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Abstract

The synergistic effects of irradiation and tensile deformation on the corrosion behavior of the GH3535 alloy in FLi-NaK
molten salt were explored. Helium bubbles were introduced into the GH3535 alloy, followed by mechanical loading with the
plastic strain up to 10%. After immersion in molten salt for 300 h, all the samples exhibited a corrosion-induced Cr depletion
layer. The depth of the Cr depletion layer increased by 40% for the alloy with helium ion irradiation and 10% plastic defor-
mation, compared with that for the only corroded sample. Moreover, the proportion of large-sized helium bubbles increased
with plastic deformation. These results indicate that the coupling effects of irradiation and tensile deformation accelerate
the corrosion of the GH3535 alloy. In addition, in a molten salt environment, an unexpected outward migration behavior
of helium bubbles was observed under different plastic deformation. Helium bubbles migrated closer to the surface as the
strain increased up to 3%, while the migration depth declined when the strain reached 10%. This is ascribed to the interaction
between deformation-induced dislocations and helium bubbles.
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1 Introduction complex operating environment, mechanical stress- induced
local deformation is known to be a governing factor that
complicates the behavior of in-reactor materials [5]. In the

widest commercialized pressurized water reactor (PWR),

Safety and reliability are the main issues in developing
future advanced nuclear energies [1, 2]. However, structural

materials are facing significant challenges, e.g., higher tem-
peratures, higher neutron irradiation doses, and more cor-
rosive environments, particularly as nuclear reactors advance
toward fourth-generation concepts [2—4]. In addition to the
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irradiation-assisted stress corrosion cracking (IASCC) was
recognized as the primary cause of failure of key compo-
nents within the reactors [6—8]. Interest in elucidating the
mechanism of [ASCC has thus been continuous for more
than half a century [9]. In contrast to the breath of studies
on IASCC in PWRs, our knowledge about the synergistic
effects of deformation and the operating environment on
material properties remains limited for the Generation IV
nuclear reactors [10].

The molten salt reactor (MSR) is one of the six most
promising Generation IV fission reactors [11-13]. The
GH3535 alloy (Ni- 17Mo- 7Cr) is specially developed as
the main structural material of the MSR for its superior
corrosion resistance to molten salt. Numerous studies have
been performed to investigate the essential mechanism of
property degradation of the GH3535 alloy under irradiation
[14—16], molten salt corrosion [17, 18], and stress fields [19,
20], respectively. i) Previous research has highlighted the
role of helium bubbles, which originally form owing to the
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transmutation reaction of neutrons with boron and nickel in
the GH3535 alloy in the reactor [21]. The typical irradia-
tion defects lead to swelling, hardening, and embrittlement
of the GH3535 alloy [16, 22, 23]. ii) Specifically, in high-
temperature molten salt environments, outward diffusion
and coalescence of helium bubbles were observed [24-26],
leading to the formation of holes on the surface of the alloy,
which further accelerated the matrix corrosion of nickel-
based alloys in fluoride molten salt. iii) Moreover, under
mechanical loading, local deformation and dislocations are
involved. Helium bubbles were elongated and necked after
multiple dislocation cutting accompanied by internal surface
diffusion. With further deformation, coalescence of adja-
cent bubbles led to the formation of void in the high bubble
density zone, while fragmentation produced a bubble-free
channel in the low bubble density zone [27, 28]. Irradia-
tion-induced dislocation loops were gradually fragmented
or cleared by mobile dislocations, or annihilated by vacan-
cies generated during irradiation to produce the defect-free
channels. This process resulted in a sharp reduction in the
number of dislocation loops [29, 30]. The above behaviors
of helium bubbles under near serving condition may mani-
fest diversification in the microstructure evolutions of alloys,
degrade the properties of the GH3535 alloy, and further
jeopardize the operation safety of MSRs. Thus, it is crucial
to clarify the mechanism of helium bubble evolution under
the complex environment combined with irradiation, molten
salt corrosion and the stress field.

