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Abstract
He-charged oxide dispersion strengthened (ODS) FeCrNi films were prepared by a radio-
frequency (RF) plasma magnetron sputtering method in a He and Ar mixed atmosphere at
150 °C. As a comparison, He-charged FeCrNi films were also fabricated at the same conditions
through direct current (DC) plasma magnetron sputtering. The doping of He atoms and Y2O3 in
the FeCrNi films was realized by the high backscattered rate of He ions and Y2O3/FeCrNi
composite target sputtering method, respectively. Inductive coupled plasma (ICP) and x-ray
photoelectron spectroscopy (XPS) analysis confirmed the existence of Y2O3 in FeCrNi films,
and Y2O3 content hardly changed with sputtering He/Ar ratio. Cross-sectional scanning electron
microscopy (SEM) shows that the FeCrNi films were composed of dense columnar
nanocrystallines and the thickness of the films was obviously dependent on He/Ar ratio.
Nanoindentation measurements revealed that the FeCrNi films fabricated through DC/RF
plasma magnetron sputtering methods exhibited similar hardness values at each He/Ar ratio,
while the dispersion of Y2O3 apparently increased the hardness of the films. Elastic recoil
detection (ERD) showed that DC/RF magnetron sputtered FeCrNi films contained similar He
amounts (∼17 at.%). Compared with the minimal change of He level with depth in DC-sputtered
films, the He amount decreases gradually in depth in the RF-sputtered films. The Y2O3-doped
FeCrNi films were shown to exhibit much smaller amounts of He owing to the lower
backscattering possibility of Y2O3 and the inhibition effect of nano-sized Y2O3 particles on the
He element.

Keywords: radio-frequency plasma magnetron sputtering, He-charged FeCrNi-based film,
nanoindentation hardness, elastic recoil detection, He implantation
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1. Introduction

The excellent properties in mechanical strength, creep and
corrosion resistance mean that FeCrNi-based austenitic alloys
are widely used as structural materials in nuclear systems

[1, 2]. However, the high-energy neutron irradiation may
cause radiation damage, which greatly changes the micro-
structure of structural materials and accordingly results in
performance degradation, such as fatigue and creep [3–5].
Transmutation reactions induced by neutron irradiation
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generally generate He atoms [6, 7], which tend to accumulate
and be captured by defects in metals, precipitating into bub-
bles and leading to property deterioration of materials, in
particular swelling and embrittlement [8, 9].

Therefore, reducing the degradation of the mechanical
properties of structural materials in unclear environments is
still a key challenge. It has been widely reported that oxide
dispersion strengthened (ODS) steels show improved oxida-
tion resistance and creep strength at high temperatures and
high irradiation doses [10, 11], and such performance
enhancement was ascribed to the stable nano-sized oxide
particles and the interlocked structures between the matrix
metal and reinforcing particle [12]. As an important hard
ceramic oxide, Y2O3 oxide not only has a very high melting
point (∼2410 °C) but also exhibits strong structural and
chemical stability under irradiation and corrosive environ-
ments. So in the design of high performance ODS alloys,
nano-Y2O3 particles are generally chosen as an important
dispersion phase to improve the high temperature strength,
oxidation and irradiation resistance of base materials. Parti-
cularly in He embrittlement, the dispersion of nano-sized
Y2O3 oxide particles can increase the number of He trapping
and bubble nucleation sites for transmutation helium, which
inhibit the agglomeration of helium atoms into coarse bub-
bles, and therefore minimizes the risk of helium embrittle-
ment in structural materials for fusion reactor applications
[13–15]. In this condition, systematic investigations into the
preparation and He behavior of ODS steels are significant and
meaningful.

Since first being reported by Mattox, who introduced He
into gold films in 1971 [16], the magnetron sputtering method
has been proved to be an effective way of introducing helium
into metals. Recently, the magnetron sputtering method has
been further developed into an easy and convenient method
for introducing controllable amounts of He into metal films
under a He and Ar mixed atmosphere by Shi, Liu and Jia [17–
20]. During the film fabrication process, the ionized Ar
sputters out the target atoms for depositing the film, while the
ionized He atoms are mainly backscattered and implanted into
the growing film because of the higher sputtering yield of Ar
ions to metals than He atoms and the higher backscattering
probability of He atoms than Ar atoms [21, 22]. Using the
direct current (DC) plasma magnetron sputtering method, He
atoms were also controllably introduced into nanocrystalline
FeCrNi films and the amount of He element and its effects on
the mechanical properties were carefully investigated in our
previous work [23].

