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He-charged FeCr based nanocrystalline films were fabricated at room temperature in a mixed atmosphere
of He and Ar by radio frequency magnetron sputtering. The effect of the He/Ar ratio on the crystalline
structure, surface morphology, He desorption behaviors, and the size and distribution of He bubbles had
been investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermal desorption
spectrum (TDS), and transmission electron microscopy (TEM), respectively. The results of XRD revealed
Keywords: that He-charged FeCr based films had a typical bcc structure. Surface SEM images showed that the grain
FeCr size of FeCr based films decreased with the He/Ar ratio increasing. The results of TDS profiles exhibited
Helium bubbles that these desorption peaks corresponded to the release of He atoms dissociated from surface, He,V
Evolution (2<n<6), He,Vy, (1<n, 2<m), and He bubbles, respectively. Based on the results of TEM observation, the
Thermal desorption density of He bubbles was proportional to the He/Ar ratio, while the size of He bubbles could be scarcely
Magnetron sputtering influenced by the He/Ar ratio.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

FeCr based steels have been recognized as one of the most im-
portant candidates of structural materials for fusion reactors and
advanced fission reactors, due to their good thermal conductivity,
low corrosion, and high resistance to irradiation-induced swelling
[1-3]. Besides, He atoms are often produced through (n, ) reac-
tions and ternary fission in fusion and fission reactors [4]. As is
well known, He atoms are extremely low insoluble in metals and
are mobile due to their low migration energy of 0.078eV in steels
[5]. Therefore, He atoms trapped by the defects can easily migrate,
diffuse, and accumulate in steels. These accumulated He atoms can
be trapped easily by radiation-induced defects, which has a strong
tendency to promote He bubbles nucleation and growth. The pres-
ence of He bubbles can result in performance degradation of the
structural materials, such as fast creep rupture, swelling, and em-
brittlement [6, 7].

Nanostructured materials have been exhibited to have excellent
resistance to irradiation due to the high dislocation density and
the large volume fraction of grain boundaries which can act as
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an important sink for radiation-reduced defects [8-11]. Many ex-
perimental studies about some radiation effects especially He ef-
fects on nanocrystalline materials have also been reported [12-15].
However, for He effects on nanocrystalline FeCr-based alloy, they
were still rarely studied yet. Therefore, a detailed study about He
effects on the properties of nanocrystalline FeCr-based alloy is very
necessary, which can be helpful for the improvement of FeCr based
alloy as the nuclear structural material.

There are many methods to introduce He atoms into samples,
including ion implantation [16-18], radioactive decay of tritium
[19-22] and neutron irradiation [23-27]. For the above ways, they
still have some disadvantages in the process of He atom introduc-
tion. For example, He ion implantation can introduce controlled
and quantitative He atoms into the investigated samples, but it is
difficult to make these introduced He atoms distribute uniformly
in materials. Also, for the radioactive decay of tritium, although
it can introduce homogeneously He atoms into materials, the ex-
periment process requires a long half-life radioactive period (about
12.3 years). Furthermore, neutron irradiation can cause a serious of
irradiation-induced damage, which makes the study of He behavior
more complex.

In recent years, an effective and convenient way of magnetron
sputtering in He/Ar mixed atmosphere is developed to obtain
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He-charged metal nanocrystalline. This technique was initially re-
ported by Mattox and Kominiak [28] to capture He atoms into
Au films. Nowadays, it has been developed to prepare other He-
charged metal films, such as He-charged Al films [29], Cu films
[30], Ti films [31] and W films [32-34] and so on. What’s more,
some experimental results have also demonstrated that different
He concentrations can be achieved by adjusting the ratio of He/Ar
fluxes to the vacuum chamber [29, 33].

