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A B S T R A C T

To clarify the effect of amorphous/amorphous (A/A) interfaces during ion irradiation, the He ion irradiation
responses of ZrCu/ZrCuNiAlSi A/A nanolaminates (A/ANLs) as well as ZrCu and ZrCuNiAlSi single-layered
amorphous thin films were examined. The results showed the A/ANLs exhibited superior irradiation resistance
compared with the corresponding single-layered thin films, as the former possessed better microstructure sta-
bility and higher He ion solubility than the latter during He ion irradiation. Besides, A/ANLs having more
interfaces exhibited even better irradiation resistance than those having less. The enhanced irradiation resistance
of A/ANLs was attributed to the sink effect of A/A interfaces, which effectively reduced the amount of radiation-
induced “defects” and He bubbles.

1. Introduction

The development of irradiation tolerant materials is of crucial im-
portance for the next-generation nuclear energy technology, as these
materials can endure the harsh environments in the fusion reactor
without significant structural changes and serious mechanical de-
gradation [1–3]. One of the effective approaches is to introduce affluent
interfaces by preparing materials in the form of nanolaminates, as the
interfaces may serve as defect sinks to alleviate radiation damage and
inhibit radiation-induced structural and property changes.

Previously, ion irradiation studies on nanolaminates focused mainly
on crystalline/crystalline (C/C) interfaces, such as incoherent Cu/Nb
[4], Cu/V [5], Cu/Mo [6], Cu/W [7], Al/Nb [8] and Ag/V [9], and
coherent Cu/Ni [10], Cu/Co [11], Ag/Ni [12] and Fe/W [13]. It has
been revealed that incoherent interfaces have higher sink strength than
the coherent ones for removing radiation damages, for they can more
easily recover from radiation-induced intermixing [14,15]. Moreover,
the sink strength is positively related to the amount of free volume
produced by incoherent interfaces, according to Molecular Dynamics
(MD) simulations [16]. Thence, amorphous/crystalline (A/C)

interfaces, such as CuZr/Cu [17], SiOC/Fe [18], Fe2Zr/Fe [19], a-Y2O3/
Fe [20] and TiO2/Fe [21], have also been evaluated and proven as ef-
ficient sinks for mitigating radiation damages, as amorphous materials
have a higher amount of free volume than their crystalline counter-
parts. Then, we may ask: are amorphous/amorphous (A/A) interfaces
efficient for alleviating radiation damages? To our best knowledge,
there exist few studies evaluating the effect of A/A interfaces during ion
irradiation.

Amorphous alloys possess numerous attractive properties, such as
high strength, high elastic strain limits and good wear/corrosion re-
sistance [22,23]. In particular, amorphous alloys are suggested to be
more suitable than traditional crystalline materials to serve in irradia-
tion environments due to their long-range disorder structure, which can
absorb more radiation-induced damage and avoid the formation of
conventional crystal defects such as vacancy-interstitial pairs and dis-
location loops [24–28]. Meanwhile, the long-range disorder structure
makes amorphous alloys inherently brittle, the main obstacle for their
practical application. It has been demonstrated that the plasticity of
amorphous alloys could be enhanced by introducing interfaces [29–31].
Therefore, A/A metallic nanolaminates emerge as a promising

https://doi.org/10.1016/j.intermet.2019.01.007
Received 25 October 2018; Received in revised form 27 December 2018; Accepted 5 January 2019

∗ Corresponding author.
∗∗ Corresponding author.
E-mail addresses: huangping@mail.xjtu.edu.cn (P. Huang), wangfei@mail.xjtu.edu.cn (F. Wang).

1 These authors contributed equally to this work.

Intermetallics 107 (2019) 39–46

Available online 12 January 2019
0966-9795/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09669795
https://www.elsevier.com/locate/intermet
https://doi.org/10.1016/j.intermet.2019.01.007
https://doi.org/10.1016/j.intermet.2019.01.007
mailto:huangping@mail.xjtu.edu.cn
mailto:wangfei@mail.xjtu.edu.cn
https://doi.org/10.1016/j.intermet.2019.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intermet.2019.01.007&domain=pdf


irradiation resistant material and their irradiation resistance should be
evaluated in detail.

