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a b s t r a c t

Specimens of austenitic stainless steel were irradiated with 6 MeV Xe ions to two doses of 7 and 15 dpa at
room temperature and 300 �C respectively. Then partial irradiated specimens were subsequently ther-
mally annealed at 550 �C. Irradiation-induced BCC-phase formation and magnetism were analyzed by
grazing incidence X-ray diffraction (GIXRD) and vibrating sample magnetometer (VSM). It has been
shown that irradiation damage level, irradiation temperature and annealing temperature have significant
effect on BCC-phase formation. This BCC-phase changes the magnetic behavior of austenitic stainless
steel. The stress relief and compositional changes in matrix are the driving forces for BCC-phase for-
mation in austenitic stainless steel during ion irradiation.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Austenitic stainless steels (ASS) are essential structural mate-
rials andwidely used in core internals of fission reactor. Irradiation-
assisted stress corrosion cracking (IASCC) is one of the most
important degradation mechanisms in core internals. It is known
that the BCC-phase formation in ASS may be induced by ion irra-
diation. Previous studies have suggested that the BCC-phase and
IASCC can be detected simultaneously in irradiated ASS [1] BCC-
phase formation in ASS may be one of the important influencing
factors of IASCC susceptibility [2]. Therefore, the investigation of
the BCC-phase formation mechanism in ASS can provide crucial
information for the understanding of IASCC phenomenon.

Previously, different kinds of ions were used in several studies to
investigate BCC-phase formation in ASS. But these studies mainly
focus on the analysis of phase formation phenomenon and its
morphology under different irradiation damage level [3,4]. Few
analyses have been conducted to determine the BCC-phase volume
fraction and its evolution at different irradiation condition and
annealing temperature. So the driving force of BCC-phase forma-
tion under irradiation is still not clear. On the other hand, many
investigations have examined the reverse of BCC-phase to austenite
phase in cold worked and irradiated ASS, while the effect of
uefei@cgnpc.com.cn (F. Xue).
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irradiation temperature and post irradiation annealing (PIA) on
BCC-phase formation is very limited.

In the present study, the synchrotron radiation grazing inci-
dence X-ray diffraction (GIXRD) was used to confirm the formation
of BCC-phase. Then the volume fraction of BCC-phase induced by
irradiation was analyzed by the vibrating sample magnetometer
(VSM). Finally, the driving force of the irradiation-induced BCC-
phase was discussed in detail.

2. Experiments

The material used in this study is 316 ASS with solution treat-
ment at 1060 �C for 90 min. The chemical composition is Cr
(17.28%), Ni (11.65%), Mo (2.49%), Mn (1.24%), Cu (0.46%), Si
(0.340%), C (0.038%), Co (0.010%), P (0.008%), S (0.003%) and Fe (the
balance).

Firstly, the specimens were mechanically polished by the silicon
carbide paper with various grades of 800e2000 and 0.5 mm dia-
mond spray until a mirror-like surface appeared before irradiation.
Then these specimens were irradiated with Xe ions to 2.3 � 1015

and 5 � 1015 Xe/cm2 at room temperature (RT) and 300 �C
respectively at the ECR-320 kV High-voltage Platform in the Insti-
tute of Modern Physics, Chinese Academy of Science. During the
irradiation process, the Xe ions flux is about 2.6 � 1011 ion/cm2�s
and the vacuum degree in specimen chamber is better than
1 � 10�5 Pa. According to the theoretical calculation by Monte-
Carlo code SRIM 2012 [5] (taking the density of 7.8 g/cm3 and
threshold displacement energies of 40 eV for Fe, Cr and Ni sub-
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lattices [6]), these fluences correspond to the peak damage levels of
7 and 15 displacement/atom (dpa). According to the results of SRIM
2012, the irradiation damage depth is 1 mm and the peak damage
level is 700 nm. After irradiation, partial specimens irradiated at RT
were annealed at 550 �C for 1h in vacuum environment, where the
degree of vacuum is lower than 5 � 10�4 Pa.

GIXRD was carried out at Beijing Synchrotron Radiation Facility.
The wavelength of X-rays was 0.154 nm. The X-ray scanning range
varied from 35 to 55� with a resolution of 0.05�. The of incident
angle calculated by penetration depth is 4�. Magnetic hysteresis
loops were measured with the vibrating sample magnetometer
(VSM) 7407 produced by Lake Shore. The maximum magnetic field
intensity is 3000 Oe in the measurement. The disk-shaped speci-
mens with a diameter of 3 mm and a thickness of less than 30 mm
was used to reduce the effect of unirradiated part and eliminate the
demagnetizing effects brought by the shape and size of specimens.

