crystals

Article

Structural Properties of He-Irradiated Zr/Nb Multilayer
Investigated by Grazing Incidence X-ray Diffraction

Tao Wang "*, Bingsheng Li %*

and Vladimir Krsjak 4

check for
updates

Citation: Wang, T; Li, B.; Li, J.; Wei,
H.; Zhou, J.; Dong, P; Li, J.; Krsjak, V.
Structural Properties of He-Irradiated
Zr/Nb Multilayer Investigated by
Grazing Incidence X-ray Diffraction.
Crystals 2023, 13, 451. https://
doi.org/10.3390/ cryst13030451

Academic Editors: Bo Huang and

Peng Song

Received: 16 February 2023
Revised: 26 February 2023
Accepted: 1 March 2023
Published: 4 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

,Jun Li 3, Haiyuan Wei 3, Junjun Zhou 3 Pan Dong LJieLil

Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621900, China

State Key Laboratory for Environment-friendly Energy Materials, Southwest University of Science and
Technology, Mianyang 621010, China

Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

Institute of Nuclear and Physical Engineering, Slovak University of Technology, Ilkovicova 3,

812 19 Bratislava, Slovakia

*  Correspondence: wtcaep008@foxmail.com (T.W.); libingshengmvp@163.com (B.L.)

Abstract: Zr/Nb nanoscale multilayers are regarded as one of the important candidate materials
used in next-generation reactors. Understanding structural evolution induced by ion bombardment
is crucial for the evaluation of lifetime performance. Magnetron sputter-deposited Zr/Nb multilayers
with a periodicity of 7 nm were subjected to 300 keV He ion irradiation with three different fluences
at room temperature. The depth-resolved strain and damage profiles in the Zr/Nb multilayers were
investigated by grazing incidence X-ray diffraction. The tensile strain was found in the deposited
Zr/Nb films. After He ion irradiation, the intensity of diffraction peaks increased. The change in
diffraction peaks depends on He fluence and incident angle. Irradiation-induced pre-existing defect
annealing was observed and the ability to recover the microstructure was more significant in the
Zr films compared to the Nb films. Furthermore, the efficiency of defect annealing depends on
the concentration of pre-existing defects and He fluence. When the He fluence exceeds the one for
pre-existing defect annealing, residual defects will be formed, such as 1/3<1210> and 1/3<1100>
dislocation loops in the Zr films and 1/2<111> dislocation loops in the Nb films. Finally, introducing
deposited defects and interfaces can improve the radiation resistance of Zr/Nb nanoscale multilayers.
These findings can be extended to other multilayers in order to develop candidate materials for fusion
and fission systems with high radiation resistance.

Keywords: multilayers; ion irradiation; structural properties; strain

1. Introduction

In advanced Gen-1V nuclear reactors, structural materials suffer from being exposed
to extreme environments, such as high temperatures of up to 800 °C and intense neutron
irradiation of more than 100 dpa (displacements per atom). Moreover, substantial produc-
tion of helium atoms via (n, &) transmutation reactions is typical in some fission systems.
Helium concentration is very high in structural materials. Due to the very low solubility
of He in metals, helium atoms preferentially occupy high excess volume sites like grain
boundaries and vacancy clusters. In this case, high-temperature He embrittlement and
swelling become increasingly serious [1,2]. Traditional structural materials used in light-
water reactors, i.e., austenitic steels, cannot satisfy future demands. In order to improve
the irradiation resistance and thermal stability of these alloys, increasing grain boundaries
and heterointerfaces that play the role of an effective sink for irradiation-induced point
defects to encourage vacancy-interstitial recombination are widely employed [3-6]. In ad-
dition, Demkowicz et al. [7] reported He outgassing via interfaces of Cu-Nb multilayers, so
He-induced degradation would be delayed. Based on this concept of enhancing tolerance
to radiation damage during He and neutron bombardment, nanolayered laminates have
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been fabricated for decades [8-16]. Sputter-deposited nanoscale metallic multilayers have
been widely investigated to study interfaces with a variety of orientations, thicknesses and
chemical elements, such as FCC/FCC multilayers (Cu/Co [8], Cu/Ag [9] and Ag/Ni [10]),
FCC/BCC multilayers (Cu/V [11], Cu/Nb [12], Cu/W [13] and Ag/V [14]), BCC/BCC
multilayers (Fe/W [15]) and BCC/HCP multilayers (Nb/Zr [16]). Concerning the pro-
posed limits for neutron-induced radioactivity and lattice swelling, only a few FCC metals
are able to applicate in advanced Gen-IV nuclear reactors. So far, Zr-based alloys have
acted as fuel cladding materials used in the present light-water nuclear reactors [17-19].
Zhang et al. argued that immiscible systems generally possess good radiation tolerance
because of their high sink capability and stable interfacial structure under irradiation [6].
Zr/Nb is an immiscible system with a positive heat of mixing of +6 k] mol ! at equiatomic
concentration [20], so Zr/Nb multilayers are considered promising candidate materials
for fuel cladding applications to improve irradiation resistance in the light-water nuclear
reactors. It is worth investigating radiation damage of Zr/Nb multilayers.