In this study, to examine the roles of interfaces in A/A metallic
nanolaminates during ion irradiation, two kinds of Zr-based amorphous
alloys, i.e., ZrCu and ZrCuNiAlSi, were chosen as constituents for na-
nolaminates construction. The He ion irradiation responses of A/A
nanolaminates (A/ANLs) were compared to those of the constituent
single-layered amorphous thin films. There are two reasons for selecting
these materials: (i) the Zr-based amorphous alloys have been well stu-
died and are easy to fabricate, with good engineering properties [32];
(ii) binary and multivariate Zr-based amorphous alloys have apparently
different glass-forming abilities and thermal stabilities [33], thus dif-
ferent irradiation resistances [34], which is beneficial for displaying the
effect of A/A interfaces.

2. Experiment methods

ZrCu and ZrCuNiAlSi single-layered amorphous thin films, as well as
ZrCu/ZrCuNiAlSi A/ANLs, were deposited on Si (100) substrates by
magnetron sputtering at room temperature. The A/ANLs with equal
modulation have individual layer thickness of either ∼25 nm or 5 nm,
referred to below as A/ANLs 25 and A/ANLs 5 hereafter, respectively.
The first layer on Si substrate was ZrCu and the top layer was
ZrCuNiAlSi for both A/ANLs. For all the samples, the total film thick-
ness was fixed at ∼900 nm. Nominal compositions of the ZrCu and
ZrCuNiAlSi amorphous thin films were Zr50Cu50 and
Zr61Cu17.5Ni10Al7.5Si4 (at.%) respectively, as verified by energy dis-
persive X-ray (EDX) analysis. The vacuum background pressure was less
than 6.3× 10−5 Pa, while the working Ar pressure was maintained at
∼5.4× 10−1 Pa. For all the samples, the deposition rate was ∼ 5 nm/
min. Implantation experiments were performed at room temperature
using a He ion energy of 160 keV with total fluences of 2× 1016 and
1×1017 ions/cm2 at a constant beam current of ∼2.5 μA. The radia-
tion pressure was maintained at ∼1×10−4 Pa. Prior to He irradiation,
the irradiation damage profile was calculated using the Stopping and
Range of Ions in Matter 2013 (SRIM-2013) software in “quick K-P
mode” with a threshold energy for Zr of 40 eV, Cu of 25 eV, Ni of 40 eV,
Al of 16 eV and Si of 15 eV, and the He concentration profile was cal-
culated in “full Damage F-C mode” [35]. The maximum implantation
depth was ∼900 nm and the maximum He concentration was reached
at the depth of 500–600 nm for all the samples, as shown in Figs. 3(a),
4(a) and 5(a) and 6(a). Note that, for simulation, the A/ANLs were
simplified as alloying of Zr50Cu50 and Zr61Cu17.5Ni10Al7.5Si4.

The phase structure of both unirradiated and irradiated samples was
characterized by X-ray diffraction (XRD) with Cu Ka radiation (XRD-
7000 Shimadzu Corporation), while their internal microstructure fea-
tures were examined with high resolution transmission electron mi-
croscopy (HRTEM, JEOL JEM-2100F) operating at 200 KV. Cross-sec-
tional TEM specimens were prepared using standard mechanical
grinding, followed by low-energy ion milling. Surface morphology was
characterized with scanning electron microscope (SEM, SU6600).

3. Results and discussion

3.1. Microstructure evolution of ZrCu, ZrCuNiAlSi and their A/ANLs under
He irradiation

Fig. 1 displayed the XRD patterns of ZrCu, ZrCuNiAlSi, A/ANLs 25
and A/ANLs 5 samples before and after He ion irradiation. All the
original samples possessed amorphous nature, since only one broad
diffraction peak could be observed in each pattern. In contrast, for ZrCu
amorphous thin films, the diffraction peak broadened so sharply that it
almost disappeared after irradiation and a weak crystalline peak cor-
responding to Cu10Zr7 phase appeared when the fluence was increased
to 1× 1017 ions/cm2 [Fig. 1(a)]. This indicated that radiation-induced
crystallization occurred. For ZrCuNiAlSi amorphous thin films

[Fig. 1(b)], no such crystallization occurred as no crystalline peak ap-
peared in their patterns, meaning ZrCuNiAlSi might be more irradiation
resistant than ZrCu. Meanwhile, the diffraction peak broadened ob-
viously when irradiated at a fluence of 2×1016 ions/cm2 and broa-
dened marginally further when the fluence was increased to 1×1017

ions/cm2. However, no obvious broadening of diffraction peak could be
observed in A/ANLs 25 [Fig. 1(c)] until the ion fluence was up to
1×1017 ions/cm2 while no such broadening could be observed in A/
ANLs 5 [Fig. 1(d)]. Moreover, no crystalline peak could be observed in
the patterns of both A/ANLs 25 and A/ANLs 5 after irradiation. This
suggested that the A/ANLs exhibited better irradiation resistance than
the corresponding single-layered ones, and the more A/A interfaces
they contain, the better irradiation resistance they have, as the broad-
ening of diffraction peak indicates the increasing of atomic disorder in
materials [27].