3. Results and analysis

Fig. 1 shows the GIXRD patterns of unirradiated specimen,
irradiated specimens to 7 and 15 dpa at different temperature (RT
and 300 �C) and PIA specimens respectively. Due to the perfect
solution treatment, the GIXRD pattern of unirradiated specimen
shows two face-centered-cubic austenite diffraction peaks of g(111)
and g(200). No other diffraction peaks were observed. However, a
new diffraction peak appears after irradiation. According to the
previous studies [4,7,8], this new diffraction peak is corresponding
to BCC-phase. With the increasing irradiation damage, a more
significant BCC-phase diffraction peak can be observed. Comparing
to irradiation at RT, irradiation at 300 �C and PIA will reduce
obviously BCC-phase diffraction peak.

Several studies have proved that the formation of BCC-phase
will change the magnetic behavior of ASS [9]. Generally, more
BCC-phase would bring a stronger magnetization. Therefore, in
order to obtain the quantitative information of BCC-phase, the
magnetization-magnetic field hysteresis loops with different irra-
diation damage level under various temperatures are given in Fig. 2.
As shown in Fig. 2, the unirradiated specimen remains a small
Fig. 1. GIXRD patterns of intensity along Y-axis (Lo
magnetization value with a linear increase in the entire field and no
typical hysteresis dependence in ferromagnetic materials was
observed. Nevertheless, the irradiated specimens show the hys-
teresis dependence typical of ferromagnetic materials with a
nonlinear variation, which indicates that higher irradiation damage
level causes more significant magnetization phenomenon. Under
the same damage level, irradiation at RT introduces the largest
magnetization, irradiation at 300 �C introduces the next and PIA at
550 �C introduces the least. This tendency is in consistent with the
results of GIXRD.

Previously, Takaya et al. [10] indicated that the saturation
magnetization (Ms) depends entirely on the volume fraction of the
magnetic phase, which suggests that the volume fraction of
irradiation-induced BCC-phase can be determined by Ms [11]. In
order to evaluate the volume fraction of BCC-phase, the Ms of
irradiated specimens was obtained by subtracting the para-
magnetic contribution according to the unirradiated specimen. The
BCC-phase volume fraction VBCC can be obtained by formula
VBCC ¼ k∙(Msi-Msui)/M, where k is the correction coefficient, Msi
and Msui are the Ms of irradiated and unirradiated specimens
respectively. The thickness of the VSM specimen Lt is regarded as
25 mm roughly. Considering the approximate distribution of irra-
diation damage at surface and peak region, irradiation damage is
supposed to be uniformly distributed from surface to 1 mm.
Therefore, the thickness of irradiation damage layer Li is about
1 mm. Consequently, we can get the correction coefficient k ¼ Lt/
Li ¼ 25. M is the Ms of 100 vol % BCC-phase and take to be about
127emu/g for 316 ASS [12]. Based on this, the obtained BCC-phase
volume fraction VBCC is shown in Fig. 3. According to Fig. 3, it can be
concluded that the volume fraction of BCC-phase increases with the
irradiation damage level. Moreover, high temperature irradiation
and PIA can mitigate the formation of BCC-phase. These results
suggest that the driving force of irradiation-induced BCC-phase
tends to smaller with the increasing irradiation temperature or PIA
temperature.

Many studies have been carried out to investigate the BCC-phase
formation in ASS under irradiation, but its main driving forces
during ion irradiation are not clear. It is known that the BCC-phase
g-scale) under different irradiation condition.



Fig. 2. Variations of hysteresis loops of ASS under different irradiation condition.

Fig. 3. The BCC-phase volume fraction of ASS with different irradiation temperatures
and annealing conditions.
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forms in austenitic steels and is usually associated with relief of
high internal stress levels and plastic deformation [13]. For ion-
irradiated stainless steel, stress relief and plastic deformation
come from two different reasons. The first reason is the bubbles
formation with Xe irradiation. Our previous studies [14] have
observed high density bubbles in ASS after Xe irradiated to 2 dpa at
room temperature (as shown in Fig. 4). This high density of bubbles
increases the matrix stress and causes the surrounding plastic
transformation during the irradiation process. So the BCC-phase
formation in Xe irradiated ASS is closely related to the stress re-
lief caused by bubbles. This result is consistent with previous
investigation on the phase transformation in inert gas ion
Fig. 4. TEM morphologies of Xe bubbles in irradiate
irradiation of ASS [15,16]. The second reason is the formation of
stacking faults in ion irradiated ASS. The density of stacking faults
becomes larger during ion irradiation, which creates an expansion
of the lattice and, consequently, an increase of the strains [13].
According to the studies of Fayeulle et al. [17], this stacking faults
may cause transformation of the BCC-phase.

