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ABSTRACT: Cr/W multilayer nanocomposites were pre-
sented in the paper as potential candidate materials for the
plasma facing components in fusion reactors. We used neutron
reflectometry to measure the depth profile of helium in the
multienergy He ions irradiated [Cr/W (S0 nm)]; multilayers.
Results showed that He-rich layers with low neutron scattering
potential energy form at the Cr/W interfaces, which is in great
agreement with previous modeling results of other multilayers.
This phenomenon provided a strong evidence for the He
trapping effects of Cr/W interfaces and implied the possibility
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of using the Cr/W multilayer nanocomposites as great He-tolerant plasma facing materials.
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1. INTRODUCTION

Tungsten and its alloys have a high melting point, low vapor
pressure, high temperature strength, and high energy threshold
for surface sputtering."”” These properties make tungsten alloys
among the most attractive candidate materials for plasma-facing
components (PFCs) in fusion reactors, such as the divertor
armor tiles, the outer vertical target, the dome, and the cassette
body.>™® However, after being long-term exposed to the
relevant radiation conditions of fusion reactors, the tungsten
alloys generate abundant helium (He) atoms either directly
from the plasma or from the transmutation reactions induced
by neutrons.”~” Previous researches on fusion materials have
identified the problem of accumulation of He atoms, which
induces bubbles, cracks, surface exfoliation, erosion, and
embrittlement, all of which seriously degrade the physical and
mechanical properties of tungsten alloys.'’~"*

One approach proposed in the past decade to controlling the
deleterious effects of He in alloys is the utilization of high-
density grain boundaries and hetero interfaces in materials as
He atoms sinks to delay the nucleation and growth of He
bubbles. Considering these needs, M. J. Demkowicz and A.
Misra et al. designed the Cu/Nb multilayer nanocomposites
with thermal stable interfaces and presented the experimental
evidence that He bubbles growth can be arrested by hetero
interfaces between the immiscible Cu/Nb sublayers.”” ™"
Presently, we report a new kind of composites of tungsten
with a nanoscale multilayer structure, which is composed of the
immiscible Cr and W, and investigate the effects of Cr/W
interfaces on the He trapping behaviors by neutron
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reflectometry. The Cr/W interface is remarkably stable under
the high energy Xe ions irradiation, and exhibits excellent
inhibiting effect against radiation induced swelling and grain
growth in our previous work.'® Because the He—V clusters
smaller than 1 nm in diameter are barely observable by
transmission electron microscopy (TEM), even when using the
under-focus model,'"® we characterized the concentration
profiles of He across the Cr/W interfaces via neutron
reflectometry, which has high sensitivity to He and possesses
subangstrom level resolution of depth.”’

2. EXPERIMENTAL METHOD

In this work, the Cr/W multilayer nanocomposite samples were
deposited on 2 mm thick single crystal Si substrates by RF magnetron
sputtering, as described in ref 17. As shown in Figure Ic, the total
thickness of the multilayer thin films was about 300 nm, and each
single Cr and W layers was approximately 50 nm thick (referred to as
[Cr/W (50 nm)]; in the subsequent paragraphs). Room temperature
He ions implantation experiments using three different energies were
then performed on the 320 kV platform at the Institute of Modern
Physics, Chinese Academy of Sciences to produce a uniform depth
profile of He atoms in the Cr/W multilayers. The fluence of the 12, 30,
and 50 keV He ions was 0.73 X 10'®/cm?, 1.46 X 10'*/cm?, and 2.19 X
10'6/cm?, respectively. The total He depth profile calculated using
SRIM2013*' is shown in Figure 1b.

Received: June 19, 2016
Accepted: September 2, 2016
Published: September 2, 2016

DOI: 10.1021/acsami.6b07419
ACS Appl. Mater. Interfaces 2016, 8, 24300—24305


www.acsami.org
http://dx.doi.org/10.1021/acsami.6b07419

ACS Applied Materials & Interfaces

(a)

12 keV

v

(c)

Cr/W multilayer on Si substrate  multi-en

(b)

30 keV

@12 keV He" ions
w30 keV He' ions
e==50 keV He' ions
e Total

3.0
25

2.0 12 keV:
0.73 x 10" /cm®
30 keV:
1.46 x 10" /cm®
50 keV:

2.19 x 10" /em®

1.5

He concentration (at. %)

0.0
0 50 100 150 200 250 300 350
Depth (nm)
50 keV

detector

neutron

o
i substrate

S

Figure 1. (2) Photo of the Cr/W multilayers on the Si substrate, (b) He depth profile in the irradiated [Cr/W (50 nm)]; multilayer calculated using
SRIM. The final He concentration within a depth range of 50 to 150 nm is well-distributed around 3.0 at %. (c) Schematic illustration of the neutron
reflection measurements of the multienergy He-irradiated [Cr/W (S0 nm)]; multilayers.
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Figure 2. (a) Neutron reflectivity data achieved by the experiments and the best-fitting curves of the as-deposited [Cr/W (S0 nm)]; multilayer
nanocomposites. The fitting degree is 2.3719 for the simplest model and 2.3189 for the sophisticated model, (b) TEM cross-section image of the as-
deposited [Cr/W (50 nm)]; multilayer nanocomposites. The thickness of each sublayer is 52.9, 45.9, 50.5, 46.8, 51.4, and 48.8 nm.