Cross-sectional TEM images and the corresponding selected area
electron diffraction (SAED) patterns of unirradiated ZrCu, ZrCuNiAlSi,
A/ANLs 25 and A/ANLs 5 samples were presented in Fig. 2. In line with
the XRD results, the unirradiated ZrCu, ZrCuNiAlSi and their A/ANLs
samples exhibited pure amorphous nature, as only one diffuse halo
without any crystalline spot could be observed in each inserted SAED
pattern in Fig. 2(a)–(d). The corresponding HRTEM images of
Fig. 2(e)–(h) further confirmed the amorphous nature of these uni-
rradiated samples. Meanwhile, the A/ANLs exhibited obvious alter-
nating layers with clear A/A interfaces, as shown in Fig. 2(c) and (d). As
further revealed by the corresponding HRTEM images, A/A interfaces
were straight and smooth in A/ANLs 25 [Fig. 2(g)] but relatively vague
and intermixed in A/ANLs 5 [Fig. 2(h)]. Note that, according to the EDS
analysis (not shown here for brevity), the dark and bright layers were
referred to ZrCu and ZrCuNiAlSi, respectively.

Fig. 3(a) showed the dark field cross-sectional TEM images of the
irradiated ZrCu sample at the ion fluence of 1×1017 ions/cm2. Ob-
vious crystalline grains of ∼ dozens of nanometer in size were formed
in the peak irradiated region (indicated by circle) and sporadic smaller
crystalline grains of ∼ several nanometers in size were also formed in
other regions (indicated by red and white arrows, respectively). The
corresponding HRTEM image and SAED pattern of the peak irradiated
region shown in Fig. 3(b) further confirmed the formation of crystalline
phase referred to here as Cu10Zr7 and CuZr2. This was consistent with
previous studies that the stable Cu10Zr7 and CuZr2 phases were more
likely to form in Zr-based amorphous alloys after irradiation, due to the
enhanced atomic mobility as a result of increased free volume
[17,34,36]. Actually, tiny nanocrystallites with grain size of 1–2 nm
had already formed in the peak irradiated region of the irradiated ZrCu
sample at lower ion fluence, as indicated by yellow arrows in the
HRTEM image of Fig. 3(c). This was also reflected by the tiny crystalline
spots in the inserted SAED pattern. These results were consistent with
the XRD patterns [Fig. 1(a)], as tiny nanocrystallites in the irradiated
ZrCu sample at lower ion fluence might be beyond the detecting range
of XRD analysis.

Fig. 4 presented representative cross-sectional TEM and HRTEM
images of ZrCuNiAlSi amorphous thin film after irradiation with dif-
ferent ion fluencies. In sharp contrast to the ZrCu sample, no crystalline
phase was formed in ZrCuNiAlSi after irradiation, since no lattice fringe
(or crystalline spot) could be observed in the HRTEM images (or the
corresponding SAED patterns) of Fig. 4(b) and (c). This was also in line
with the XRD results and further confirmed the better irradiation re-
sistance of ZrCuNiAlSi relative to ZrCu, which should be attributed to
the higher glass-forming ability and better thermal stability of the
former [33].

Similar to the ZrCuNiAlSi amorphous thin film, both A/ANLs 25 and
A/ANLs 5, though containing ZrCu amorphous layers, displayed no
crystalline phase after irradiation, as no lattice fringe (or crystalline
spot) could be observed in the TEM images (or the corresponding SAED
patterns) shown in Figs. 5 and 6. There were nonetheless subtle dis-
crepancies of microstructural evolution upon ion irradiation between
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A/ANLs 25 and A/ANLs 5. Particularly, compared with the clear and
straight A/A interfaces in the original A/ANLs 25 shown in Fig. 2(g),
the A/A interfaces were apparently more vague and intermixed after
irradiation as shown in Fig. 5(b) and (c). Moreover, the vagueness and
intermixing of A/A interfaces in A/ANLs 25 seemed to increase with
increasing irradiation ion fluence, as the contrast between ZrCu and
ZrCuNiAlSi layers decreased with increasing ion fluence, indicating

radiation-induced atomic mixture occurred. It echoed the XRD results
shown in Fig. 1 that radiation-induced atomic mixture should be re-
sponsible for the broadening of diffraction peak, though such atomic
mixture could be hardly detected in the TEM images of single-layered
ZrCu and ZrCuNiAlSi shown in Figs. 3 and 4. In contrast, ion irradiation
seemed to have much less impact on the vagueness and intermixing of
A/A interfaces in A/ANLs 5, as the features of A/A interfaces in A/ANLs

Fig. 1. XRD patterns of (a) ZrCu, (b) ZrCuNiAlSi, (c) A/ANLs 25 and (d) A/ANLs 5 samples before and after He ions irradiation under different ion fluences.