Irradiation damage behavior in Zr/Nb multilayers has been widely studied in the
past. Callisti et al. [21] studied y-irradiated Zr/Nb multilayer film with bi-layer periods of
10, 30 and 60 nm to a dose of 510 kGy. The increase in hardness to 0.35 GPa was found for
the smallest periodicity, with similar hardening effects of Cu-irradiated Zr/Nb nanoscale
multilayers (6 and 27 nm). The layered structure kept stable under ion irradiation, ex-
cept for forming amorphous clusters at the interphase boundary. Liang et al. [22] used
He-irradiated Zr/Nb nanoscale multilayers at room temperature, and found a softening
behavior at 1 x 10'7 ions/cm? with the bi-layer thickness of 5 nm due to radiation-induced
amorphization near the interface and bubble chains formed on the interphase bound-
ary. Daghbouj et al. [20] investigated interphase boundary layer-dominated strains in
Cu-irradiated Zr/Nb nanoscale multilayers. A tensile strain long c-axis in Nb layer and a
compressive strain in Zr layer when the bi-layer thickness is 27 nm, while a compressive
strain in both layers for the thick multilayer (96 nm). In the vicinity of the interface on the Zr
side, Frankel pairs exhibit high mobility compared to the Nb side, so less lattice defects are
visible on the Zr side. Furthermore, Daghbouj et al. [23] studied C, Si, Cu-irradiated Zr/Nb
nanoscale multilayers with the bi-layer thicknesses of 6, 27 and 96 nm, and they found
that irradiation hardening in the thin nanoscale multilayers was minuscule (maximum
8%), but found a significant hardening in the thick ones (maximum 24%). No softening
phenomenon was observed after ion irradiation. Furthermore, they argued that the change
in strain in the irradiation hardening was independent of the type of irradiated ions (C, Si
and Cu). In addition to radiation hardening and irradiation-induced defects, the stability of
nanofilms after ion irradiation was also reported. Radhakrishnan et al. [24] observed layer
dissolution behavior in accumulative roll bonded bulk Zr/Nb nanoscale multilayers under
Zr irradiation at 500 °C. This phenomenon is caused by the liquid phase miscibility within
thermal spikes. General speaking, the strengthening mechanisms of nanoscale multilayers
are accounted for in the Hall-Patch (H-P) model (dislocation pile-ups), the confined layer
slip (CLS) model (Orowan bowing of single dislocation) and the interface barrier strength
(IBS) model (dislocation location cutting through an interface) [25,26]. Radiation-induced
interphase mixing and amorphization usually result in softening behavior. In addition,
the irradiation-induced lattice strain also affects the hardness change of multilayers. For
example, Zare et al. [27] investigated Fe/SiOC nanolaminate films after Fe ion irradiation,
and found an increase in the compressive residual stress and hardness in the Fe films.
There is a linear relationship between the irradiation-induced increase in the hardness
of the Fe films and increasing compressive residual stress. As we know, due to the dif-
ferent crystal structures and lattice constants (a = b = 323.2 pm, ¢ = 514.7 pm for Zr and
a =b = c =330.04 pm for Nb) between Zr and Nb, there are amounts of deposited defects at
the interface of films. These defects in the as-deposited multilayers can affect the evolution
of structural damage after ion irradiation. The annealing behaviors of nano-scaled multi-
layers, such as Gd/Co, Ni/Zr, Ag/Cu, Al/Tij, etc., have been widely reported [28-31]. In
general, the annealing of crystalline multilayers composed of two miscible elements causes
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interfacial mixing, to form binary alloys at the interfaces. For example, intermetallic GdCo,
alloy was formed by annealing Gd/Co multilayers at 600 °C for 0.5 h [28]. An amorphous
mixed layer was formed at the Ni-on-Zr interfaces for the Ni/Zr multilayers annealed at
400 °C [29]. In addition, Huo et al. [30] reported that the strength and electrical conductivity
in Ag/Cu multilayers were improved by annealing at 200-400 °C. A similar phenomenon
of annealing-induced hardening in Al/Ti multilayers was reported by Zhang et al. [31].
The findings of irradiation-induced defect annealing have been widely reported in many
materials. How about ion irradiation of nanoscale multilayers? To date, there have been
less reports of pre-existing defect annealing in the nanoscale multilayers. How about the
interaction between deposited defects and irradiation-induced defects? X-ray diffraction is
a widely used instrument for characterizing crystalline structures [32-35]. Due to limited
penetration depth and heterogeneous damage distribution of ion irradiation, the depth dis-
tribution of lattice structures measured by grazing incidence X-ray diffraction is a common
method. Huang et al. [36] investigated structural evolution in low-energy and high-fluence
He-implanted pure W by using synchrotron grazing incidence X-ray diffraction (5-GIXRD).
The un-implanted W surface layer was composed of the compressed zone and the unaf-
fected matrix. After He implantation, the W surface layer was composed of four zones
from the sample surface to deep depth: the compressed zone, transition zone, expanded
zone and the matrix, which are determined by adjusting the incident angle of the X-ray.
Therefore, variations in the lattice parameter and structure can be accurately measured by
GIXRD. The radiation resistance of Zr/Nb multilayers depends on the individual thick-
ness [23]. Thin Zr/Nb multilayers exhibit higher radiation resistance due to the interfaces
acting as an efficient sink for defect recombination. Therefore, it is worth studying thin
Zr/Nb multilayers, which are a more promising candidate for the cladding of fuel rods
compared to the thick ones.

