CHIN.PHYS.LETT. Vol.37, No.3(2020) 036101
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Bulk Cu/V multilayers simultaneously possess high strength and excellent radiation resistance thanks to their high
density of interfaces. Irradiation-induced atomic mixing of Cu/V multilayers has been less investigated. Here, we
investigate the ion irradiation of bulk Cu/V multilayers exposed to Hj or He' ions at 350°C. The microstructure
and elemental distribution are investigated by transmission electron microscopy and energy dispersive x-ray
spectroscopy. Facetted bubbles and atomic mixing are observed after ion irradiation. The possible mechanisms

of irradiation-induced atomic mixing are discussed.
PACS: 61.66.Dk, 61.72.—y, 61.80.Jh, 61.82.Bg

In nuclear radiation surroundings, structural ma-
terials suffer severe damage due to neutrons and en-
ergetic particles. The interactions between energetic
projectile particles and target atoms of structural ma-
terials lead to atomic displacement damage, such as
vacancies, interstitials and their agglomerations in the
form of point defects, dislocation loops and voids,
which will lead to dimensional instability and perfor-
mance degradation.!' 7] Therefore, it is important to
design structural materials with excellent radiation re-
sistance to develop advanced nuclear reactors in the
future.

To develop new structural materials, nanoscale
metallic multilayers have attracted a great deal of
attention from researchers because grain boundaries
and hetero-interfaces can act as effective sinks for
radiation-induced lattice defects, resulting in materi-
als with self-repairing capabilities.[* ' In particular,
hetero-interfaces have unique properties, such as ma-
terials with different lattice mismatches and chemical
bonds, leading to the construction of different inter-
faces in both physical and chemical ways. In addi-
tion, changing constituent materials and layer thick-
ness can modify the mechanical and radiation re-
sistance properties. Up to date, systems of metal-
lic multilayers with FCC/BCC interfaces (Cu/Nb,
Cu/V, Cu/Mo, Cu/W), FCC/FCC interfaces (Cu/Ni,
Cu/Co, Ag/Ni) and BCC/BCC interfaces (Fe/W)
have been developed.['9 2! Interfacial structures can
decide microstructural evolution and mechanical prop-
erties under He™' ion irradiation. Compared to the
FCC/FCC and BCC/BCC interfaces, FCC/BCC in-
coherent interfaces with high positive enthalpy of mix-
ing (Hpmix) generally exhibit more excellent radiation
resistance. For example, it has been reported that im-
miscible Cu/Nb nanolayers with a layer thickness of
a few nm have an extremely resistant ability against
He™ ion irradiation induced intermixing.['%'" Mean-
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while, He bubbles are seldom observed in Cu/Nb
nanolayers with thickness of 2.5nm. Demkowicz et
al. used molecular dynamics simulations to confirm
that at the Cu/Nb interface, two types of Kurdjumov—
Sachs (K-S) orientation relationships can be changed
by trapping a vacancy or an interstitial, and form ex-
tended jogs.[*”) This phenomenon leads to the Cu/Nb
interface effective acting as sinks for radiation-induced
defects. Similarly, Fu et al. studied the effects of
He™ ion irradiation into C/V nanolayers with vary-
ing thickness from 1 to 200nm, and confirmed that
the magnitude of radiation hardening decreases with
decreasing individual layer thickness, and radiation
hardening is almost negligible when thickness is less
than 2.5nm.["*] In their study, Cu/V interface pos-
sesses chemical stability under 50 keV He™ ion irradi-
ation to a fluence of 6 x 10'%ions/cm? at room tem-
perature (RT). However, there is also a report that
ion beam mixing can be achieved in Cu/Fe nanolay-
ers with a high positive Hpix. In comparison with
many reports of He™ ion irradiation of metallic multi-
layers with nanoscale at RT, He™ ion irradiation at el-
evated temperatures is more meaningful during struc-
tural materials used in nuclear radiation surround-
ings. In this Letter, we report atomic mixing of Cu/V
nanolayers under He't or H;‘ ion irradiation at 350°C,
which is the surrounding temperature of the struc-
tural materials used in the pressurized water reactor.
In addition, most of the studied metallic multilayers
with nanoscale are fabricated by dc or rf magnetron
sputtering in a high-vacuum system. However, fabri-
cation of nanolayered composites in the bulk form by
means of magnetron sputtering is very hard and we
cannot use it for engineering applications. Recently,
an accumulative roll bonding (ARB) was developed to
fabricate bulk Cu/Nb nanolayers.[*’! The bulk Cu/Nb
nanolayers fabricated by ARB have excellent radiation
resistance, high strength and thermal stability simul-
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taneously. Zeng et al. developed cross accumulative
roll bonding (CARB) to fabricate nanolayered Cu/V
composites.[*] The CARB process contains multiple
cycles of cleaning, stacking, roll bonding and cutting.
Meanwhile, a process with a sample rotated by 90°
is added between every two roll-bonding cycles dur-
ing CARB process. For the detailed description of
CARB process, one can see Ref. [24]. Cu and V-based
alloys are of important structural materials used in
nuclear fusion reactors. In this study, bulk nanolay-
ered Cu/V composites fabricated by CARB process
are irradiated by hydrogen or helium ions. To ex-
plore the microstructural and chemical instability af-
ter ion irradiation, the irradiated samples are inves-
tigated by cross-sectional transmission electron mi-
croscopy (XTEM) and scanning transmission electron
microscopy (STEM), as well as energy dispersive x-ray
spectroscopy (EDX).