In order to fabricate ODS-FeCrNi films, insulating tar-
gets, which cannot conduct away positive ions that bombard
the target, have to be sputtered, while for insulating targets in
the DC sputtering process, the accumulation of positive
charges increases the potential and then prohibits the process
of sputtering. Radio-frequency (RF) plasma magnetron
sputtering solves the problem by reversing the polarity of the
power with a very high frequency (�10−7 s). The negative
charges carried by the electrons would neutralize the positive
charges on the target within 10−9 s, which ensures the con-
tinuity of the sputtering process. The oscillation of electrons

in the RF electric field enables them to absorb energy easily,
which increases the ionization probability of Ar atoms and
decreases the breakdown and discharge voltages of the
sputtering process. Also, because of the low pressure needed
to support RF magnetron sputtering, the atoms scattered from
the targets are less likely to collide and lose energy, resulting
in a higher bonding strength and compactness of the films.

In the present study, He-charged ODS-FeCrNi films were
fabricated by the RF plasma magnetron sputtering method in
a He and Ar mixed atmosphere. In the meantime, He-charge
FeCrNi films were also prepared under the same conditions
by DC and RF magnetron plasma sputtering for comparison.
The commercial 304-stainless steel was used as the matrix
target and Y2O3 ceramics were sintered for the doping of
Y2O3 particles into the films. The morphology hardness and
He content as well as depth of the He-charged FeCrNi-based
films were characterized by scanning electron microscopy
(SEM), nanoindentation measurements and elastic recoil
detection (ERD), respectively.

2. Experiments

2.1. Preparation

Cylindrical 304-stainless steel discs (f 60 mm×3 mm) were
cut as sputtering targets, and parts of them were further cut
into the shape shown in figure 1(a), in which ten rectangular
spaces with 19 mm length, 4.6 mm width and 2 mm thickness
were arranged. Y2O3 powders of 40 nm diameter were
ultrasonically vibrated for 1 h and dried in a ventilation
oven. Then, the powders were divided into several parts of the
same weight (1.5 g) and extruded into strips through a
mold and a tableting machine. After being heated at 1400 °C
for 5 h, the strips were sintered into Y2O3 ceramics
(5 mm×50 mm×1.2 mm) with a relative density of
96%–97%, as shown in figure 1(b). After that, the Y2O3

dense strips were further polished into a suitable size and
embedded into the targets, as shown in figure 1, to combine
the composite targets used in RF magnetron sputtering. Sili-
con (Si) single crystal sheets with a (111) preferred orienta-
tion were used as the film substrates, and the experimental
details were reported in elsewhere [23].

Figure 1. (a) 304 stainless target (b) Y2O3 ceramics for radio-
frequency magnetron sputtering.
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He-charged ODS-FeCrNi films were prepared on Si
substrates through the RF magnetron plasma sputtering
method in a He and Ar mixed atmosphere. The He/Ar ratio
was adjusted by two separated mass flowing controllers. The
substrate temperature was controlled at a constant value of
150 °C, which was considered as an optimum temperature for
the fabrication of magnetron-sputtered films. Before deposit-
ing the FeCrNi-based films, the distance between the target
and substrate was set to 60 mm and the sputtering pressure
was evacuated by a turbo molecular pump to below
8.0×10−4 Pa. After adjusting the total pressure of He and Ar
to about 1.5 Pa, the process of film preparation was carried
out steadily for 4 h under a sputtering power of 50W. The
He/Ar ratios were modulated at 0, 1:1, 2:1 and 4:1, con-
trolling the He partial pressure at 0, 50%, 67% and 80%,
respectively, which introduce different concentrations of He
into the ODS-FeCrNi films. To compare the effects of Y2O3

on film performance, He-charged FeCrNi films without Y2O3

were also prepared through DC/RF magnetron sputtering 304
stainless steel using the same parameters.

2.2. Characterization

After being dissolved and diluted into solutions with total
element concentrations of �50 ppm, the elemental con-
centrations of Y2O3-added FeCrNi films were analyzed by
atomic emission spectroscopy (AES) equipped with an
inductive coupled plasma (ICP, iCAP 6000 SERIES) emis-
sion spectrometer, which can quantitatively determine the
concentrations of Fe, Cr, Ni and Y in the films. To prepare the
solutions, the films were precisely weighed and merged into
the mixed acid of 1 ml HNO3, 3 ml HCl and 6 ml deionized
water in the beakers. After being sealed in the sample bags,
the beakers were heated by an oven to 70 °C for 6 h until the
films were completely dissolved. The solutions were diluted
in flasks and further used in the analysis. X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250) was conducted
to characterize the existing forms of the Y element in the
Y2O3-doped films. The light course was an Al Kα radiation
(hν=1486.6 eV) with a beam spot diameter of 500 μm, and
the energy through the analyzer was fixed at 30 eV.