In this study, Zr/Nb nanoscale multilayers with a periodicity of 3/4 nm were fab-
ricated by the magnetron sputtering method. We used 300 keV He ions with fluences
of 2 x 10 ions/cm?, 5 x 10'® ions/cm? and 1 x 10'7 ions/cm? at room temperature
for irradiation experiments. The structural evolution after different irradiation fluences
was investigated by GIXRD. This work sheds light on the radiation behavior of Zr/Nb
nanoscale multilayers.

2. Experiment Process

The Zr/Nb nanoscale multilayers were fabricated by magnetron sputtering (mag-
netron sputtering machine produced by Beijing Technol Science Co., Ltd.). High purity
argon (99.999%) gas was used as the sputtering gas. A metallic Zr target of high purity
(99.95%) and a Nb target of high purity (99.99%) were utilized to deposit the Zr/Nb
nanoscale multilayers. The base pressure was about 10~ Pa. The working pressure of the
Ar gas was set at 0.5 Pa, while the rate of Ar flow was 10 standard cubic centimeters per
minute (SCCM). The films had a total thickness of ~1 um and were deposited on a Si wafer
at 573 K substrate temperature and —250 V DC substrate bias.

The as-deposited films were irradiated with 300 keV He?* ions to fluences of 2 x 1
ions/cm?, 5 x 101¢ ions/cm? and 1 x 10 ions/cm? at room temperature. The beam flux
was maintained in the order of 10'® ions/cm?s. The increase in sample temperature AT
during ion irradiation can be estimated by the following equation [37]:

2]k \Y?
- 2()