In the present work, He-charged FeCr based nanocrystalline
films were fabricated by radio frequency (RF) magnetron sputter-
ing in a gas mixture of He and Ar. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) were used to characterize the
crystalline structure and microstructure of FeCr based films with
various He content. The element energy dispersive X-ray spectrom-
eter (EDS) was used to confirm the element composition of sam-
ples. The desorption behaviors of He in FeCr based films were
studied using thermal desorption spectroscopy (TDS). Besides, the
amount, size and distribution of He bubbles were investigated by
transmission electron microscopy (TEM).

2. Experimental

FeCr based films with He and without He were prepared by RF
magnetron sputtering. A FeCr based alloy (Fe18Cr alloy) block (60
mm in diameter and 3 mm in thickness) was used as the sput-
tering target. The distance between the target and the substrate
was 5 cm. The magnetron sputtering cavity before sputtering was
pumped to a base pressure below 8.0 x 1.0~ Pa by a turbomolec-
ular pump. The work gases were Ar gas and He gas. The target was
water-cooled so that the temperature could be kept at 20°C during
the sputtering process. The FeCr based films were deposited onto
Si (111) single crystal sheets (10.0 mm x 10.0 mm x 0.5 mm) at
room temperature. Prior to the deposition, the Si substrates were
firstly cleaned with a 3% HF solution etching to remove any SiO,
from the surface, then washed out by deionized (DI) water in an
ultrasonic washer for several minutes. All FeCr based films were
deposited for 4 h at the work gas pressure of 1.0 Pa and deposited
power of 70 W. To acquire FeCr films containing different He con-
tents, the He/Ar ratio was adjusted at 0, 1:1, 2:1 and 4:1, respec-
tively.

The crystal structure of FeCr films prepared under different
He/Ar ratios was investigated by XRD (A Philips X'pert PRO) at
a small incident angle of 1° with Cu-Ko radiation (wavelength:
0.15418nm). XRD patterns in the 20 range were recorded from 30°
to 90° with a step size of 0.02°. The surface and cross-section mor-
phology of the deposited films was confirmed by field emission
scanning electron microscopy (FESEM, Sirion 200 FEG). The sec-
ondary electrons produced by a 5 keV electron beam were de-
tected by the in-lens detectors system. The element composition
of the deposited films was evaluated by an energy dispersive X-
ray spectrometer (EDS) analysis using EDX XFlash 3001 detector
and the Oxford Instruments INCA Energy system. The accelerating
voltage used was 10 keV. Helium release characteristics in FeCr
films were measured by thermal desorption spectroscopy (TDS).
The film samples were linearly heated up to 1000°C after about
100 min (10°C/min) and then remained for 30 min. He released
from samples was detected with a quadruple mass spectrometer
(QMS). Through collecting the mass spec response of He versus
sample temperature, He desorption behaviors can be obtained and
analyzed. The size and amount of He bubbles were confirmed by
TEM (JEOL-2100, Japan) with an accelerating voltage of 200 kV. The
film TEM samples were made using a complex method. First, we
cut film samples deposited on Si substrates into two same rectan-
gular slices (3 mm x 2 mm x 0.5mm). The two slices were glued
face to face using a Gatan G1 epoxy glue to make a sandwich con-
sisting of the Si/films/glue/films/Si layers. Then the sandwich was
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held in a copper ring with 3 mm outer diameter and 2 mm in-
ner diameter. The samples were thinned by mechanical polishing
on abrasive paper of P3000 until to obtain a thickness lower than
10 um and then argon ion milling on both sides (ion beam angles
equal to +4° and —4°). In order to estimate the number density of
He bubbles, the local thickness of TEM samples was measured by
EELS log-ratio approach, which causes an uncertainty of +10% [35].
The thickness of the observed region of TEM specimen is ~80 nm
in this work.

