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a b s t r a c t

Nanocrystalline reduced activation ferritic/martensitic (RAFM) steel samples were prepared using sur-
face mechanical attrition treatment (SMAT). Un-SMATed and SMATed reduced activation ferritic/
martensitic samples were irradiated by helium ions at 200�C and 350�C with 2 dpa and 8 dpa, respec-
tively, to investigate the effects of grain boundaries (GBs) and temperature on the formation of He
bubbles during irradiation. Experimental results show that He bubbles are preferentially trapped at GBs
in all the irradiated samples. Bubble denuded zones are clearly observed near the GBs at 350�C, whereas
the bubble denuded zones are not obvious in the samples irradiated at 200�C. The average bubble size
increases and the bubble density decreases with an increasing irradiation temperature from 200�C to
350�C. Both the average size and density of the bubbles increase with an increasing irradiation dose from
2 dpa to 8 dpa. Bubbles with smaller size and lower density were observed in the SMATed samples but
not in the un-SMATed samples irradiated in the same conditions, which indicate that GBs play an
important role during irradiation, and sink strength increases as grain size decreases.
© 2017 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

Helium (He) irradiation behavior in metals has been extensively
studied in the past several decades [1e4]. During irradiation, en-
ergetic He ions interact with the atoms of the irradiated materials
and create atomic displacement damage such as vacancies and
interstitials. Their aggregation in the form of vacancy clusters,
voids, dislocation loops, and stacking fault tetrahedrons [5e8] may
cause significant dimensional instability and degrade the me-
chanical properties [9,10]. Helium quickly combines with vacancies
to form He bubbles, which plays an important role in the micro-
structural evolution and mechanical properties of irradiated ma-
terials [5,11]. A deeper understanding of these phenomena is
essential to develop radiation-tolerant materials.

The most important parameters controlling the evolution of He
bubbles during irradiation are the temperature, He production rate,
displacement rate, accumulated He concentration (dose or time),
and character of the various interfaces in the materials, particularly
the grain boundaries (GBs) [12]. Owing to their higher swelling
resistance, higher thermal conductivity, lower thermal expansion,
and better liquid metal compatibility than austenitic steels,
reduced activation ferritic/martensitic (RAFM) steels are receiving
special attention as potential first wall and blanket structural ma-
terials for future fusion reactors and have been investigated
extensively for their He radiation response. Studies of high tem-
perature helium-irradiated 9Cr martensitic steel [13] show that
voids preferably form on prior austenite GBs and other interfaces,
whereas no preferential nucleation site was observed when helium
implantationwas performed at room temperature [14]. In addition,
void denuded zones have been observed along the GBs in neutron-
irradiated Fe15Cr15Ni steel irradiated at 749 K with 18 dpa [15].
Preferential He bubble formation in carbides of a tempered F82H
ferriticemartensitic steel during low temperature He irradiation
has also been observed recently and can be attributed to diffusing
He being trapped in the carbide due to the strong HeeC bond [16].
However, there is still a lack of research on the radiation response of
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nanocrystalline (NC) RAFM steels in different irradiation condi-
tions, particularly at different temperatures and different doses.

Studies have shown that GBs or phase boundaries may also act
as sinks for radiation-induced point defects and their clusters, and
therefore, the GBs promote the radiation damage tolerance of the
materials [17]. Singh and Foreman [18] showed that the supersat-
uration of vacancies within grains is lower when the grain size is
smaller because GBs are effective sinks for absorbing the radiation-
induced point defects. Analytical work also has shown that the sink
strength of GBs increases when the grain size decreases [19]. Size-
dependent reduction of He bubble density, lattice distortion,
swelling, and radiation hardening has been observed in He ion-
eirradiated Cu/V multilayers [20]. However, these studies were
mostly on austenitic stainless steels and multilayer materials;
therefore, an in-depth study on the effect of GBs in NC RAFM steels
is still needed to understand the phenomena better.