After He ion irradiation experiments, the neutron reflectometry
measurements on the multilayer samples were performed on the time
of flight polarized neutron reflectometer (TPNR) at the Key
Laboratory of Neutron Physics, China Academy of Engineering
Physics.”> The neutron reflectometry curves were measured as a
function of the scattering vector g, which is entirely determined by the
incident angle of the neutron beam and the incident neutron
wavelength

q= 4-—”sin 0

2 (1)
where A is the incident neutron wavelength and 6 is the angle between
the incident neutron beam and the sample surface. In our experiments,
the incident angle 6 was kept constant and neutron wavelength 1 was
varied. It was realized by using a cold neutron beam with different
energy from the reactor. The traveling time of the neutron beam from
the chopper to detector was measured. The wavelength of each
neutron in the beam can be calculated according to the traveling time
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and then we can get the reflectometry curve. On the TPNR setup at
the Key Laboratory of Neutron Physics, the neutron wavelength range
varies from 2.5 to12.5 A. We utilized two different neutron incident
angles (0.5 and 0.9°) and combined the two reflectivity curves to
generate the final data to cover the entire range of q (0.007 to 0.07
A™"). Subsection point of q in the combined curve was 0.016 A™".
Neutron wavelength resolution and angular resolution in the
experiments were 0.081 A and 0.11 mrad, respectively.

3. RESULTS AND DISCUSSION

Figure 2a shows the neutron reflectivity data and fitting curves
of the as-deposited [Cr/W (S0 nm)]; multilayer nano-
composites. The fitting was performed using PNR_Multilayer,
a neutron reflectivity data fitting software developed at China
Academy of Engineering Physics. First, it calculates the
reflection wave amplitude in the [Cr/W (50 nm)]; multilayer
according to the preset structure parameters of the multilayer
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Table 1. Best-Fitted Structure Parameters of Two Models of the As-Deposited Cr/W Multilayer

simplest model

sophisticated model

layer element thickness (A)  scattering potential energy (neV)

1 w 513.06 82.13

2 Cr 472.14 95.1

3 w 511.29 82.13

4 Cr 473.77 95.1

S w 506.93 82.13

6 Cr 484.74 95.1

7 Sio, 19.35 95

8 Si substrate 00 S4

layer element thickness (A)  scattering potential energy (neV)

1 C 14.6 102.52

2 w 537.95 83.87

3 Cr 472.14 95.1

4 w 501.61 83.87

N Cr 460.58 95.1

6 w S511.44 83.87

7 Cr 484.74 95.1

8 $i0, 20 95

9 Si substrate 00 54

model by using the Parratt’s recursion formula. Then, it
calculates the deviation between the fitting curve and
experiment data, and adjusts the structure parameters of the
model to reduce the deviation by using the genetic algorithm.
After fitting, we deduced the neutron scattering potential
energy depth profile of the [Cr/W (50 nm)]; multilayer
sample, which is shown in Table 1.

The deduction of the neutron scattering potential energy
depth profile from the reflectivity measurements is a well-
known inverse problem of neutron reflectometry. If the sample
is a single layer film, only 4 unknown parameters need to be
deduced: layer thickness, neutron scattering potential energy,
neutron absorption coefficient, and the interface roughness.
The deduction is simple and accurate. But if the sample is a
multilayer film, number of the structure parameters to be
determined increase with the layer number of multilayer film
proportionally. Thus, unless the limits of these parameters are
set according to the known information from the initial design,
Transmission Electron Microscope (TEM) images or other
measurement results, there will be an infinite number of
different neutron scattering potential energy depth profiles
resulting in the same reflectivity curve.