Fig. 2. Bright field cross-sectional TEM images of unirradiated (a) ZrCu, (b) ZrCuNiAlSi, (c) A/ANLs 25 and (d) A/ANLs 5 samples, and their corresponding HRTEM
images in (e), (f), (g) and (h). Inserts in (a), (b), (c) and (d) showed the corresponding SAED patterns.
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5 were quite similar before [Fig. 2(h)] and after ion irradiation
[Fig. 6(b) and (c)]. This was also well consistent with the XRD results
that A/ANLs 5 possessed better irradiation resistance than A/ANLs 25.

To further characterize the microstructural evolution of ZrCu,
ZrCuNiAlSi and their A/ANLs upon He ion irradiation, the radius of the
inner diffraction halo in the SAED patterns (Ri), which is inversely re-
lated to the inter-atomic distance of materials [27], was determined
using the Gatan Digital Micrographs software for the four samples be-
fore and after irradiation. The representative method for measuring Ri

was shown in Fig. 7(a) and the measured Ri values of both unirradiated
and irradiated samples were summarized in Fig. 7(b) (Note that the Ri

value was the average value of three SAED patterns of the peak irra-
diated regions). More detailed information regarding the determination
of Ri for each sample was provided in the Supplementary Materials. It
could be seen that the Ri of ZrCu increased firstly upon irradiation at a

fluence of 2× 1016 ions/cm2 and then decreased as the fluence was
increased to 1× 1017 ions/cm2. This suggested that the ZrCu shrinked
firstly and then expanded as the fluence was increased. In comparison,
the Ri of ZrCuNiAlSi decreased sharply when irradiated with a lower
fluence and then decreased steadily when the fluence was increased to a
higher level. This implied a sharp expansion of the ZrCuNiAlSi upon
irradiation, and the expansion continued with increasing fluence. In
contrast, for both the A/ANLs, the Ri gradually decreased (with a much
minor level) as fluence was increased, further indicating the better ir-
radiation resistance of the A/ANLs. Meanwhile, the Ri of A/ANLs 5 was
even more stable than A/ANLs 25 upon irradiation, reconfirming that
the A/ANLs 5 possessed better irradiation resistance than the A/ANLs
25.

The He bubble morphologies of ZrCu, ZrCuNiAlSi, A/ANLs 25 and
A/ANLs 5 samples after irradiation were displayed in Fig. 8. In

Fig. 3. Representative cross-sectional TEM and
HRTEM images of ZrCu amorphous thin films after
irradiation with different ion fluences. (a) Dark field
cross-sectional TEM images of ZrCu sample after ir-
radiation with an ion fluence of 1×1017 ions/cm2.
(b) HRTEM image of the peak irradiated region (in-
dicated by circle) in (a). (c) HRTEM image of the
peak irradiated region after irradiation with an ion
fluence of 2× 1016 ions/cm2. Inserts in (b) and (c)
showed the corresponding SAED patterns.

Fig. 4. Representative cross-sectional TEM and
HRTEM images of ZrCuNiAlSi amorphous thin films
after irradiation with different ion fluences. (a)
Bright field cross-sectional TEM images of
ZrCuNiAlSi after irradiation with an ion fluence of
1× 1017 ions/cm2. (b) HRTEM image of the peak
irradiated region (indicated by circle) in (a). (c)
HRTEM image of the peak irradiated region after
irradiation with an ion fluence of 2× 1016 ions/cm2.
Inserts in (b) and (c) showed the corresponding
SAED patterns.

Fig. 5. Representative cross-sectional TEM and
HRTEM images of A/ANLs 25 after irradiation with
different ion fluences. (a) Bright field cross-sectional
TEM images of A/ANLs 25 after irradiation with an
ion fluence of 1×1017 ions/cm2. (b) HRTEM image
of the peak irradiated region (indicated by circle) in
(a). (c) HRTEM image of the peak irradiated region
after irradiation with an ion fluence of 2×1016

ions/cm2. Inserts in (b) and (c) showed the corre-
sponding SAED patterns.