We systematically studied He bubble evolution at different
irradiation conditions in an NC RAFM steel. Section 2 provides the
experimental details of the materials, the surface mechanical
attrition treatment (SMAT) process, He ion irradiation, and all the
characterization methods. In section 3, we discuss the experi-
mental results on nanostructure characterization after SMAT, lattice
distortion, bubble formation and evolution at different irradiation
conditions, and the effects of GBs and temperature on the forma-
tion of He bubbles during irradiation.

2. Materials and methods

The material used in our investigation was RAFM steel with the
following chemical composition (inwt%): 0.10% C, 1.50%W, 0.29% V,
0.55% Mn, 0.09% Ta, 8.60% Cr, and balanced Fe. Heat treatment
included austenitizing at 1253 K for 45 minutes, followed by water
quenching and then tempering at 1033 K for 90 minutes. SMAT, an
effective approach to prepare bulk NC materials, was used in this
investigation. The plate sample (F50.0 � 4.0 mm in size) of the
tempered steel was submitted to SMAT, with the setup illustrated
in Lu's work [21]. The plate sample was treated for 30 minutes with
a vibration frequency of 20 kHz, and the ball size was 5 mm in
diameter.

The He ion irradiation experiment was performed on the
1300 kV electron cyclone resonance experimental platform in the
National Laboratory of Heavy-ion Accelerators in Lanzhou, China.
Helium ions with a kinetic energy of 440 keV were used for the
irradiation. The irradiation experimentwas conducted at 200�C and
350�C with a vacuum pressure of about 10�6 Pa. The scanned beam
size was about 20 � 20 mm2. The RAFM samples were irradiated
with a displacement level of 2 dpa (the dose was 4:48� 1017 cm�2)
and 8 dpa (the dose was 1:79� 1018 cm�2) at the peak damage
region. The average beam current was about 5 mA during the irra-
diation experiment.

X-ray diffraction (XRD) analysis of the surface layer was carried
out using a Rigaku SmartLab X-ray diffractometer with Cu Ka ra-
diation. A step length of 0.02� and 2q ranging from 30� to 90� were
taken to measure the lattice distortion of the RAFM samples.

The treated samples were cross-sectionally observed using
scanning electron microscopy (SEM) with the JEOL JSM-7001F
microscope. The samples were ground and mechanically polished
in the standard manner. The polished samples were etched in a
particular solution (40 mL hydrochloric acid þ 5 g copper
chloride þ 30 mL water þ 25 mL alcohol) to obtain the micro-
structure and morphology of the surface layer. The microstructure
of the irradiated samples at different irradiation conditions was
characterized by transmission electron microscopy (TEM) with the
JEOL Tecnai F20 microscope. The cross-sectional TEM samples were
obtained by means of a focused ion beam, which is an advanced

analytical tool of sample preparation for studies of microstructure
in surface layers.

3. Results

3.1. Microstructure characterization before and after SMAT

XRD profiles of the surface layers in the tempered steel before
and after SMAT are shown in Fig. 1. Testing with conditions of
continuous scanning with 6

�
/min from 30� to 90� was performed. It

is clear that only a body centered cubic (bcc) structure was detec-
ted, and the Bragg diffraction peaks broadened because of the grain
refinement after SMAT.

Cross-sectional SEM images of the tempered steel before and
after SMAT are shown in Fig. 2. Obviously, the microstructure in the
topmost surface layer after SMAT was distinct from that before
SMAT. GBs and grain packets can be clearly seen before SMAT
(Fig. 2A), and the packet size was around 10 mmmm. After SMAT, the
packets were crushed, and obvious deformation bands along the
surface (Fig. 2B) about 0.5 mmmm in width are clearly apparent due
to the drastic deformation.