3. Results and discussion
3.1. Crystalline structure and microstructure of FeCr films

XRD patterns of FeCr films prepared under different He/Ar ra-
tios are shown in Fig. 1(a). Two diffraction peaks are observed in
the XRD patterns, which can be assigned as the (110) and (211)
planes of Fe phase. As shown in Fig. 1(a), with the increase of
He/Ar ratio, the diffraction patterns show a remarkable line broad-
ening trend. It indicates that the line broadening should be the
cause of the trapped He atoms during the film deposition pro-
cess. A similar phenomenon was also reported by Shi [31] and
Jia [29]. In their work, they claimed that the broadening of the
diffraction peaks should be the results of the lattice distortion and
grain refinement. Furthermore, the lattice distortion can also lead
to the shift of peak position. However, in our work, the peak posi-
tion was not shifted in the XRD patterns. Moreover, dislocation can
also cause the peak broadening [36, 37]. Also, although the dislo-
cations were found in deposited FeCr films in the subsequent ex-
periments, the dislocation density was very low. This suggest that
the effects of the dislocation and the stress on the peak broaden-
ing can be negligible, and the diffraction peak broaden should be
mainly caused by grain size. Despite we cannot calculate the accu-
rate grain size by the results of XRD patterns due to the limitation
of the XRD method, the decreasing trend of the grain size with the
He/Ar ratio increasing should be convincing. That is, the addition
of He during film deposition can cause the refinement of grain.

Fig. 2(a-d) show the surface morphologies of FeCr films de-
posited under different He/Ar ratios at RT. As shown in Fig. 2(a-
d), all the FeCr films exhibit a completely dense microstructure,
in which many spherical grains are observed. The addition of He
induced the change of surface morphology of FeCr films. With
He content increasing, the grain size was reduced. In a word, He
atoms, which was introduced into FeCr films, can refine the grains

He/Ar=0
He/Ar=1
He/Ar=2

Intensity (arb.unit)
3

gV iade &

Ao

30 40 50 60 70 80 90
2 Theta(®)

Fig. 1. (a) XRD patterns of FeCr films fabricated on Si substrates at RT under differ-
ent He/Ar ratios of 0, 1:1, 2:1, and 4:1.
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Fig. 2. Surface and cross-sectional morphology and of FeCr based films deposited on Si substrates at RT under various He/Ar ratios: (a) and (e) 0; (b) and (f) 1:1; (c) and (g)

2:1; (d) and (h) 4:1.

Table 1
Element composition of FeCr based films
fabricated under varying He/Ar ratios.

He/Ar ratio  Cr (wt.%)  Fe (wt%)
0 16+0.2 8440.2
1 15+0.3 8540.3
2 17+0.1 83+0.1
4 16+0.2 8440.3

of these films and improve the roundness and uniformity of glob-
ular grains. The cross-section morphologies of FeCr films were pre-
sented in Fig. 2(e-h). These films have the typical columnar crystal
structure. The film thickness ranges from 1.2 um to 2.8 um. The
differences in grain sizes of these films were not easy to be distin-
guished from the cross-section morphologies of films, because the
grain sizes are very small and the columnar crystal structures are
very dense.

Table 1 shows that the results of EDS analysis for FeCr based
films synthesized under different He/Ar ratios. As presented in
Table 1, each film contains the nearly same amount of Fe and Cr.
This indicates that the effects of the He/Ar ratio in the mixed gas
on the element composition of the deposited films can be ignored.
It is worth noting that He can’t be detected by EDS because EDS
isn’t sensitive to light elements, especially H and He.

3.2. He desorption behaviors of FeCr based films containing helium

The TDS profiles of FeCr films fabricated on Si substrates un-
der different He/Ar ratios (0, 1:1, 2:1, 4:1) at RT are shown in
Fig. 3. As presented in Fig. 3, the integrated intensity of desorp-
tion peaks increases with the He/Ar ratio increasing, which is con-
sistent with the positive correlation between the He concentration
and the He/Ar ratio of the mixed gas. It is obvious that there is no
He releasing peak in the films at He/Ar=0 due to no He atoms. For
the FeCr films prepared at He/Ar=1, 2 and 4, the released signal
can be divided into four groups. In general, Group I is located at
250°C~400°C, the second desorption peaks (Group II) occur around
600°C, Group III is shifted to a temperature range (800°C-850°C)
and Group 1V is obtained at the higher temperature (>1000°C).