Surface and cross-sectional morphologies of the FeCrNi-
based films were observed by field emission scanning electron
microscopy (FESEM, Sirion 200 FEG) equipped with a
secondary electron detector under the accelerating voltage of
10 keV. The nanoindentation hardness of the deposited films
was measured by an Agilent Nano Indenter G200. The
method of continuous stiffness measurement (CSM) makes it
possible to obtain the hardness (H)-depth (h) profile with a
single indent up to depth of about 2 μm, the maximum of
which can be limited within the thickness of deposited films.
Nine indents were performed on different areas of the film
surfaces and the average nanoindentation hardness value
deduced from the H–h profiles was used to represent the
hardness of the films. During the process of nanoindentation,
the resolution of displacement and load were about 0.02 nm
and 50 nN, respectively. The backscattering possibilities and
atom/ion sputtering yield of He and Ar were calculated by

the SRIM code [24], and the corresponding simulation energy
for He or Ar is 300 eV and the incident angle covered from 0°
to 90°.

To measure the He content in different film depths,
elastic recoil detection (ERD) was conducted on an 8MeV
Tandem Accelerator at Institute of Modern Physics, Fudan
University. As shown in figure 2, the ion beam was C3+ ions
and the incident angle was 15°. A 10 μm-thick Mylar
(C10H8O4) foil was used as an absorbent sheet to retain
irrelevant atoms and filter out the scattered He atoms to be
recorded by the detector. All the ERD spectra were trans-
ferred to the helium concentration distribution by Alegria 1.2
codes [19, 25].

3. Results and discussion

3.1. Component analysis

Elemental concentrations of the Y2O3 added FeCrNi-based
films prepared at 150 °C were quantitatively analyzed by
AES-ICP, and the content of the Y element under different
He/Ar ratios were listed in table 1. It clearly shows that the Y
concentration changes only a little despite the change of
sputtering atmosphere, which implies that the Y concentration

Figure 2. Schematic diagram of elastic recoil detection.

Table 1. Content of Y elements (at.%) in the films under different
He/Ar ratios.

He/Ar ratio Y at.%

0 4.27(8)
1:1 3.36(8)
2:1 3.40(0)
4:1 3.56(6)
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in the ODS-FeCrNi films is almost independent of the He/Ar
ratio.

Figure 3 shows the XPS pattern of the Y2O3-doped
FeCrNi films fabricated through RF plasma magnetron sput-
tering under He/Ar=4:1 at 150 °C. The binding energy of
C1s was demarcated at 284.8 eV. After data correction, the
peaks of Y3d were determined at 157.45–157.75 eV, which
corresponds to the binding energy of Y3d5/2 electrons in
Y2O3 molecules, indicating that the Y element exists as Y2O3

in the fabricated films.

3.2. He content and distribution

Figure 4 shows the He content versus depth for the He-
charged FeCrNi-based film. It can be noted that the FeCrNi
films fabricated by DC/RF magnetron sputtering a 304-
stainless steel target contain a similar amount of helium (∼17
at.%), but the distribution of He in the films is slightly dif-
ferent. For the DC-sputtered film, the distribution of He atoms
changes little with increasing depth, while for the RF

sputtered sample, the He concentration decreases from ∼20
at.% around the surface to ∼14 at.% at the depth of 140 nm.
However once a Y2O3/304 steel composite target is used,
much less He (∼7 at.%) is introduced into Y2O3-doped
FeCrNi films than that in the Y2O3 free FeCrNi films, as
shown in figure 4. The reason may be related to the different
backscattering rate of He on different materials. Table 2 gives
the backscattering possibilities of He and Ar on 304 stainless
steel and Y2O3 ceramics as calculated by SRIM. It is noted
that for both 304 stainless steel and Y2O3 oxide, the back-
scattering possibility for He is much higher than that of Ar,
leading to He atoms being easily implanted into the films in
comparison with Ar atoms. Accordingly, the Ar ions are
mainly to sputter out the target atoms owing to their heavy
nuclei and much lower backscattering possibility.