In our experiment, Bulk Cu/V multilayers with
each Cu and V layer thicknesses varying from 20
to 200nm were fabricated by the CARB process.
Bulk Cu/V multilayers were irradiated at 350°C by
130keV He™ ions with two different fluences of 1.1 x
107 ions/cm? and 2.8 x 1017 ions/cm?, or by 160 keV
Hy ions with a fluence of 5 x 10¢ions/cm? sepa-
rately. The irradiation experiments were performed
at a 320kV high-voltage platform in the Institute of
Modern Physics, Chinese Academy of Sciences. Beam
scanning was carried out to achieve a uniform irradia-
tion with an area of 16 x 17 mm?, while the size of the
sample is 10 x 10 mm?, to ensure the entire sample sur-
face irradiated. The beam flux during Hf and He™ ion
irradiation were 2.5 x 10'3 and 3.6 x 10! ions/cm?s.
The increase in sample temperature by ion irradiation,
AT, can be estimated by!*"]

1/2
N <—th> ,
kr \ pCt

where J is beam power density in units of W/cm?, kt
is thermal conductance in units of W/cm-K, ¢ is beam
time, p is density in units of g/cm?, and Cr is specific
heat in units of J/g-K. For simplicity, according to the
He irradiation condition, AT can be estimated to be
nearly from 14.6°C to 23.4°C for Cu films.

The microstructure of bulk CARB Cu/V multi-
layers was investigated by a 200kV Tecnai G20 mi-
croscopy with a point resolution of 0.19nm. The
XTEM sample was prepared by a Hitachi 2000 fo-
cused ion beam (FIB) system. Before cutting process,
the irradiated surface was protected with a deposited
tungsten layer. Irradiation-induced bubbles were im-
aged using under-focused and over-focused conditions.
The STEM and the EDX analysis for identifying the
elemental composition and the interface integrity of
the irradiated samples were carried out by the Tec-
nai G20 with a STEM high angle annular dark field
(HAADF) detector and an EDX detector of Oxford
instruments with a spatial resolution of about 1nm.

The bright-field XTEM micrographs shown in
Fig.1 represent the microstructure of the CARB

Cu/V multilayers. It can be seen that the as-
fabricated bulk Cu/V multilayers exhibit a continu-
ous nanolayered structure with different contrasts of
Cu and V layers. The Cu/V interfaces were rela-
tively sharp. The thickness of each layer of Cu and V,
measured from the XTEM image, ranges from 20 to
200nm. In the nanolayer, dislocation arrays and iso-
lated dislocation loops exhibited black contrast were
observed and indicated by arrows. It should be noted
that not all the observed black contrast is attributed
to dislocation and dislocation loops. The curve of
nanolayers can also produce black contrast that can be
ruled out through tilting XTEM samples. The black
contrast due to the curve of nanolayers will move when
the sample is tilted. These observed dislocations and
the curve of nanolayers were introduced during CARB
process. Besides these large black contrasts, some
black spots were observed in the Cu and V nanolay-
ers. These black spots were probably formed due to
Ga ion collision during the FIB process.

