited multilayer, with negligible Ni
ions retained within the multilayer. The controlled
heat treatment (CHT) represented the unirradiated
region of the specimen loaded in the ion accelerator
for irradiation, as shown in the experiment

schematic in Fig. 5b. The regions of irradiation
and CHT were marked and separated for post-
irradiation examination. Figure 6 shows the irradi-
ated microstructure of Ni/Ni3Al multilayer. Voids
and dislocation loops were clearly observed within
the film. Some faceted voids with size as large as
30 nm formed in the Ni–Al layer and Ni3Al/Ni–Al
interfaces. Void swelling was reported in pure Ni
with 2–3% cold work after neutron irradiation (9–17
dpa) at elevated temperatures ranging from 673 to
823 K.25 Dendritic voids were reported in Ni ion-
irradiated Ni at 873 K to 20 dpa or at 923 K to 12
dpa.26 In our study, no voids were observed in the Ni
layer or Ni3Al layer due to the relatively lower dose
compared with the literature report, while voids
formed in the Ni–Al layer. In the c Ni–Al solid
solution, Al diffusion is faster than Ni diffusion.27

The addition of a relatively fast-diffusing element in
Ni could result in an increase in the effective
diffusivity of vacancies with an accompanying
decrease in the irradiation-induced vacancy concen-
tration, and thus could mitigate the void nucleation
and growth. Experiments in literature also show
that addition of Al up to 8 at.% in Ni can signif-
icantly decrease the swelling rate.28, 29 In our study,
the formation of the voids in the Ni–Al layer is most
likely caused by the defect imbalance effect near the
free surface of the specimen. The defect imbalance
phenomenon during ion irradiation has been
described by Shao et al.30

Fig. 3. Thermal stability of Ni/Ni3Al multilayer under isothermal
annealing at 1073 K for 1 h. (a) Bright-field (BF) TEM image of Ni/
Ni3Al after annealing. The Ni/Ni3Al became discrete with precipitates
forming on the interface. (b) SAD pattern of the region in the circle in
(a) along zone axis [110]. The superlattice reflections confirm the
presence of L12-ordered phase within the multilayer. (c) WBDF TEM
micrograph with diffraction vector of g = [111]. (d) Magnified
micrograph of rectangular area in (c). A high density of c¢ pherical
particles with average diameter (dparticle) of � 5 nm formed in the
matrix.
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Figure 7 shows the evolution of the L12-ordered
Ni3Al phase under irradiation. SAD patterns of the
as-deposited, CHT, and irradiated specimens were
taken along the [001] zone axis. The superlattice
reflections from L12-ordered Ni3Al phase were pre-
sent in the SAD patterns of the as-deposited, CHT,
and irradiated specimens. The superlattice reflec-
tions of c¢ (110) are labeled in the SAD patterns.
Disordering and recovery are two competing pro-
cesses in intermetallic compounds under irradia-
tion. At low temperatures, irradiation-induced point
defects, defect clusters, and antisite defects disrupt
the ordered sites and induce disordering. The
irradiation dose required to disorder c¢ precipitates
in Rene N4 is as low as 0.3 dpa at room tempera-
ture.17 At elevated temperatures, the recovery
process of disordered Ni3Al is promoted due to the
enhanced mobility of nonequilibrium vacancies,31

thus to create a given degree of disorder, a higher
irradiation fluence is required with increasing irra-
diation temperature. Figure 8 shows the chemical
distribution profiles within the CHT and irradiated
multilayers. EDS line scans were performed across

the multilayer, including the MgO substrate and Ni,
Ni3Al, and Ni–Al layers. The vertical solid lines
indicate the original location of the interfaces. In
Fig. 8a, the Ni/Ni3Al interface in the CHT specimen
remained stable without significant chemical redis-
tribution, while chemical intermixing occurred in
the irradiated Ni/Ni3Al interface, as seen in Fig. 8b.
The width of the Ni/Ni3Al interface increased from
� 10 to � 60 nm after irradiation. Experimental
studies17, 29, 32 have reported that c¢ precipitates
disorder at a low dose (< 0.3 dpa) then gradually
dissolve into the matrix at higher doses at room
temperature. The dissolution of the c¢ precipitates
into the matrix is mainly caused by the thermal
spike effect during irradiation at low temperatures.
At higher temperatures, the disordered atoms tend
to return to the equilibrium sites and reorder, which
could postpone the dissolution process. It was noted
that the Ni3Al phase retained its ordered L12

structure after irradiation at 773 K, while chemical
intermixing occurred at the interface between Ni
and Ni3Al.

Fig. 4. GIXRD measurements of depth-dependent phase components in Ni/Ni3Al multilayer with angles of incidence of 0.5�, 0.75�, and 1�: (a)
as-deposited multilayer, and (b) as-annealed multilayer.

Fig. 5. (a) SRIM prediction of displacement damage and Ni ion concentration profiles in Ni/Ni3Al multilayer under irradiation. The average
displacement damage is � 3.5 dpa in the multilayer, with negligible injected Ni interstitials. (b) Schematic illustration of irradiation experiment
setup. The controlled heat treatment area in the specimen underwent the same temperature condition as the irradiated area.
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Fig. 6. TEM characterization of irradiated Ni/Ni3Al multilayer. (a) Bright-field TEM micrograph, showing the formation of large voids in the Ni–Al
top layer. (b) Magnified TEM micrograph of the area marked in (a). Large facet voids and small spherical voids formed near the surface region.
Dislocation loops formed in the irradiated Ni and Ni3Al layers.

Fig. 7. Comparison of SAD patterns of Ni/Ni3Al multilayer along [001] zone axis under different conditions, where the diffraction spots originate
from c¢ Ni3Al, Ni, and MgO substrate: (a) as-deposited multilayer, (b) CHT multilayer, and (c) irradiated multilayer.

Fig. 8. Chemical distribution profiles of Ni/Ni3Al multilayer: (a) CHT multilayer, and (b) Irradiated multilayer.
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CONCLUSIONS

We studied the stability of Ni/Ni3Al multilayer
under thermal annealing and irradiation. The L12-
ordered c¢ Ni3Al phase formed in the Ni/Ni3Al
multilayer when using magnetron sputtering at
773 K. When the layer thickness was less than
50 nm, the Ni/Ni3Al interface became unstable due
to chemical interdiffusion during sputtering at
elevated temperature. After thermal annealing at
1073 K for 1 h, the Ni/Ni3Al interface became
discontinuous due to thermally induced interdiffu-
sion and preferential precipitation on the interface.
Under Ni ion irradiation to � 3.5 dpa at 773 K, the
formation of voids in the c Ni–Al layer could result
from the defect imbalance effect near the surface of
the specimen. Irradiation-induced chemical inter-
mixing occurred on the Ni/Ni3Al interface, although
the Ni3Al phase retained its L12-ordered structure.
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