In this study, helium ion irradiation was carried out on
the GH3535 alloy to introduce helium bubbles. Mechanical
loading was applied to irradiated and unirradiated samples to
achieve plastic deformation of 1%, 3%, 10%. Subsequently,
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Fig. 1 a Schematic diagram of the dog-bone-shaped flat tensile sam-
ple. Sample dimension in mm; b Irradiation damage (black line)
and helium concentration profile (red line) as functions of the depth
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all the samples were exposed to fluoride molten salt at
750 °C for 300 h. The helium bubble evolution, microstruc-
tural variations, and elemental distributions before and after
corrosion were analyzed in detail to investigate the syner-
gistic effects of irradiation and deformation on corrosion
performance. Furthermore, the mechanisms of the helium
bubble migration were discussed in irradiated samples with
different strains after molten salt corrosion, which helps us
better understand and predict the long-term service perfor-
mance of alloys in MSRs.

2 Materials and experimental methods

The GH3535 alloy was fabricated into dog-bone shaped ten-
sile samples with a gage dimension of 8§ mm X 2 mm X 1 mm
(Fig. 1a). The tensile samples were mechanically polished
to obtain a mirror- smooth surface. Electropolishing was
performed in mixed solution with 10 vol% DI water, 40 vol%
C;HO;, and 50 vol% H,SO, at 40 V for approximately 10 s
to remove the surface stress layer.

Irradiation was performed on the tensile samples with 2.5
MeV helium ions to fluences of 1 x 10'7 jons/cm? at 750 °C
using a 4 MV pelletron accelerator located at the Shanghai
Institute of Applied Physics, Chinese Academy of Science.
The irradiation damage (dpa) and He concentration as func-
tions of irradiation depth were calculated via the “Kinchin-
Pease quick calculation” mode in the Stopping and Range
of Ions in Matter (SRIM) software (Fig. 1b). The maximum
irradiation depth was about 4.5 pm from the surface. The
peak helium concentration was around 4.05 at.% at a depth
of about 4.1 pm, and the peak irradiation damage was around

‘(e) IPF

calculated by SRIM in irradiated GH3535; c¢-h IPF and KAM maps
representing grain structure and strain distribution in the unirradiated
GH3535 alloy followed by 0%, 3% and 10% strain
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1.88 dpa at a depth of about 4.05 pm. The irradiated and
unirradiated samples were stretched to real plastic strain of
1%, 3% and 10% respectively at a strain rate of 0.005/min,
referenced as IC-1, IC-3, IC-10, UC-1, UC-3, and UC-10,
respectively. Figure 1c—h depicts the inverse pole figure
(IPF) map and kernel average misorientation (KAM) map
of the GH3535 alloy followed by 0%, 3%, and 10% strain.
With increasing strain, more grains underwent local defor-
mation. And UC-10% had the greatest stress concentration,
especially along grain boundaries.

A molten salt corrosion experiment was carried out on
the unirradiated and irradiated tensile samples followed by
different plastic strains. The samples were immersed in a
dried high-purity graphite crucible filled with 148 g puri-
fied FLiNaK (LiF-NaF-KF: 46.5—11.5-42 mol.%) salts
at 750 °C for 300 h. The main alloying impurity elements
were reduced to less than 10 ppm (1.94 ppm Fe, 2.52 ppm
Cr, 9.76 ppm Ni), which was estimated by inductively cou-
pled plasma-optical emission spectrometry (ICP-OES). The
whole experimental process was carried out in an argon gas
glove box with oxygen and water contents less than 5 ppm.
Details of the suspension methods for samples are available
in Ref. [31]. The irradiation-induced defects and the micro-
structures of the samples before and after molten salt corro-
sion were characterized by transmission electron microscope
(TEM, FEI Tecnai G2 F20). TEM samples were prepared

using a focused ion beam (FIB, FEI Helios nanolab 600).
The thickness of all samples was calculated to be 70 nm
by convergent beam electron diffraction (CBED) technique.
The average size and the number density of helium bubbles
were estimated over 5 regions of TEM images at 100 nm
scale. The variation trend of alloying elements was measured
by energy dispersive spectroscopy (EDS) using an electron
probe micro-analyzer (EPMA, SHIMADZU EPMA-1720 H)
for the samples after molten salt corrosion.

3 Results

For molten salt corrosion, the thickness of the Cr deple-
tion layer is used to characterize the corrosion properties of
GH3535 due to the preferential corrosion of active alloy-
ing elements in the high-temperature molten salt, accord-
ing to their Gibbs free energy of fluoride formation [32].
The distribution of main alloying elements with depth is
obtained using EPMA line scans to evaluate the corrosion
depth quantitatively in unirradiated and irradiated GH3535
alloys with 0%, 3%, and 10% tensile strain after corrosion
(for short, UC-0, UC-3, UC-10, IC-1, IC-3, IC-10) as seen
in Fig. 2. A sensibly decreased Cr content in the near-surface
region was observed in all samples. The variation of Cr in
three different regions on each sample is shown in Fig. 2.
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Fig.2 Cross-sectional EPMA line scan displaying elemental concentration with respect to depth in unirradiated and irradiated GH3535 alloys

followed by 0%, 3% and 10% strain after corrosion

@ Springer



189 Page4of9

H.Liuetal.