On the other hand, the lower He level in the ODS-FeCrNi
films detected by the ERD technique is also partially asso-
ciated with the sink effects of nano-sized Y2O3 on He atoms.
It was reported by Edmondson [13] and Lu [14] that nano-
sized particles worked as trapping sites for He, which slowed
their migration and nucleation centers of He bubbles, and
therefore inhibited their further growth into large bubbles.
Considering the capturing effects of nano-Y2O3 particles on
He atoms and clusters in the ODS films, fewer He atoms
would be bombarded out from the Y2O3-doped films and
counted by the detector owing to the strong absorption of
Y2O3 particles, resulting in a seemingly and relatively low
atomic percentage of He in the Y2O3-doped films.

3.3. Microstructure characterization

Figure 5 gives the surface morphology of the He charged-
FeCrNi-base films doped or undoped with Y2O3, which were
fabricated through DC/RF plasma magnetron sputtering
under He/Ar=1:1 at 150 °C. As can be seen from this
figure, the RF-sputtered films shown in figures 5(b) and (c)
consist of smaller FeCrNi particles and have a smoother
surface in comparison with the DC-sputtered film, and the
addition of Y2O3 does not show obvious effects on film
morphology. Further comparing the cross-sectional morph-
ology of the He-charged FeCrNi films through different
sputtering routes, it is found that the films all consist of dense
columnar nanocrystals, as shown in figure 6, and the thick-
ness of the DC-sputtered, RF-sputtered and RF-sputtered
Y2O3-doped FeCrNi films are 4.7 μm, 2.2 μm, and 1.6 μm,
respectively. It is noted that the columnar crystals in the film
fabricated through RF magnetron sputtering are seemly finer
and more uniform than those in the FeCrNi films fabricated
through DC magnetron sputtering, which is consistant with
the results of surface morphology.

Figure 3. XPS pattern of the Y2O3-doped FeCrNi films fabricated on
a Si substrate under He/Ar=4:1 at 150 °C.

Figure 4. Helium content and distribution profiles in He-charged
FeCrNi-based films fabricated through DC/RF magnetron sputtering
under He/Ar=4:1 at 150 °C.

Table 2. Backscattering possibilities of 304 stainless steel and Y2O3

ceramics on He and Ar.

304 stainless steel Y2O3 ceramics

He 0.338 0.264
Ar 0.047 0.062
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To evaluate the effects of partial He pressure on film
surfaces morphology, different He/Ar ratios were used during
the process of fabricating Y2O3-doped films under the same
sputtering temperature of 150 °C, as shown in figure 7.
Although all the prepared films are found to consist of small
particles of a similar size, the particle-aggregated clusters
become smaller and the cluster-formed surface becomes
smoother as the He/Ar ratio increases from 0 to 2:1. Further
increasing He/Ar ratio to 4:1, irregular embossments appear
randomly on the smooth surface.

The cross-sectional morphologies of Y2O3-containing
FeCrNi films fabricated through RF magnetron sputtering
under different He/Ar ratios are shown in figure 8, and the
corresponding thickness under different He/Ar ratios is
1.5 μm, 1.3 μm, 1.0 μm and 0.9 μm respectively with
increasing He/Ar ratio. The results indicate that as the He/Ar
ratio increases in the mixed atmosphere, the He partial pres-
sure increases and the sputtering rate of the target accordingly
decreases, leading to a reduction in the thickness of the
deposited films. Further comparing the Y2O3-free and Y2O3-
containing FeCrNi films, the thickness in the Y2O3-added
FeCrNi films is smaller than that in the Y2O3-free films under
the same sputtering parameters, and this can be explained in
terms of the different sputtering yields of He and Ar on 304
stainless steel and Y2O3 ceramics simulated by the SRIM
program, as shown in table 3. Because of the smaller sput-
tering yield of He and Ar on Y2O3 ceramics than on 304
stainless steel, the films fabricated through sputtering Y2O3/

304 stainless steel composite targets are thinner than that of
the Y2O3 free films.

3.4. Nanoindentation

In order to investigate the influence of the He/Ar ratio and
Y2O3 dispersion on the mechanical properties, the nanoin-
dentation technique was used to evaluate the hardness of the
fabricated FeCrNi-based films. Three typical indentation-
depth curves of the Y2O3-doped FeCrNi films prepared under
He/Ar=4:1 are shown in figure 9. Due to the effects of
surface roughness and limitations of the CSM technique
[26, 27], the values of hardness fluctuate in the indentation-
depth range less than 200 nm. However, no significant dif-
ference is observed in the profiles of each single indent when
the indentation is deeper than 200 nm. Thus, the nano-hard-
ness of the ODS films deposited under each condition was
consequently obtained through averaging the values of
hardness-depth profiles located around 500 nm–1000 nm.