Previous studies have observed the BCC-phase formation in
thermally sensitized ASS [18e20]. Comparing to the ion irradiation,
thermally sensitized ASS does not introduce significant stress relief.
This indicates that, besides the contribution of stress relief on BCC-
phase formation in ASS, there may be other factors affecting BCC-
phase formation in irradiated ASS.

It is known that the phase stability of ASS can be estimated from
the Schaeffler diagram, which relates phase stability to the
composition [13]. Previously, Johnson et al. [21] indicated that
implantations with the ASS constituent elements will shift the
positions of the formed alloys to different parts of the Schaeffler
diagram. They pointed out that implantations with Fe in ASS will
shift the alloy composition towards the martensite corner, favour-
ing the BCC-phase transformations. Implantations with Cr will take
the alloy into the two-phase austenite/martensite field, and im-
plantations with nickel will shift the alloy way up into the austenite
field away from the martensitic transformations. Nasu and Fujita
[22] proposed that the BCC-phase formation in ASS might be
induced by preferential sputtering of Ni and Cr which lead to a
subsequent reduction in austenite stability of the irradiated surface.
In addition, the observation of the reverse BCC-phase to austenite
transformation after implantation of nickel or nitrogen in an ASS
where BCC-phase was introduced by cold work shows that
compositional changes can influence the transformation in accor-
dance with the austenite stabilizing nature of nickel and nitrogen
[23]. Moreover, Hayashi and Takahashi [24] suggested that the
irradiation-induced depletion of nickel may cause the austenite to
d ASS [14]. (left: underfocus, right: overfocus).
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BCC-phase transformation. Morisawa et al. [1] and Zhang et al. [25]
further point out that the radiation induced segregation (RIS) in
austenite phase results in a partial phase transformation from
austenite phase to BCC-phase. So based on above understanding,
we believe that compositional changes in localized area are another
factors affecting the BCC-phase formation. These compositional
changes in localized area can be derived from external element
implanting or RIS.

In consequence, we concluded that the driving forces for BCC-
phase formation during ion irradiation come from two aspects,
namely (1) the stress relief caused by gas bubble and defects for-
mation during irradiation; (2) compositional changes in localized
area of ASS matrix. So with the increase the irradiation damage,
higher stress will be introduced and compositional changes derived
from RIS will become significant in austenite matrix, all of which
will cause more BCC-phase formation.

For the specimens PIA at 550 �C, according to the discussion
above on BCC-phase formation driving force, high annealing tem-
perature will cause the Xe atoms migrating fast and agglomerating
easily to large bubbles. As the studies of Sakamoto et al. [7], the
equilibrium pressure of Xe inclusion p ¼ 2g/r, where g and r are
surface energy of ASS and radius of Xe inclusion, respectively. This
indicates that an increase in the diameter of Xe inclusion leads to a
decrease of the pressure. Meanwhile, the density of irradiation
defects reduced at high temperature, which will decrease the stress
in lattice further. So a significant reduction of BCC-phase formation
in specimens PIA at 550 �C can be observed.

Previous studies have indicated that the chemical element
segregation at grain boundary of ASS will increase with the
increasing temperature [26]. This means the effect of chemical
driving force on BCC-phase formation will become significant
gradually, which seems to be inconsistent with the present results.
As the studies of Zhang et al. [27], the effect of stress relief on BCC-
phase formation in ASS decreases with the increasing temperature.
This suggests that the contribution of stress relief plays a major role
in the BCC-phase formation, while the compositional changes have
a limited effect. Therefore, the comprehensive results of these two
driving forces of BCC-phase formation show a reduction trend. We
can deduce that the BCC-phase will not be avoided under high
temperature irradiation condition duo to the irreversibility of
compositional changes. This result is in accordance with the
observation of Chu et al. [13], who indicated that the BCC-phase still
exists in ASS irradiated at 873K. Deeper studies are needed to give a
further understanding.

4. Conclusion

The ASS specimens were irradiated with 6 MeV Xe ions to two
doses of 7 and 15 dpa at room temperature and 300 �C. Then partial
irradiated specimens were annealed at 550 �C. The formation of
BCC-phase in ASS after irradiation is identified by GIXRD analysis.
The quantitative information of BCC-phase is given by VSM data. It
is indicated that higher irradiation damage level will cause more
BCC-phase. Irradiation at high temperature and PIA can suppress
the BCC-phase formation. The driving forces of the BCC-phase
formation during ion irradiation come from two aspects, namely
(1) the stress relief caused by gas bubble and stacking faults for-
mation; (2) compositional changes in ASS matrix.
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