From the results of TDS profiles shown in Fig. 3, the activation
energies corresponding to the various He desorption peaks can be
calculated. In general, based on simple first-order dissociation ki-
netics, the desorption process is described by the followed equa-
tion [38, 39]:
dn
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Fig. 3. Thermal desorption spectrum of FeCr films deposited on Si substrates at RT
under different He/Ar ratios of 0, 1:1, 2:1 and 4:1, respectively.

Table 2
Desorption temperature and desorption energy.

Desorption temperature (K)  Desorption energy (eV)

673 1.9
873 2.5
1073 3.07

Where N is the number of defects trapping He atoms at tempera-
ture T. v is the jumping frequency (assumed to be 10'3/s), E is the
He desorption activation energy for the specific capture site. kg is
the Boltzman constant.

In this study, the heating process was carried out at a constant
heating rate, the peak temperature T, and the desorption energy E
obey the following equation [40, 41]:

2InT, — Inp = E/kgT, + In(E/(kgT)) (3)

According to the Redhead equation [42], the He desorption en-
ergy E is reckoned as:

E = (In(vT,/B) — 3.64)ksT, (4)

The desorption energy of He atoms from the various defects
was estimated by the above Eq. (4). The results of desorption en-
ergy for the specific desorption temperature are shown in Table 2.

When He/Ar=1 and 2, the profiles didn’t present in Group II.
However, the profile arose the Group II located at 600°C. In the
case of He-charged FeCr films, Group I mainly is attributed to the
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Fig. 4. TEM images of FeCr films prepared at RT under different He/Ar ratios of (a)
0, (b) 1:1, (c) 2:1, and (d) 4:1, respectively.

release of He trapped by a vacancy in the neighborhood of the sur-
face, these He atoms are trapped during the deposition process
and are dissociated during the low-temperature annealing [43].
The temperature of Group I and Group III is close to that of the
desorption of He from in He,V (2<n<6) and He,Vy (1<n, 2<m)
[44-47]. For Group III, the desorption temperature is about 850°C
when He/Ar=1 and 2. While the desorption temperature is 780°C
when He/Ar=3. This means that the He atoms can be easily dis-
sociated from He,Vy easily when the He/Ar ratio increase. This
is because the binding energy of He atoms to the He,Vy, cluster
decreases as the He-to-vacancy ratio increase [48]. Therefore, the
increased He/Ar ratios can result in a higher He-to-vacancy ratio
in the deposited films, which may make He atoms release at the
lower temperature. There is no He desorption peaks (850°C-950°C)
due to y-transformation in FeCr films. The result is similar to that
of Fe-Cr alloys implanted by He* ion [49]. For Group IV (>1000°C),
it may be ascribed to the release of He atoms from bubbles. The
above results demonstrated that different types of He atoms can
be introduced into the deposited FeCr films. Meanwhile, from the
TDS spectra, more He atoms were implanted into the FeCr films
with the increasing He/Ar ratio, which was consistent with the re-
sults of the following TEM observation.

3.3. Size and distribution of He bubbles

TEM observations with an under-focus condition (~800 nm)
were performed in Fig. 4 to characterize the morphology and dis-
tribution of He bubbles. Fig. 4(a) shows that a large number of
bubbles are homogeneously dispersed in the deposited films. This
phenomenon is consistent with the result of O. El-Atwani et al.
[50] in which they found that He bubbles were distributed uni-
formly in UFG and NC tungsten bombarded with 8keV He* ion at
RT during an in-situ experiment. Similar results were also reported
by P. D. Edmondson et.al. [51]. In their study, it was relatively uni-
form that the size distribution of He bubbles measured from the
regions of the highest slope of concentration for the samples irra-
diated to 6.75 x 1020 He m~2. However, a significantly inhomo-
geneous size distribution was observed in the TEM images of the