Fig. 6. Representative cross-sectional TEM and
HRTEM images of A/ANLs 5 after irradiation with
different ion fluences. (a) Bright field cross-sectional
TEM images of A/ANLs 5 after irradiation with an
ion fluence of 1×1017 ions/cm2. (b) HRTEM image
of the peak irradiated region (indicated by circle) in
(a). (c) HRTEM image of the peak irradiated region
after irradiation with an ion fluence of 2×1016

ions/cm2. Inserts in (b) and (c) showed the corre-
sponding SAED patterns.
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agreement with existing studies [17,24,37], the He bubbles were shown
as white dots indicated by arrows in the HRTEM images of under-focus.
Upon irradiation, less He bubbles formed in ZrCu [Fig. 8(a)] than in
ZrCuNiAlSi [Fig. 8(b)] and He bubbles were sporadically distributed in
or beside the crystalline lattice in ZrCu. Accordingly, for both A/ANLs
25 and A/ANLs 5, less and smaller He bubbles formed in ZrCu than in
ZrCuNiAlSi, as shown in Fig. 8(c) and (d). Meanwhile, the A/ANLs 5
[Fig. 8(d)] had fewer He bubbles compared with the A/ANLs 25
[Fig. 8(c)] and such contrast was especially strong in their ZrCu layers,

thus revealing the sink effect of A/A interfaces for He bubbles. More-
over, the remaining He bubbles in both A/ANLs were mostly located at
the central part of each layer, indicating that the interface-affected
zones might exist.

Upon irradiation, whether an amorphous alloy would undergo
crystallization is dependent of its intrinsic properties (such as glass-
forming ability and thermal stability) and extrinsic irradiation condi-
tions (such as irradiation energy, dose, temperature and pressure) [25].
Under identical irradiation conditions, amorphous alloys with higher

Fig. 7. (a) Representative method for measuring Ri in unirradiated ZrCuNiAlSi and (b) the Ri values of ZrCu, ZrCuNiAlSi, A/ANLs 25 and A/ANLs 5 plotted as
functions of ion fluence.

Fig. 8. HRTEM images of the peak irradiated region in (a) ZrCu, (b) ZrCuNiAlSi, (c) A/ANLs 25 and (d) A/ANLs 5with an ion fluence of 1×1017 ions/cm2 under-
focus of 500 nm.
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glass-forming ability and better thermal stability always exhibit better
resistance to crystallization [24,34]. That is why crystallization hap-
pened in ZrCu rather than ZrCuNiAlSi, as the quinary ZrCuNiAlSi
possesses higher glass-forming ability and better thermal stability than
the binary ZrCu [33]. However, the present A/ANLs samples with
plenty of ZrCu layers both displayed no crystallization after irradiation
(Figs. 5 and 6). Consequently, in these A/ANLs, A/A interfaces may play
a crucial role in suppressing crystallization in ZrCu layers.

Crystallization is a thermal activation process and hence may
happen only when the activation energy barrier is overcome [38]. It
was demonstrated that ion irradiation can induce “defects” (termed as
the free volume [27] or the liquid-like zone [39]) in amorphous alloys,
which was also verified by the radiation-induced expansion (i.e., re-
duction of Ri) of the present samples in Fig. 7. Note that the shrink in
ZrCu irradiated at an ion fluence of 2× 1016 ions/cm2 should be as-
cribed to crystallization, while radiation-induced expansion surpassed
shrink due to crystallization at the ion fluence of 1×1017 ions/cm2.
The radiation-induced “defects” may increase the Gibbs free energy
(correspondingly, reduce the activation energy barrier for crystal-
lization) and also provide numerous nucleation sites for crystallization
[24], thus facilitating the occurrence of crystallization [20]. In the
present A/ANLs, similar to C/C and A/C interfaces, the A/A interfaces
may serve as “defect” sinks, as their sink effect for He bubbles was
confirmed by the He bubbles morphology of Fig. 8 and, to certain

extent, the He bubbles may indicate free volume regions [24]. There-
fore, the presence of abundant A/A interfaces may greatly reduce the
amount of “defects” in both ZrCu and ZrCuNiAlSi layers, which in turn
alleviates radiation-induced crystallization in ZrCu layers.