To reconstruct the elements depth profile of the as-deposited
[Cr/W (50 nm)]; multilayer nanocomposites sample in our
work, first we build a simplest model with three Cr/W bilayers
placed on a Si substrate (surface of Si substrate covered with a
thin layer of SiO,). As shown in Figure 2b, the thicknesses of
the six metal sublayers and the SiO, thin layer are 52.9 nm, 45.9
nm, 50.5 nm, 46.8 nm, 51.4 nm 48.8 nm, and 1 nm according
to the TEM measurements. We used them as the initial
thicknesses of the preset model. Considering the measurement
error and thickness of interface region, we allowed that the
thickness of each layer vary within +5 nm away from the preset
value during the optimization procedure. And for the neutron
scattering potential energy, one can calculate it as follows

V = 26.04SLD ()
k

SLD = ) nb,
i=1 (3)

where V is the neutron scattering potential energy (unit is
neV), SLD is the neutron scattering length density (unit is
A™?), n, is the atomic density of the ith nuclide, and b; is the
coherent scattering length of the ith nuclide. The coherent
scattering lengths of Cr, W, Si, C, O and He are 3.63S fm, 4.86
fm, 4.1491 fm, 6.646 fm, 5.803 fm and 3.26 fm, respectively.”
Hence the neutron scattering potential energies of pure W and
Cr are calculated to be 80.2 neV and 78.9 neV according to eqs
2 and 3. Given that the oxygen adsorption or oxidation
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phenomenon may exist in the metallic layers, the potential
energy value of W and Cr layers was allowed to vary from 80.2
neV (W) to 84 neV (W with oxygen adsorption) and from 78.9
neV (Cr) to 95.1 neV (Cr,0;) during the optimization
procedure. To simplify the fitting process, we assumed the
neutron scattering potential energies of three Cr/W bilayers are
the same. Furthermore, as the neutron absorption effects is
weak and the interface roughness mainly affects the larger g
region of the curve according to the Nevot — Croce factor,”*
their influences on the shape of the reflectivity curve are very
slight. Since we do not know the possible range of the interface
roughness and a few nanometer’s measurement error in
thickness of each layer is acceptable in this work (because
the main purpose of this work focused on the change of
neutron scattering potential energies on the interfaces), the
neutron absorption coefficient and the interface roughness were
approximated as zero in the fitting model to improve the
efficiency of fitting. Thus, there were 9 parameters with limits
need to be determined in the model.

Moreover, we also took into account a more sophisticated
model which includes an adhesion layer forms on the surface
constitutes from hydrocarbons and water. For simplicity, we
assumed that the adhesion layer consists of carbon only. Since
the carbon layer is loose, its density is less than 1.26 g/cm®.*
Thus, the initial neutron scattering potential energies of this
layer were set to 109.39 neV according to eq 2 and 3. The
optimized structure parameters of this model is also listed in
Table 1.

As shown in Table 1, the difference between the optimized
structure parameters of the two models from neutron
reflectometry is not significant. Both of them coincide with
the TEM cross-section image of the as-deposited Cr/W sample
very well. Meanwhile, as shown in Figure 2(a), the dash curve
stands for the simplest model and the solid curve stands for the
more sophisticated model. The fitting degrees of the two curves
are very close. The critical points of total reflection of the two
curves are both at 0.012 A™!, while the position of each
interference peaks in the fitting curves also coincide with the
experimental data. This result indicates that the uniformity of
the as-deposited multilayer sample is great and validates the
compatibility of our multilayer model. According to the fitting
result of the sophisticated model, the neutron scattering
potential energy of the Cr sublayer is 95.1 neV, which is the
theoretical value of Cr,Os. By contrast, the neutron scattering
potential energy of the W sublayer is 83.87 neV, which is
slightly larger than the theoretical value of pure W (80.2 neV).
From this point of view, the oxygen adsorption or oxidation
phenomenon exists in the Cr and W sublayers.
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Figure 3. (a) Neutron reflectivity data achieved by the experiments and the best-fitting curve of the postirradiated [Cr/W (S0 nm)]; multilayer
nanocomposites. The fitting degree is 3.6152. (b) TEM cross-section image of the postirradiated [Cr/W (50 nm)]; multilayer nanocomposites. The
thickness of each sublayer is 52.6, 46.1, 48.3, 48.8, 51.8, and 48.1 nm. (c) He-rich sublayers distribution in the He-ion-irradiated Cr/W multilayer

nanocomposites.