For all the unirradiated samples, the average thickness of
the Cr-depletion layer had no apparent distinctions as the
applied strain increased. It can be ascribed to significant
stress relaxation in the early stage of thermal exposure dur-
ing 750 °C molten salt corrosion. The deformation formed in
the sample after stress relaxation is insufficient to affect the
diffusion rate of Cr [33, 34]. The Cr depletion depth of the
IC-0 sample was 3.15 pm, which slightly increased than that
of the UC-0 sample (2.75 pm), showing that irradiation pro-
motes the corrosion of the alloy, and this value was 3.62 pm
and 3.82 pm for IC-3 and IC-10 samples, respectively. It is
evident that the thickness of the Cr deposition layer in IC-10
sample increase by 1.07 pm compared to the UC-0 sample,
indicating irradiation followed by 10% strain promotes the
corrosion of the alloy.

The microstructure evolution of helium-ion irradiated
tensile samples was analyzed. Helium bubbles can be
observed with the average size of 4.62 + 0.64 nm and num-
ber density of 1.18 x 10> m?. No obvious variations in the
mean size and density of helium bubbles with the increasing
of plastic strain (see Supplementary material). Figure 3a,
b, ¢, and d shows the cross-sectional TEM images of the
irradiated GH3535 alloy followed by 0%, 1%, 3%, and 10%
strain after corrosion (for short, IC-0, IC-1, IC-3, IC-10). It
is obvious that a large hole was found at the peak damage
region in IC-0 (Fig. 3a), IC-1(Fig. 3b), IC-3 (Fig. 3c), and
IC-10 (Fig. 3d) samples, revealing that irradiation deterio-
rate molten salt corrosion. Figure 3al-a4, bl-b4, c1—4, and
d1-d4 show the helium bubble distribution in four represent-
ative regions of the IC-0, IC-1, IC-3, and IC-10 samples. In
the beginning region (Fig. 3al, bl, cl and d1) where helium
bubbles can be observed, the sizes of helium bubbles were
small in all the four samples. The maximum size of helium
bubbles emerges in the vicinity of the peak damage region,
and these helium bubbles tend to grow along dislocations,
as shown in the near peak damage region (Figs. 3a2, b2,
c2, and d2). In the peak damage region, some helium bub-
bles have irregular shapes with quadrilaterals and polygons.
In particular, helium bubbles are elongated along the (111)
direction in the IC-10 sample. Helium bubbles overlap and
tangle with each other to form larger-sized bubbles, which
are more pronounced in the IC-1, IC-3, and IC-10 samples
than that in the IC-0 sample.

Helium bubbles in four typical regions are quantitatively
analyzed for the irradiated alloys followed by different plas-
tic strains. We calculate the depth at which helium bubbles
begin to appear, the mean diameter of helium bubbles near
and within the peak damage region, and the number densi-
ties of helium bubbles in the peak damage region, as shown
in Table 1. The emergence depths of helium bubbles for
all the samples (IC-0, IC-1, IC-3, IC-10) are less than that
of the U-0 samples (3.41 pm). It is obvious that helium
bubbles migrate toward the surface of the alloy. It is worth
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noting that helium bubbles move closer to the surface as the
strain increases up to 3%, while they fall back for the IC-10
sample. The emergence depth of helium bubbles is similar
between IC-10 and IC-0. In the near-peak damage region,
the mean size of helium bubbles varies from 14.58 + 6.79 pm
for IC-0 to 19.97 + 6.28 pm for IC-10, indicating a slight
coarsening of the helium bubbles with increasing strain. In
the peak damage region, the mean size of helium bubbles
increases by more than 3 times, while the densities of helium
bubbles decrease by an order of magnitude compared with
those in the as-irradiated alloy, which can be attributed to
the corrosion-induced oversaturated vacancies enhancing the
migration of helium atoms [25]. In addition, there were no
obvious differences in the average size and density of helium
bubbles with increasing strain.