016

where ] is beam power density in units of W/cm?, kr is thermal conductance in units of
W/cem. K, t is irradiation time, p is the density of material in units of g/ cm? and Cris
specific heat in units of ] /g-K. According to Equation (1) and the present experimental
condition, AT can be calculated to be 47 °C, 74.5 °C and 105 °C after He ion irradiation
with a irradiation fluence of 2 x 10! ions/cm?, 5 x 10 jons/cm? and 1 x 10'7 ions/cm?,
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respectively. The He?* ion irradiation was carried out on a 320 kV high-voltage platform at
the Institute of Modern Physics, Chinese Academy of Sciences. In order to provide uniform
ion fluence across the sample, the beam was scanned by changing electron field polarity.
The sample size was 10 x 10 x 0.4 mm?3 and the beam size was 16 x 17 cm?, so the whole
sample surface was irradiated by the beam. Depth profiles of the He irradiation-induced
displacement damage and the implanted helium were simulated by the Monte-Carlo code
Stopping and Range of Ions in Matter (SRIM-2013) quick cascade simulations using a
displacement energy of 40 eV and a density of 7.68 g/cm? [38]. As shown in Figure 1, the
ion projected range was 734 & 135.7 nm, which was within the Zr/Nb multilayers.
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Figure 1. Depth profiles of the displacement damage in dpa and the helium atom deposition in at.%
of 300 keV He irradiation to a fluence of 1 x 10! ions/cm?.

Due to the limited penetration depth of He ions in the Zr/Nb multilayers, the structural
change with different depths was measured by grazing incidence X-ray diffraction (GIXRD)
using a PANalytical (Netherlands) X-ray diffractometer with Cu K« radiation, and 6-26
geometry. The incident angles were 1°, 2°, 3°and 4°. The step size of the scan angle was
0.02°. The measured depth corresponding to different incident angles in the GIXRD test
was estimated by a critical angle model following Equations [39].

Ye=1.6 x 1073 p1/2 2)
A

d = —-———— 3

20/ g — 72 ©

a=21 @

where 7, is the critical angle, p is the material density, A is the wavelength of X-ray in A, d
is the measured depth, v is the incident angle and y is the linear attenuation coefficient. In
this study, the p is 7.68 g-cm 3, A is 1.5406 A and y is estimated to 1067 cm~! (depending
on the quality of the film), so the v, is 0.391°. When 7 < 7., the measured depth is
calculated by Equation (3), while the measured depth is calculated by Equation (4) when
¥ > 7c. The penetration depths of the reflecting X-ray in Zr/Nb multilayers at the incident
angle of 1°, 2°, 3° and 4° could be determined as 218, 654, 981 and 1308 nm, respectively.
The microstructure of the as-deposited multilayers was checked by transmission electron
microscopy using a Tecnai G20 operated at 200 kV with a point resolution of 0.19 nm.
Finally, a cross-sectional transmission electron microscopy (XTEM) sample was prepared by
mechanical polishing and Ar ion milling. Elemental distribution was measured by energy
dispersive spectrometry (EDS).
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3. Results and Discussion

The microstructure of the as-deposited Zr/Nb multilayers is presented in Figure 2.
It can be seen that the total thickness of the deposited film is 1 um (see Figure 2a). The
EDS profile of Zr and Nb films in Figure 2b that were alternatively deposited. The high-
resolution TEM image in Figure 2c presents the Zr layer exhibiting bright contrast with a
thickness of 3 nm and Nb layer exhibiting dark contrast with a thickness of 4.3 nm. The
selected area electron diffraction pattern shows single crystalline Zr and Nb films, as shown
in the inset of Figure 2c. It should be noted that the interface between Zr and Nb layers
is not well distinguished. There is an interfacial transition zone (ITZ) with a thickness of
0.6 nm, where Nb atoms were dissolved into Zr matrix. Black mottle contrasts originated
from lattice defects (i.e., interface defects, stacking faults and defect clusters) that were
visible in the Zr and Nb layers.
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Figure 2. XTEM bright-filed micrographs showing (a) the over-viewed distribution of the deposited
Zr/Nb multilayers, (b) magnified Zr/Nb multilayers and linear scan of Zr and Nb elements, (c) high-
resolution TEM of Zr/Nb multilayers and the fast Fourier transform (FFT) pattern showing [0111]z,
// [011]np, (d) an interfacial transition zone with 0.6 nm and mottled contrasts observed in the Zr
and Nb layers.
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Although the diffraction intensity was not strong, the grazing incidence X-ray diffrac-
tion pattern still presented two diffraction peaks, corresponding to (2110)z, and (211)np
planes, as shown in Figure 3. It should be noted that the theoretical value of (2110)z; is
63.823°, while the measured value is 63.699° for 1° incidence. Similarly, the theoretical
value of (211)np, is 69.585°, while the measured value is 69.289°, indicating tensile strain
caused by deposited defects in the as-fabricated films. The peak position shifted to higher
angles with increasing incident angle, and gradually arrived at the real one. This finding
demonstrates that lattice strain increased with increasing the thickness of the as-deposited
films. For the Zr films, the peak position is 63.699° at an incident angle of 1°, and it is
63.792°at an incident angle of 4°. However, for the Nb films, it is 69.289° at the incident
angle of 1°, and it is 69.587° at the incident angle of 4°. The change in Bragg angle of Zr
films at 1° to 4° is only 0.093°, while it is 0.298° for the Nb films. This finding demonstrates
that tensile strain is more significant in the Nb films than that in the Zr films. It can be seen
that the intensity of diffraction peaks increased with increasing incident angle. An incident
X-ray with an intensity of I) enters into a thin film from the surface to a distance d at an
incident angle w. The intensity of the diffraction X-ray can be expressed as [40]:

1 1 d
I=loexp [_ypd<sinw + sin (26 — w))} =1l exp<—dw> ©)

where d,,, w, 26, u and p are the penetration depth of X-ray, incident angle, Bragg angle,
linear absorption coefficient of the X-ray and the density of the sample, respectively. The
intensity of X-ray increases with increasing incident angle, while the increasing magnitude
of X-ray gradually decreases with increasing incident angle.
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Figure 3. The as-deposited Zr/Nb nanoscale multilayers measured by grazing incidence X-ray
diffraction (incident angle: 1°, 2°, 3°and 4°).

Interestingly, the increase in intensity of diffraction peaks with increasing incident
angle is different. Alternatively, the signal of (211)yy diffraction peak increased more
significantly than that of (2110)z,. In the present experiment, the grazing incident angles
were 1°, 2°, 3°and 4°. According to Equation (3), the ideal penetration depths were 218,
654, 981 and 1308 nm. However, there are amounts of lattice defects in the deposited films
(see Figure 2d). Those defects can absorp the incident light, decreasing X-ray penetration
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depth. Therefore, the real measured depth is smaller than the ideal value. The relative
intensity of the diffraction X-ray can be written down as [41]:

1+ (cosZB)zA 0)e—2M

I =P|F 2
[P (sind)*cosd

(6)

14(c0s26)?
(sinf)%cos6
factor, A(f) is absorption factor, e =2 is temperature factor. It can be seen that there are five
different parameters which can affect the intensity of the diffraction X-ray. However, in
the present condition, we consider the absorption factor to play the most important role in
the change of the diffraction X-ray. As shown in Figure 1b,d, compared to Zr films, more
black-mottled contrasts in the Nb were observed. Furthermore, the rapid increase in the
intensity of diffraction X-ray with an increasing incident angle for (211)n demonstrated
that structural defects in Nb films were heterogeneously distributed. Compared to the
interior of the film, disordered Nb atoms were preferentially generated in the near-surface
region. On the contrary, fewer structural defects were formed in the Zr films, consistent
with the results of Daghbouj et al. [23], who found that the lattice strain in the as-deposited
Zr layers was smaller than that of the Nb layers.

After He ion irradiation, structural damage was measured by grazing incidence X-ray
diffraction, as shown in Figure 4. It can be seen that the intensities of both diffraction peaks
increased after He ion irradiation. Furthermore, an asymmetric broadening of the (211)ny,
diffraction peak after He ion irradiation was observed. On the left of the (211)yy, diffraction
peak, a broad peak was located at about 67.4°, indicating a tensile strain of 2.85% formed
inside the Nb films. Note that the change of (2110)z, and (211)yy, is different with the
incident angle. Using the Gauss function, we fitted the diffraction peaks of (2110)z, and
(211)Np- The integral intensity, peak position and full-width at half maximum (FWHM)
for each fluence and incident angle were determined by simultaneously fitting the pattern
with the standard deviation that depends on the shape of diffraction peaks. The detailed
values are given in Table 1.

where P is the multiplicity factor, Fykp, is the structural factor, is the angular
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Figure 4. Grazing incidence X-ray diffraction patterns of (211 0)z, and (211)yy, before and after He
ion irradiation to fluences of 2 x 1010 jons/cm?2, 5 x 101 jons/cm? and 1 x 107 ions/cm? observed
under different incident angles: (a) 1°, (b) 2°, (c) 3° and (d) 4°.
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Table 1. The values of area, FWVHM and peak with the standard deviation at different incident angles.