Figure 10 presents the nanoindentation hardness of
FeCrNi-based films versus He/Ar ratio under different con-
ditions, which are DC sputtered 304 stainless steel, RF
sputtered 304 stainless steel and the Y2O3/304 composite
target, respectively. It is noted that the undoped FeCrNi films
fabricated by DC/RF magnetron sputtering methods exhibit
close nanoindentation hardness under the same sputtering
atmosphere, which implies that the mode of magnetron
sputtering does not greatly affect the mechanical properties of
the films. However once He atoms were implanted into the

Figure 5. Surface morphology of FeCrNi-base films doped/undoped with Y2O3 fabricated on a Si substrate through DC/RF magnetron
sputtering under He/Ar=1:1 at 150 °C: (a) DC-sputtered FeCrNi films, (b) RF-sputtered FeCrNi films, (c) RF-sputtered Y2O3-doped
FeCrNi films.

Figure 6. Cross-sectional morphology of the He-charged FeCrNi-based films fabricated on a Si substrate under He/Ar=1:1 at 150 °C: (a)
DC-sputtered FeCrNi films, (b) RF-sputtered FeCrNi films, (c) RF-sputtered Y2O3-doped FeCrNi films.
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Figure 7. Surface morphologies of the films fabricated on Si substrates under different He/Ar ratios at 150 °C , He/Ar=(a) 0; (b) 1:1; (c)
2:1; (d) 4:1.

Figure 8. Cross-sectional morphology of Y2O3-doped FeCrNi films fabricated on a Si substrate through RF magnetron sputtering under
different He/Ar ratios at 150 °C, He/Ar=(a) 0; (b) 1:1; (c) 2:1; (d) 4:1.
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FeCrNi films, obvious hardening phenomena were observed.
Further compared with the Y2O3-doped results, the hardness
value of the Y2O3-doped FeCrNi films fabricated through RF
magnetron sputtering is more stable and larger than that of
undoped FeCrNi films, indicating that the addition of dis-
persion Y2O3 particles could enhance the hardness of the
films and improve the stability of the mechanical properties.
Considering hardening mechanisms, the nanoindentation
results demonstrated that although both He atoms and Y2O3

particles can play an important role in improving the

mechanical properties of the FeCrNi film, the hardening
effects induced by Y2O3 particles are more predominant, as
confirmed by the higher hardness value under the same He/
Ar sputtering conditions. It is worth pointing out that to
clearly understand the hardening mechanisms induced by He
and nano-size Y2O3 particles, more investigations from the
atomic scale would be necessary based on the combination of
theoretical simulation and experimental studies.

4. Conclusion

He-charged ODS-FeCrNi films were deposited by RF plasma
magnetron sputtering under a He and Ar mixed atmosphere at
150 °C, and He-charged FeCrNi films were also fabricated
under the same conditions through DC/RF magnetron sput-
tering for comparison. The concentration of He was controlled
by adjusting the He/Ar ratios to 0, 1:1, 2:1 and 4:1, respec-
tively. AES-ICP and XPS analysis confirmed that the Y element
exists as Y2O3 in the films and the content of Y2O3 is about
1.7%–2.1%. The cross-sectional SEM images confirmed that
the obtained films are composed of dense columnar nanocrys-
tals, which are finer and more uniform in RF-sputtered films.
The He/Ar ratio has a great influence on the thickness of the
films regardless of whether the mode of magnetron sputtering is
DC or RF. Nanoindentation results showed that the hardness of
the Y2O3-doped films has a higher value and better stability
than that of the FeCrNi films fabricated through DC/RF mag-
netron sputtering 304 stainless steel, which have similar hard-
ness values at each He/Ar ratio. ERD analysis shows that the
FeCrNi films fabricated through DC/RF magnetron sputtering
304-stainless steel contain similar amount (∼17 at.%) of
helium. However, the amount of He in the DC-sputtered film
changes little with the increasing depth, while it decreases from
∼20 at.% around the surface to ∼14 at.% at the depth of
140 nm in the RF-sputtered film. Much less He was detected in
the Y2O3-doped FeCrNi films than in the films undoped with
Y2O3 owing to the lower backscattering possibility of He on
Y2O3 than on 304 stainless steel, as well as the inhibition effect
of nano-sized Y2O3 particles on He.
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