Fig. 1. [(a)

as-fabricated bulk CARB Cu/V multilayers. Bright con-
trast is V layer and dark contrast is the Cu layer. Some
lattice defects are indicated by arrows. The normal direc-
tion (ND) and the rolling direction (RD) are noted.

Fig. 2. Bright-filed XTEM images of the bulk Cu/V mul-
tilayers irradiated with 130keV He' ions (a) to a fluence
of 1.1 x 107 ions/cm? at 350°C, (b) the magnified im-
age of (a) showing bubbles indicated by green arrows, (c)
HRTEM image of (a) showing polycrystalline in the irradi-
ated layer; (d) to a fluence of 2.8 x 1017 ions/cm? at 350°C,
(e) the magnified image of (d) showing microcracks indi-
cated by green arrows, (f) HRTEM image of (a) showing
polycrystalline and slight amorphization in the irradiated
layer.
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Figure 2 presents an overview of the damaged re-
gion of the sample irradiated with Het ions. For
the sample irradiated with He™ ions to a fluence of
1.1 x 1017 ions/cm?, microcracks and dislocation loops
were observed in the irradiated layer. The forma-
tion of microcracks is due to accumulation of facetted
bubbles that were formed through the growth of He
atoms and vacancies. Facetted bubbles were usually
observed in metal alloys irradiated with He atoms at
elevated temperature (~0.37,).°°! The high resolu-
tion transmission electron microscopy (HRTEM) im-
age shows polycrystalline in the irradiated layer, as
confirmed by electron diffraction pattern shown in the
inset of Fig.2(c). For the sample irradiated with He
ions to a fluence of 2.8 x 10'7ions/cm?, the dam-
aged layer converts to be porous due to dense bubbles
formed, as shown in Fig.2(e). The HRTEM image
also shows polycrystalline and even slight amorphiza-
tion in the damaged layer, as confirmed by electron
diffraction pattern shown in the inset of Fig. 2(f).

Surface

200 iy a
Fig.3. HAADF-STEM images showing the bulk Cu/V
multilayers irradiated with (a) 160 keV H; ions to a flu-
ence of 5 x 1016 ions/cm? at 350°C, (b) 130keV Het ions
to a fluence of 1.1 x 107 ions/cm? at 350°C, (c) 130 keV
Het ions to a fluence of 2.8 x 1017 ions/cm? at 350°C.

Figure 3 presents the HAADF-STEM images of the
Cu/V multilayers irradiated with Hf or He* ions. In
addition, the simulated damaged and H or He deposi-
tion profiles provided by the SRIM-2008 program and
elemental Cu and V detected by EDX through linear
scan are given in Fig.4. In HAADF-STEM mode, the
larger mass number z, the brighter contrast can be ob-

served. The mass numbers of Cu and V are 64 and 51,

respectively. Therefore, the V layer exhibits grey con-

trast and the Cu layer exhibits bright contrast. For
the sample irradiated with He™ ions to a fluence of

1.1 x 10'7 ions/cm?, the HAADF-STEM image shown

in Fig. 3(a) displays the first irradiated layer that be-

longs to the V layer. Linear scan was performed to
measure the distribution of elemental Cu and V. We
can obtain the thickness of the V layer up to 300 nm.

This result is larger than the as-fabricated bulk Cu/V

multilayers shown in Fig. 1. The increase in the thick-

ness can be attributed to He bubbles-induced volume

swelling, which is confirmed by bright field XTEM im-

age showing micro-cracks and porous structures in the

V layer. More importantly, slight atomic mixing lo-

cated at the maximum He-induced damage was clearly

observed by EDX measurement, as shown in Fig. 4(b).