Fluence Incident
(x10%/cm?) Angle(°) Area(Zr) Area(NDb) FWHM(Zr) FWHM(NDb) Peak(Zr) Peak(Nb)
0 319+12 21.6 £4.9 1.04 + 0.04 1.85 1+ 0.36 63.699 £ 0.018  69.289 & 0.065
2 . 924 £27 18.8 £ 2.1 1.35 £ 0.04 1.84 4 0.19 63.598 & 0.015 69 £ 0.07
5 201.6 £5.0 20.7 £ 6.4 1.19 £ 0.27 1.45 £ 0.07 63.63 + 0.011 69.337 £ 0.027
10 143.2 4.1 358 +£3.2 1.21 £ 0.03 1.22 4 0.09 63.606 & 0.012 69.378 + 0.029
0 63.8 £ 2.1 59 £3.2 1.27 £0.04 1.52 +0.07 63.721 + 0.016 69.409 £ 0.027
2 ) 176.2 £ 6.5 89.3 £12 1.28 £ 0.04 1.65 4+ 0.14 63.66 & 0.015 68.888 4 0.03
5 2548 £5.9 116.7 £ 7.6 1.32 £ 0.03 1.63 & 0.09 63.689 £ 0.01 68.962 £ 0.031
10 196.5 + 5.1 136.8 £ 7 1.12+0.03 1.51 +0.06 63.63 £ 0.011 69.39 £ 0.018
0 503 £3.1 139.1 £ 3.7 1.14 £ 0.06 1.44 £ 0.04 63.743 £ 0.022 69.498 £ 0.016
2 3 280.2 = 8.4 260.2 £ 14.2 1.6 £0.04 1.91+0.08 63.888 £ 0.03 68.700 & 0.029
5 196.1 £ 9.4 339.4 +15.6 1.3 £0.04 1.55 & 0.06 63.794 £ 0.013 69.044 £ 0.02
10 2703 +£7 242.5+9.9 1.15 4+ 0.03 1.62 £+ 0.05 63.555 + 0.011 69.243 £ 0.016
0 339 +3.3 2159 + 3.8 143 £ 0.11 1.44 4 0.02 63.792 4 0.036 69.584 £ 0.01
2 . 2383 £9.6 497.7 £11.4 1.55 £ 0.05 1.95 £+ 0.04 63.789 + 0.021 68.032 £ 0.013
5 133.9 £19.3 619.6 £ 16 1.56 4 0.13 1.68 4 0.04 63.869 + 0.022 69.072 & 0.016
10 209.7 £ 6.8 470.8 +£12.3 1.15 £+ 0.03 1.69 & 0.04 63.593 & 0.012 69.243 £ 0.013
The values of the area, full-width at half maximum (FWHM) and peak position are
presented in Figure 5. For the change in the (2110)z, diffraction peak, the area increased with
increasing fluence at 1° and 2°, and reached the maximum at a fluence of 5 x 10'¢ ions/cm?.
However, the area was the maximum at a fluence of 2 x 10'® ions/cm?. The profiles initially
increased, then decreased, and finally increased again with increasing fluence at 3° and 4°.
The FWHM slightly increased at 2 x 10'® ions/cm? and then decreased with increasing
fluence. The value of FWHM was smaller than that of the as-deposited sample at 2°, 3°
and 4°, but not at 1°. Similarly, the peak position shifted to lower angles with increasing
fluence at 1° and 2°, while it initially increased and then decreased with increasing fluence
at 3° and 4°. At the fluence of 1 x 10'” ions/cm?, the peak position was smaller than that
of the deposited sample, indicating a tensile strain of 0.28% in the Zr film.
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Figure 5. The change in area, peak position and FWHM of (211 0)z, and (211)yy, diffraction peaks
with He fluence.
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For the change in the (211)Ny, diffraction peak, the area slightly increased with increas-
ing fluence at 1° and 2°, while it obviously increased at 3° and 4°. The FWHM decreased
with increasing fluence at 1°, while it initially increased and then decreased with increas-
ing fluence at 2°, 3° and 4°. At the fluence of 1 x 10'7 ions/cm?, the value of FWHM
was larger than that of the as-deposited sample at 3° and 4°. The peak position initially
shifted to lower angles and then to higher angles with increasing fluence. At the fluence of
1 x 10" ions/cm?, the peak position was almost the same as the as-deposited sample at
1° and 2°, while it was slightly smaller than that of the as-deposited sample at 3° and 4°,
indicating the increase in tensile strain after He ion irradiation.