The deduction was also performed on the postirradiated
[Cr/W (50 nm)]; multilayer nanocomposites. Figure 3 shows
the neutron reflectivity curve and the TEM cross-section image
of the postirradiated [Cr/W (S0 nm)]; multilayer nano-
composites. Although no conspicuous He bubbles or other
changes could be observed from the TEM image shown in
Figure 3b, obvious differences can be observed between the
neutron reflectivity curves of the as-deposited (shown in Figure
2a) and postirradiated Cr/W multilayers (shown in Figure 3a).
According to the He depth profile calculation result of SRIM, if
neglecting the diffusion behavior of helium atoms, then the He
concentration of the second and third sublayers should be well-
distributed at approximately 3 at %, whereas the fifth and sixth
sublayers are unaffected by the He atoms. Thus, the model used
previously may also be suitable for this case. However, the
fitting result under this model could not achieve good
convergence with the experimental data, which strongly
indicates that the diffusion of He atoms plays an important
role in the final He depth profile, making the He concentration
in each sublayer inhomogeneous. To reflect the inhomoge-
neous inside the sublayers, it is necessary to divide each
sublayer to thinner layers to study the depth profile of the
neutron scattering potential energy. Hence, we increased the
number of sublayer of our preset model to make it closer to the
inhomogeneous He distribution in the postirradiated sample.
The details of the optimizing model are listed in Table 2, and
the fitting curve is shown in Figure 3a as a red line, which fits
well with the experimental data.

As shown in Table 2, new layers with low neutron scattering
potential energy form at the Cr/W interfaces of the first four
sublayers of the postirradiated [Cr/W (50 nm)]; multilayer. As
calculated by SRIM, the maximum He concentration is
approximately 3 at. %, at the depth range from 50 to 150
nm. Assuming that the formation of these low neutron
scattering potential energy sublayers is due to the enrichment
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Table 2. Best-Fitted Structure Parameters of the
Sophisticated Model of the He-Ion-Irradiated Cr/W
Multilayer

layer element thickness (A)  scattering potential energy (neV)
1 C 10 100.476
2 ‘W—-He 51.59 79.13
3 w 382.54 83.87
4 ‘W-He 79.37 77.06
S Cr—He 187.42 50.18
6 Cr 164.96 95.1
7 Cr—He 45.67 78.3
8 W-He 96.85 62.4
9 w 382.35 83.53
10 ‘W-He 42.52 72.6
11 Cr—He 167.46 51.77
12 Cr 258.73 94.44
13 Cr—He 23.23 70.69
14 w 517.42 79.77
15 Cr 477.77 94.2
16 Sio, 18.53 95
17 Si substrate 00 54

of He atoms at the interfaces, the neutron scattering potential
energy of the W sublayer combined with the maximum He
decreases from 80.2 neV to 79.42 neV, whereas the potential
energy of the Cr sublayer combined with the maximum He
decreases from 95.1 neV to 67.31 neV. The best-fitted neutron
scattering potential energies listed in Table 2 coincide with this
hypothesis, and then potential energy gradually return to
normal levels as depth increases. Meanwhile, the total thickness
of each adjacent three layers (namely, Cr—He layer, Cr layer
and Cr—He layer) coincides with the thickness observed from
the TEM measurements shown in Figure 3b, which supports
the validity of the deduction. Figure 3c illustrates the
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distribution of the He-rich sublayers in the Cr/W multilayer
concluded by the neutron reflectivity fitting result of the
postirradiated sample.

In the previous studies, the multilayer nanocomposites
irradiated by large fluences of He ions at high temperature
were observed to form finely dispersed, 1—2 nm diameter He
bubbles, 1nstead of He bubbles larger than 20 nm diameter in
the bulk region.”® Atomic simulation studies indicated that the
interaction between He atoms and the interface was responsible
for the suppressing of He bubble growth.'® Using neutron
reflectometry, we found that the He concentration at the Cr/W
interfaces is significantly higher than the estimate of SRIM,
even at room temperature. As illustrated in Figure 4, given that

He plasma + neutron

< b

Material atom

Helium atom
blistering
O0000O0OOO0O000O000
802’%.3@ Ogcg(?(;%% SSEL2CARQQAVQ0
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Bulk tungsten Cr/W multilayers

Figure 4. Illustration of the He trapping effects of Cr/W interface on
the inhibition of He bubble formation.

He atoms diffused toward the Cr/W interfaces to form He-rich
layer, He concentration in the bulk region decreased
observably, which leads to the enhanced He tolerant perform-
ance of Cr/W multilayers. This phenomenon is in great
agreement with the previous studies on the formatlon of the
void-denuded zones (VDZs) near grain boundaries.”” Notably,
the measurement result of neutron reflectometry is statistically
significant, as the counts are averaged over the entire sample
area (3.5 cm X 3.5 cm).

4. CONCLUSION

In conclusion, a new kind of Cr/W multilayer nanocomposites
was presented as a potential candidate material for the PFC in
fusion reactors. The Cr/W interfaces were proven to be
effective sinks for He atoms by neutron reflectometry. With the
movement of He atoms toward the Cr/W interfaces, He
concentration in the bulk region decreases below the critical
concentration for He bubbles growth, thereby enhancing the
He tolerance of the Cr/W multilayer nanocomposites.
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