Journal of Nuclear Materials 555 (2021) 153136

—_—
(o))
—
(o))

-m-Bubble size
-m- Bubble density

—_
[\
T
L
Ju—
\S}

[0 e]
(W _01x) Aisuop a[qqng

Bubble size (nm)
j=]
o]

<
~
T
1
N

S
=)
S

2 3
He/Ar ratio

Fig. 5. Diameter size and density of He bubbles in FeCr films prepared at RT under
different He/Ar ratios of 1:1, 2:1 and 4:1, respectively.

samples irradiated to 2.25 x 102! He m~2. This is because that the
high dose He' ions may induce some bubble agglomeration [52].
Therefore, the distribution of He bubbles introduced by magnetron
sputtering is similar to the result acquired by a low dose of He*
ion implantation.

As shown in Fig. 4(a) and (b), grain boundaries and dislocations
are decorated by He bubbles. The preferential nucleation sites for
He bubbles may be attributed to misfit dislocation, grain bound-
ary orientation and free volume regions at the grain boundaries
[52, 12]. Specifically, vacancies were produced during magnetron
sputtering which could easily accumulation at grain GBs. These va-
cancies trapped by GBs may drag He atoms to GBs as a result of
the He-vacancy affinity. Generally, the migration energy of He in
the metal lattice is very small, and the binding energy of He to va-
cancies along GBs is strong. Thus, the introduced He atoms would
easily diffuse to precipitation into He-vacancy clusters and then
grow into bubbles. Besides, to obtain the effect of He/Ar ratio on
He bubble size, 300 He bubble diameters were measured in TEM
images. As shown in Fig. 5, when He/Ar=1, He bubble diameter is
about 0.9 nm. When He/Ar=2, He bubble diameter is 1.1 nm, and
when He/Ar=4, the diameter of bubbles is about 1 nm. This indi-
cates that He bubble diameter has no significant change with the
He/Ar ratios increasing. It can be seen that the bubble density in-
creased when the He/Ar ratio increased. This is because with the
increase of He/Ar ratio, more He atoms can be trapped into the de-
posited FeCr films, which can contribute to forming more He bub-
bles. The result is also identical to the TDS profile shown in Fig. 3.
What's more, utilizing the detailed calculations, the bubble density
was found to be proportion to the He/Ar ratio. However, the pos-
itive relationship between the bubble density and He/Ar ratio is
only an approximation. In the actual deposition process, with the
increase of the He/Ar ratio, the probability of collision among He
atoms and He atoms each other may also increase, which will re-
sult in the density of the implanted He atoms less than that in
the ideal case. The above results suggested that He bubbles with a
specific number density could be introduced into the investigated
samples by magnetron sputtering, which will be a benefit for the
future study of nuclear materials, particularly the study of He ef-
fects on nuclear structural materials.

4. Conclusion

FeCr films with various He concentrations were prepared in the
mixed atmospheres with different He/Ar ratios. XRD and EDS anal-
ysis exhibited the evolution of the structure and main element
compositions of He-charged FeCr films. SEM observations and XRD
analysis suggested that the grain size of films decreased with the
He/Ar ratio increasing. The results of TDS showed that He-charged
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FeCr based films fabricated under different He/Ar ratios (0, 1:1, 2:1,
4:1) at RT had different desorption peaks. These peaks could be
divided into four groups: Group I (250°C-400°C), Group II (around
600°C), Group III (850°C-950°C) and Group IV (above 900°C), which
were assigned to the release of He atoms dissociated from sur-
face, He,Vin, complexes, and He bubbles, respectively. Meanwhile,
the position of the corresponding desorption peaks was shifted to
the lower temperature when the He/Ar ratio increased due to the
increase of the He-to-vacancy ratio. TEM images suggested that He
bubbles were distributed homogeneously in the grain interiors, and
the size of He bubbles had no noticeable change with the increase
of the He/Ar ratio.
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