Based on the abovementioned results, it was the same change that the intensities
of (2110)z, and (211)yp diffraction peaks increased after He ion irradiation. However,
the increasing magnitude of (2110)z, was larger than (211)yp,. Irradiation-induced defect
annealing has been reported in many materials [42-46]. For example, Han et al. reported H-
ion irradiation-induced annealing in He-ion-implanted 4H-SiC by measuring the change in
Raman intensity [42]. The efficiency of defect annealing is related to the concentration of pre-
existing defects formed by He implantation. The annealing level decreases with increasing
pre-existing defects. It is hard to heal an amorphous SiC via ion irradiation [39]. Similarly,
Heera et al. [45] investigated the recrystallization behavior of amorphous 6H-SiC caused
by implantation with 200 keV Ge*. They found the recrystallization of 6H-SiC utilizing
300 keV Si* ion irradiation and subsequent low-temperature annealing. Jiang et al. [46]
found Ni grain growth in amorphous ZrC/nanocrystalline Ni multilayers after He ion
irradiation at room temperature. Ferre et al. [47] reported the amorphous-to-crystalline
transformation and grain growth of nanocrystalline Al,O3 after W and Au ion irradiation
at 600 °C. Irradiation-induced grain growth is a general phenomenon. The grain growth
kinetics depend on ion energy and temperature. Irradiation-enhanced defect diffusion
can explain the present experimental results. Daghbouj et al. [48] calculated the migration
energy barriers for the point defects in Zr rand Nb single crystals by density-functional
theory (DFT). The energy barriers for self-interstitial atoms (SIAs, 0.4 eV in Zr and 0.5 eV
in Nb), and vacancies (0.6 eV in Zr and 2.25 eV in Nb) were obtained. The lower energy
barriers indicated that the mobility of defects is higher in the Zr layers than in the Nb
layers. Therefore, the irradiation-induced defect annealing is more significant in Zr layers
compared to Nb layers. It can explain the rapid increase in the intensity of the (2110)z,
diffraction peak after He ion irradiation. The ability of irradiation-induced defect annealing
depends on the concentration of pre-existing defects and ion fluence. In the near-surface
region, numerous deposited defects existed. The measured depths of X-ray at 1° and 2°
were lower than the depth of peak damage. According to the profile of the SRIM simulation,
the number of cascade collisions in front of peak damage was lower compared to the one
of the damage peak (~0.005 vs. 0.02 vacancies/ion.A), so irradiation-introduced defects
were limited in the near-surface region. In this case, the increase in area was linear with
increasing fluence for Nb layers at 1° and 2°. For the Zr layers, the area decreased at a
fluence of 1 x 10! ions/cm?. It was attributed to some irradiation-induced interstitials
that migrated towards the sample surface (only 0.4 eV for SIAs in Zr and the increase in
sample temperature during He ion irradiation). The increase in FWHM at a fluence of
2 x 10! ions/cm? indicated the decrease in grain size, which was caused by the formation
of dislocations, such as 1/3<1210>. As for the shift in peak position to lower angles, it was
related to the increase in the number of SIAs at a fluence of 2 x 10'® ions/cm?. Increasing
fluence above 2 x 100 jons/cm?, SIAs migrate and coalesce into extended dislocations,
which can release lattice strain [22]. Increasing the incident angle to 3°, the probing region
approaches the peak damage, where the value of cascade-collision is the maximum. In this
case, it is a benefit for pre-existing defect annealing. Therefore, we can see that the increase
in areas of (2110)z, and (211)5y, was significant at a fluence of 2 x 10'® jons/cm?. Increasing
the fluence to 5 x 10'® ions/cm?, the area of (2110)z, decreased, while it increased for
(211)Np- Because the number of deposited defects in the Zr films was lower than that in
the Nb films, and also the lower defect migration energies in Zr than that in Nb, most
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of the pre-existing defects were annealed out in the Zr films after He ion irradiation at a
fluence of 2 x 10'® ions/cm?. However, in the Nb films, healing the pre-existing defects
requires a He ion fluence larger than 2 x 10! ions/cm?, so the area of (211)yp, diffraction
peak was the maximum at a fluence of 5 x 10'¢ ions/cm?. Further increasing the fluence to
1 x 107 jons/cm?, extended defects, such as 1/3<1210> and 1/3<1100>, were formed in
the Zr films, as reported by Daghbouj et al. [23]. Those extended defects can reduce the
number density of SIAs, resulting in a decrease in the absorption coefficient of light; so
the area of the (2110)z, diffraction peak increased. For Nb films, the number of cascade-
collision exceeds the one for healing pre-existing defects, leading to the increase in residual
defects, which induces the decrease in the area of the (211)y;, diffraction peak. Figure 5
shows that the peak position shifted to lower angles in the Zr and Nb films irradiated
with He ions at a fluence of 1 x 10 ions/cm?, in which a great number of vacancies
and He atoms were introduced inside the Zr/Nb films. Sen and Polcar [49] investigated
vacancy-interface-helium interactions in Zr-Nb multilayers and found that the interface can
efficiently trap vacancies and He atoms to form bubbles. In the absence of vacancies, He
atoms prefer to occupy the Zr layer. It is well known that He bubbles can generate lattice
tensile strain around them. The growth of He bubbles is accompanied by emitting SIAs
(known as the loop-punching phenomenon). An asymmetric broadening of the (211)ny
diffraction peak after He ion irradiation can be accounted for the inhomogeneous strain in
the Nb films. Because the vacancy migration energy is 2.25 eV, which is far larger than that
of SIAs in Nb, interstitials tend to agglomerate to form clusters. Alternatively, in the region
of the damage peak, a significant number of He irradiation-induced interstitials interact
with pre-existing defects to form 1/2<111> faulted dislocation loops, which lead to tensile
strain. Liang et al. [22] investigated He-irradiated Nb/Zr multilayers under different ion
doses. They found that nano-sized bubbles were formed in the Zr and Nb films. However,
the size and number density of observed bubbles were larger in the Zr film than in the Nb
film. It was attributed to the different vacancy migration energies (2.25 eV in Nb vs. 0.6 eV
in Zr). The change in irradiation hardening of Zr/Nb multilayers after C ion irradiation
was reported by Daghbouj et al. [23], who found that the irradiation hardening of Zr/Nb
multilayers linearly decreased with increasing damage, irrespective of the irradiated ion.
The misfit between the layers decreases with increasing ion fluence, resulting in the increase
in coherent interfaces that can facilitate dislocation transmission, and therefore a softening
effect occurs compared to the as-deposited incoherent Zr/Nb interfaces. The transition of
incoherent to coherent interfaces after ion irradiation is caused by defect annealing. The
microstructural evolution of Zr/Nb multilayers after He ion irradiation will be carried out
by transmission electron microscopy.