It can be seen in Fig. 3 that helium bubbles of peak dam-
age region are not uniform in size after corrosion. Thus,
we calculate the helium bubble size distribution of irradi-
ated GH3535 alloy followed by different plastic strain after
molten salt corrosion, as plotted in Fig. 4. Over 50% of the
helium bubbles size are within the range of 5-10 nm for
the IC-0 sample, while those are in the range of 10-15 nm
for samples with applied strains. The proportion of small-
sized helium bubbles (<10 nm) is higher for the IC-0 alloy
(59.01%) than for the specimens after tensile deformation
(17.38% for IC-1, 17.95% for IC-3, and 10.40% for IC-10).
In addition, the proportion of large-sized helium bubbles
(>15 nm) is 7.66% for 1C-0, 21.43% for IC-1, 21.92% for
IC-3, and 33.56% for IC-10, respectively. These results indi-
cate that helium bubbles tend to grow after applying plastic
strain, and suggest that there is synergic effects of irradiation
and strain on the molten salt corrosion.

4 Discussion

4.1 The synergistic effect of irradiation and tensile
strain on molten salt corrosion of GH3535 alloy

Based on the above results, the coupling effect of irradiation
and strain accelerates the molten salt corrosion of GH3535
alloy, which can be mainly manifested in two aspects. First,
the thickness of the Cr depletion layer of IC-10 (3.82 pm)
increased by 40% compared with the UC-0 alloy (2.75 pm).
Second, holes appeared in the peak damage region of the
irradiated and strained alloys, and the proportion of large-
size helium bubbles in irradiated sample followed by 10%
strain (33.56%) was 4.4 times that of the irradiated alloy
without plastic deformation (7.66%).

The formation of the cavity in the irradiated and stretched
alloy can be attributed to the growth of the helium bub-
bles [25, 26]. These holes can become the initial location of
cracking, accelerating corrosion and reducing the lifetime of
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Fig.3 Cross-sectional TEM
images of the irradiated
GH3535 alloy followed by a

0% (IC-0), b 1% (IC-1), ¢ 3%
(IC-3), and d 10% strain (IC-10)
after corrosion. Helium bub-
bles distribution in four typical
regions in Fig. fig3a—d. al-d1
helium bubbles emergence
region; a2—d2 near peak damage
region; a3—d3 peak damage
region; a4—d4 helium bubbles
termination region

the alloy in the reactor. The size of helium bubbles near the
cavity is more prone to coarsening (Fig. 5b), and when they
encounter with each other, further rupture into cavities. In
addition, helium bubbles were observed to grow along the
interface of precipitates (Fig. 5c and d), which is due to their
role as defect sink [35]. On the other hand, plastic strain fur-
ther promotes the growth of helium bubbles. According to
the “deformation and coalescence” mechanism [36], bubbles

Termination
region

Near peak
damage region

Peak damage

Emergence
region

region

will perform coalescence via the elongation in the direction
of tensile stress loading. In this study, there was no signifi-
cant change in the average size and density of helium bub-
bles with plastic strain increasing. This may be due to the
fact that the bubbles are too dense, thus the statistical data is
not obvious. However, large-size helium bubbles meaning-
fully increased in the irradiated and stretched samples after
molten salt corrosion, possibly owing to the deformation and
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Table 1 Summary of characteristic in four representative regions of
the irradiated GH3535 alloy followed by 0%, 1%, 3% and 10% strain
after corrosion

Sample IC-0 IC-1 1C-3 1C-10

The depthat  2.02 0.72
which

helium bub-
bles

begin to
appear

(pm)

Helium bub-
bles

mean diameter
near

the peak dam-
age

region (pm)

Helium bub-
bles

mean diameter
in

the peak dam-
age

region (nm)

Helium bub-
bles

densities in the

peak damage

region (m™3)

near-surface 2.12
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Fig.4 Helium bubble size distribution of the irradiated GH3535 alloy
followed by a 0% (IC-0), b 1% (IC-1), ¢ 3% (IC-3), and d 10% strain
(IC-10) after corrosion

merging of some helium bubbles after tensile stress load-
ing, and they grew rapidly after corrosion. Moreover, tensile
strain introduces dislocation lines and networks, which also
promote helium bubbles growth, as shown in Fig. Sa.
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100nm