For the sample irradiated with He™ ions to a fluence of

2.8 x 107 ions/cm?, the HAADF-STEM image shown

in Fig. 3(c) displays the first irradiated layer that is

difficultly distinguished due to heavy irradiation dis-

order. The Cu/V interface cannot be clearly distin-
guished, instead of many grains with different sizes
formed in the irradiated layer. The bright field image
shown in Fig. 2(e) presents that many micro-cracks ex-
ist among the grains. A linear scan from the sample
surface to a depth of 800 nm shows atomic mixing in
the near surface region, as shown in Fig.4(c). Point
measurement was performed to check the elements be-
tween two grains. The measured data are shown in
Fig.4(d). It can be seen that elemental C, O, V, Cu
and Ga exist simultaneously. The atomic percentages
of C, O, V, Fe, Cu and Ga are 35.4 + 0.6%, 32.9 +
0.8%, 17.8 + 0.5%, 7.0 + 0.4%, 5.5 + 0.4% and 0.2+
0.1%, respectively. The existence of elemental C and
O is due to the XTEM sample contamination in air.
Elemental Fe is introduced during the CARB progress,
and elemental Ga is due to the XTEM sample fabri-
cated by Ga™ ions. To investigate the influence of
mass atoms, a hydrogen irradiation experiment was
performed. The sample was irradiated with 160 keV
HJ ions to a fluence of 5 x 10'%ions/cm? at 350°C.
The HAADF-STEM image is shown in Fig.3(a) and
a linear scan from the sample to a depth of 650 nm
displays Cu—V atoms mixed in the irradiated layer, as
shown in Fig. 4(a).

There are three main processes that can describe
the atomic transport in multilayers: (1) thermal diffu-
sion, (2) irradiation enhanced thermal diffusion, and
(3) athermal irradiation mixing (ballistic mixing).l”"]
During ion irradiation, the atomic mixing can be at-
tributed to the combination action of these three pro-
cesses. The process of atomic mixing can be described
by Fick’s law, J = —D(%2), where J is the flux, D
is the diffusion coefficient, and C is the concentration.
The atomic transport can be attributed to different
diffusion coefficients. Thermal diffusion can be de-
scribed by a diffusion coefficient of the form Dy, =
Caet Dgef, where Cyer is the concentration of the defect
responsible for diffusion. The diffusion coefficient of
the defect is expressed by Dacf = $a?vexp(—E/kT),
where a is the jump distance, v is the vibration fre-
quency, and E is the migration energy of the defect
during diffusion. The thermal diffusion Cgyer is ex-
pressed by C = exp(—E¢/kT), where E is the for-
mation energy of the defect. For the case of irradi-
ation enhanced diffusion, Cges can be described by
Caer = O + CU% where CII% is the steady-state
concentration of defects under irradiation. For the
present case, the ballistic mixing is independent of
temperature and is described by Dy, = %Fa2, where
I is the displacement rate (dpa/s) and a is the average
distance atoms displaced in the collision cascade.

Under ion irradiation, the above-mentioned
three processes are active simultaneously. The
atomic mixing can be described by a combina-
tion of irradiation enhanced and thermal pro-
cesses, and is given by Deg = Dy, + Dpa =
sa’vexp(—E/kT) exp(—E¢ /kT) + $I'a®, where Deg
is the total effective diffusion coefficient in the periph-
ery of Cu/V interface.
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Fig. 4. HAADF-STEM images of the bulk Cu/V multi-
layers irradiated with (a) 160 keV H;r ions to a fluence of
5 x 1016 ions/cm? at 350°C, (b) 130keV He™ ions to a flu-
ence of 1.1 x 10'7 ions/cm? at 350°C, (c) and (d) 130 keV
Het ions to a fluence of 2.8 x 1017 ions/cm? at 350°C. The
linear scanning by EDX showing V-K and Cu—K counts is
overlaid on the corresponding HAADF-STEM image. In
addition, the depth profiles of irradiation damage and H
or He concentration induced by 160 keV/ H;’ ion irradiation
(b) and (c) 130keV Het ion irradiation are simulated by
the stopping and range of ions in matter (SRIM) computer
program based on the Monte Carlo method in Cusg V5o
composites. The threshold displacement energy for Cu
and V are 29 and 39eV, respectively.[%]