Interfacial stresses may also affect crystallization in A/ANLs. As
crystallization of an amorphous alloy will lead to shrinking of its vo-
lume or dimension, crystallization should be promoted under com-
pressive stressing and suppressed under tensile stressing [20]. As shown
in Fig. 8, more He bubbles formed in ZrCuNiAlSi layers than in CuZr,
which may bring larger expansion in the former than the latter, hence
resulting in tensile stressing in CuZr and compressive stressing in
ZrCuNiAlSi.

Therefore, the A/A interfaces in A/ANLs were responsible for the
suppression of crystallization in ZrCu via absorption of radiation-in-
duced “defects” and interface stresses. Meanwhile, by assimilating ra-
diation-induced “defects”, the A/A interfaces also contributed to sta-
bilize the microstructure of amorphous alloys, resulting in the better
irradiation resistance of A/ANLs than ZrCu and ZrCuNiAlSi.
Accordingly, A/ANLs 5 with more A/A interfaces possessed better ir-
radiation resistance than A/ANLs 25. It should be noticed that, similar
to the situation in C/C interfaces that the incoherent ones have higher
sink strength than the coherent ones due to their higher content of free
volume [14–16], the more intermixed interfaces in A/ANLs 5 may have
higher sink strength than the smooth ones in A/ANLs 25, which might

Fig. 9. Surface morphologies of (a)–(c) ZrCu, (d)–(f) ZrCuNiAlSi, (g)–(i) A/ANLs 25, and (j)–(l) A/ANLs 5 before and after He ions irradiation with different ion
fluencies.
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also contribute to the better irradiation resistance of A/ANLs 5 relative
to A/ANLs 25.

3.2. Surface morphology evolution of ZrCu, ZrCuNiAlSi and their A/ANLs
under He irradiation

Fig. 9 presented the surface morphologies (examined by SEM ob-
servation) of ZrCu, ZrCuNiAlSi and their A/ANLs before and after He
ions irradiation with different ion fluencies. The surfaces of the four
samples were essentially featureless in the original state as shown in
Fig. 9(a), (d), (g), and (j), but their responses to irradiation were quite
different. Particularly, cracking and spalling could be observed on the
surface of ZrCu at the ion fluence of 2×1016 ions/cm2 [Fig. 9(b)],
which became more severe when the fluence was increased to 1× 1017

ions/cm2 [Fig. 9(c)]. Obvious surface damage could only be observed
after high dose irradiation for ZrCuNiAlSi [Fig. 9(f)], as its surface re-
mained smooth at low dose [Fig. 9(e)]. In contrast, no apparent ra-
diation-induced damage could be observed on the surfaces of both A/
ANLs 25 [Fig. 9(h) and (i)] and A/ANLs 5 [Fig. 9(k) and (l)]. This
further confirmed that A/ANLs possessed better irradiation resistance
than ZrCu and ZrCuNiAlSi.

As we all know that the formation of He bubbles will generate ex-
trusion and stress among the atoms in amorphous alloys. When the
concentration of He atoms exceeds the threshold for amorphous alloys
to dissolve, surface damage such as cracking and spalling would occur.
The He atoms solubility of an amorphous alloy may be represented by
the magnitude of ion fluence needed to induce surface damage during
irradiation [24]. Therefore, ZrCu has lower He atoms solubility than
ZrCuNiAlSi, since its surface started to crack at lower ion fluence. For
the ZrCu/ZrCuNiAlSi A/ANLs, with the help of A/A interfaces that ef-
fectively absorbed the He bubbles, their He atoms solubility was greatly
enhanced such that no surface damage happened even at relatively high
ion fluence.

4. Conclusion

It was experimentally demonstrated that ZrCu/ZrCuNiAlSi A/ANLs
had preferable irradiation resistance relative to ZrCu and ZrCuNiAlSi
single-layered amorphous thin films, as the former exhibited better
microstructure stability and higher He ion solubility than the latter
during He ion irradiation. Particularly, radiation-induced crystal-
lization and obvious expansion happened in ZrCu and ZrCuNiAlSi, re-
specitively, but not in A/ANLs; surface damages like cracking and
spalling were observed in ZrCu and ZrCuNiAlSi rather than in A/ANLs
after irradiation. Besides, A/ANLs 5 exhibited even better micro-
structure stability than A/ANLs 25 after irradiation. These results were
attributed to the significant influence of A/A interfaces, which served as
sinks to assimilate radiation-induced “defects” and He bubbles during
irradiation, suppressing therefore the crystallization, stabilizing the
microstructure and preventing the occurrence of surface damages in A/
ANLs. This study provides new insights into the design and develop-
ment of irradiation resistance materials.
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