4. Conclusions

The depth-resolved strain and damage evolution of Zr/Nb nanoscale multilayers irra-
diated with 300 keV He ions to different fluences from 2 x 10! ions/cm?, 5 x 101 ions/cm?
and 1 x 107 ions/cm? at room temperature were investigated by grazing incidence X-ray
diffraction. The main conclusions were summarized as follows:

1. Tensile strains were formed in the Zr and Nb films, and the value of tensile strain
gradually decreased with increasing depth of Zr and Nb films. Compared to Zr films,
the tensile strain was easily generated and increased in the Nb films during magnetron
sputtering.

2.  Heion irradiation-induced deposited defect annealing was found in the Zr/Nb films,
and healing of pre-existing defects was more significant in the Zr films than that in
the Nb films.

3. The efficiency of defect annealing depends on the concentration of pre-existing defects
and He fluence. When the He fluence exceeds the one for pre-existing defect annealing,
residual defects will be formed, such as 1/3<1210> and 1/3<1100> dislocation loops
in the Zr films and 1/2<111> dislocation loops in the Nb films.
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The structural properties of the deposited Zr/Nb films become better after He ion irra-
diation. Introducing deposited defects and interfaces can improve the radiation resistance
of Zr/NDb nanoscale multilayers. Further investigations including hardness change and
microstructure evolution after He ion irradiation will be given in the future. The findings
can be extended to other multilayers in order to develop candidate materials for fusion and
fission systems with high radiation resistance.
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