As mentioned earlier, atomic collision cascades can
increase the local redistribution of components. How-
ever, chemical driving force (thermodynamic effect)
in Cu/V immiscible systems with strong positive mix-
ing enthalpy of 5 kJ/mol can separate Cu and V atoms
automatically.[*”] For the case of He irradiation at RT,
atomic mixing does not occur, even the He irradiation
dose up to 12dpa. However, in the present He irradi-
ation at 350°C to a dose of 3.5 dpa, we have observed
atomic mixing in the peak He damage. Some V atoms
under the influence of ion irradiation and thermal ef-
fect diffuse into the Cu layer. In particular, in the HJ
ions irradiated at 350°C to a dose of 0.32 dpa, the Cu
and V layers are completely mixed in the irradiated
region. It should be noted why the completely mixed
Cu and V layers occurred in the Cu/V multilayers ir-
radiated with H; ions to a dose of 0.32dpa, but not
in the He™ ion to a dose of 3.5dpa. If the irradiation
enhanced diffusion makes more role of atomic mixing,
the completely mixed Cu and V layers should occur
in the He™ ion irradiation. However, we observe the
inverse phenomenon. We are sure that the thermal
diffusion plays more role of atomic mixing. Because

the H2+ and He™ ion irradiations were performed at
the same temperature of 350°C, the observed thermal
diffusion is not only surrounding temperature, but also
inelastic energy loss of Hg‘ ion irradiation. The ratio of
electronic energy loss to nuclear energy loss is 387 for
the 160keV Hy ion irradiation, while it is 77.5 for the
130keV He™ ion irradiation. Therefore, the electronic
energy loss is much higher than nuclear energy loss
in the HJ ion irradiation. It is well recognized that
a thermal spike effect can explain the phenomenon of
electron energy loss. According to the thermal spike
mode, rapid energy transfer through electron-phone
coupling makes the system abnormally excited, and
the region around the ion track becomes heated to a
very high temperature within a short time scale and
then quenched on a picosecond scale. Therefore, for
the case of Hy ion irradiation, extra heat was intro-
duced by electron energy loss, which can account for
the completely mixed Cu and V nanolayers. Dong et
al. reported that Cu/W multilayers with each 24 nm
thickness can be mixed at between Cu and W nanolay-
ers, due to ballistic effect of 6.4 MeV Xe?t jon irra-
diation to a fluence of 1.5 x 10'®ions/cm? at RT.[*"]
However, the Cu/W multilayers with each thickness
of 18 nm or less, no mixed interface was observed af-
ter Xe2%t ion irradiation. The decrease in thickness of
nanolayers can enhance irradiation resistance. Chem-
ical disorder at between Cu and V nanolayer can eas-
ily occur due to interface acting as efficient sinks for
irradiation-induced defects. For the case of He™ ion
irradiation to a fluence of 1.1 x 10'7 ions/cm?, many
V and Cu self-interstitials are formed. These V self-
interstitials migrate toward the Cu layer, resulting in
the formation of vacancy sites behind that can ab-
sorb Cu self-interstitials. Therefore, the mixed inter-
face was observed in the Cu/V multilayers irradiated
with Het ions to a fluence of 1.1 x 107 ions/cm?.
However, it cannot exclude the intermixing between
immiscible metals under severe deformation condi-
tions during the CARB process. Wei et al. investi-
gated deformation-induced interfacial transition zone
in Cu/V nanolamellar fabricated by CARB, and found
a deformation-induced interfacial transition zone with
a thickness of about 5 nm in Cu/V multilayers.l*'] Dis-
location activities near the bimetal interfaces can ex-
plain the intermixing phenomenon. In the case of He™
ions to a fluence of 1.1 x 107 ions/cm?, the thickness
of the intermixing is about 50 nm, which is larger than
the reported result of the as-fabricated material. The
width of the mixed interface increases with the in-
crease in He fluence. Hence, the Cu and V nanolayers
were mixed during He™ ion irradiation to a fluence of
2.8 x 107 ions/cm?. Further investigation is necessar-
ily performed on the intensity of the mixed interface
with irradiation fluence. Because of the present stud-
ied bulk Cu/V multiplayers with thickness over 20 nm,
the role of interfaces acting as sinks for irradiation-
induced defects is less significant. It is necessary to
investigate the irradiation-induced atomic mixing in
bulk Cu/V multiplayers with thickness of only few nm
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at elevated temperature.

In conclusion, we have investigated bulk Cu/V

multilayers for each layer of Cu and V in thicknesses
varying from 20 to 200nm fabricated by the CARB
method, which are irradiated with H or He? ions at
350°C. Facetted bubbles and microcracks are formed
in the irradiated layer. An irradiation-induced atomic
mixing is observed. This phenomenon can be ex-
plained by a combination of irradiation enhanced and
thermal processes.
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