Fig.5 Helium bubble morphology on a dislocations, b holes, and
c—d precipitates

4.2 Unexpected outward migration behavior
of helium bubbles under different tensile strain
in molten salt environment

The growth and evolution of helium bubbles during ther-
mal annealing can be explained by migration and coa-
lescence (MC) and Ostwald ripening (OR) mechanisms
[35]. Both mechanisms are dominated by oversaturated
vacancies [37, 38]. In a high-temperature molten salt
environment, the dissolution of alloy atoms leads to the
formation of vacancies, which may promote the growth
of helium bubbles and facilitate the outward migration of
bubbles [25]. The migration of helium bubbles can provide
more channels for the molten salt to diffuse into the alloy
to accelerate the depletion of Cr, which are responsible
for irradiation intensifying corrosion. In this study, an
unexpected outward migration behavior of helium bub-
bles under different tensile strains was observed. Figure 6
shows the migration behavior of helium bubbles under dif-
ferent tensile strains in a molten salt environment. Helium
bubbles move closer to the surface as the strain increases
up to 3%, while the migration depth is less for the IC-10
sample than that of IC-3. Although helium bubbles slightly
diffuse outward in the irradiated GH3535 alloy followed
by 10% strain in the molten salt environment, this diffusion
effect is limited. As we know, with the increasing of tensile
strain, more dislocations and their network are introduced
into the alloys. On one hand, they act as a fast diffusion
channel to promote the Cr element diffusion, thus provid-
ing more vacancies combining with the helium atoms to
enhance the outward migration of helium bubbles. On the
other hand, in-situ TEM experiments on the evolution of
helium bubbles have shown that helium bubbles would be
pinned by dislocations to inhibit their long-range diffu-
sion [39]. Moreover, it has been proven that high density
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Fig.6 Schematic diagram of (a) (b)
outward migration behavior of l 2y

helium bubbles under different = > 5 .
tensile strain in the molten salt . n .

environment

Matrix

— =~ - Peak damage region

dislocations can impact the nucleation and growth of He
bubbles in the GH3535 alloy at high temperatures [40].
Thus, with the increasing tensile strain up to 10%, the
tangled dislocations and their network pinned the diffusion
of helium bubbles and decelerated their outward migra-
tion. As shown in Fig. 7, after corrosion, compared with
the irradiated GH3535 alloy followed by 3% strain, there
are still abundant dislocation networks and cells in irradi-
ated GH3535 alloy followed by 10% strain, which is more
obvious in the peak damage region, and helium bubbles
migrate to these dislocations for coarsening. This is con-
sistent with the result that large-sized helium bubbles were
meaningfully increased in the irradiated GH3535 alloy fol-
lowed by 10% strain after molten salt corrosion.

5 Conclusion

The corrosion behavior of irradiated and stretched GH3535
alloys in molten FLiNaK salt at 750 °C was investigated
using TEM and EPMA to clarify the synergistic effects of
irradiation and tensile deformation on corrosion. The con-
clusions are as follows:

IC-0 Matrix

IC-1 Matrix IC-3 Matrix IC-10
Helium bubble emergence ? Helium bubbles —~ ~ Dislocations

(1) The thickness of the Cr depletion layers of the only
corroded sample is 2.75 pm, of which is 3.82 pm,
increased by 40%, for the alloy after helium ion irra-
diation followed by 10% plastic deformation.

(2) After molten salt corrosion, the proportion of large-
sized helium bubbles (>15 pm) increased with the
applied strain.

(3) An unexpected outward migration behavior of helium
bubbles under different plastic deformation was
observed. Helium bubbles migrated closer to the sur-
face as the strain increased up to 3%, while the migra-
tion depth declined when the strain reached 10%.

(4) The different evolution of helium bubbles is related to
the competition between corrosion-induced dissolution
of elements, which provide abundant vacancies to feed
the growth of helium bubbles, along with the pinning of
dislocation on helium bubbles to inhibit their growth.

Previous studies have revealed that outward migration of
helium bubbles promotes the corrosion of the GH3535 alloy
in a high-temperature molten salt environment. The current
results clearly emphasize the crucial role of plastic defor-
mation. Although in this study the mechanical loading is
not constant extension rate tensile, to simulate the working

Fig.7 TEM images of the irradiated GH3535 alloy followed by a 3% and b 10% strain after corrosion
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conditions in reactors, it still sheds light on the evolution of
corrosion behavior of GH3535 in the complex environment
combining irradiation, corrosion and local deformation. In
future work, we will further explore and elucidate whether
there is IASCC in structural materials of MSRs and the gov-
erning mechanisms.
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