TEM images obtained from the topmost surface of the tempered
samples before and after SMATare shown in Fig. 3. Grains of the un-
SMATed sample (Fig. 3A) were broken down to nearly equiaxed
smaller grains, and the grains were randomly located in crystallo-
graphic orientation (Fig. 3B). Selected area electron
diffraction patterns with a 500 nm diffraction lens holder also
showed the grain refinement after SMAT. The selected area electron
diffraction pattern of SMATed sample had more continuous
diffraction rings. The average grain size was measured by the sta-
tistical results of the TEM images. Before SMAT, the average size
was 370 nm, and after SMAT, the average size was 130 nm.

3.2. Microstructure characterization after irradiation

3.2.1. Radiation damage range
The Stopping and Range of Ions in Matter 2013 (SRIM-2013)

computer code was used to simulate the profiles of the He con-
centration and displacements in the RAFM steel. He2þ ions with
energy of 440 keV were used in the calculation. The threshold
displacement energy for Fe in the RAFM steel was 40 eV [22]. The
simulation, as shown in Fig. 4, shows that the He concentration

Fig. 1. XRD profiles of the surface layers of SMATed and un-SMATed samples which
show that only bcc structure could be observed, and after SMAT, the Bragg diffraction
peaks broaden because of the grain refinement.
SMAT, surface mechanical attrition treatment; XRD, X-ray diffraction.
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reached a peak value of ~1.5 at% at a depth of ~930 nm. The peak
radiation damagewas about 2 dpa at a depth of ~870 nm. The range
of the effective irradiated region was approximately between
600 nm and 1000 nm underneath the surface. The TEMmicrograph

of the irradiated RAFM samples is shown in Fig. 5. As shown in
Fig. 5A, the range of the radiation damage in the sample was be-
tween 600 nm and 1000 nm, which is in good agreement with the
SRIM-2013 simulation result.

Themicrograph collected in the peak damage region is shown in
Fig. 5B, where there is a high density of He bubbles within the
columnar grains. Meanwhile, arrays of bubbles formed along GBs,
as indicated by arrows in the magnified TEM micrograph in Fig. 5B.
He bubbles have different morphologies when irradiated in
different conditions: bubble size, bubble density, bubble denuded
zones (BDZs), and segregation at GBs. These differences related to
the bubble evolution dependence on the irradiation dose, tem-
perature, and grain size, which are discussed in later sections.

3.2.2. Lattice expansion
The irradiated and unirradiated samples were characterized by

XRD to examine the lattice expansion after irradiation, and the
testing conditions were the same as aforementioned. The lattice
expansionprofile of irradiated SMATed and un-SMATed samples at a
damage level of ~8 dpa at 200�C and 350�C is shown in Fig. 6. Before
irradiation, the lattice parameters of the SMATed and un-SMATed
RAFM steel were both 2.870 Å. After irradiation, at 200�C, the lat-
tice parameters of the SMATed and un-SMATed samples were
2.878 Å and 2.876 Å; at 350�C, the lattice parameters were 2.877 Å
and 2.874 Å, which corresponded to ~0.28%, ~0.21%, ~0.24%, and
~0.14% of lattice expansion, respectively. We can observe that as the

Fig. 2. Cross-sectional SEM images of samples in the surface layers. (A) Cross-sectional SEM image of un-SMATed samples (B) Cross-sectional SEM image of SMATed samples.
SEM, scanning electron microscopy; SMAT, surface mechanical attrition treatment.

Fig. 3. Cross-sectional TEM images of samples with the responding SAED pattern. (A) Cross-sectional TEM image of un-SMATed sample. (B) Cross-sectional TEM image of SMATed
sample.
SAED, selected area electron diffraction; SMAT, surface mechanical attrition treatment; TEM, transmission electron microscopy.

Fig. 4. The depth profile of radiation damage in unit of displacements per atom (dpa)
and helium concentration obtained from the SRIM simulation.
SRIM, Stopping and Range of Ions in Matter.
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temperature increased, the lattice expanded less for both the
SMATed and un-SMATed samples, and at each temperature, the
SMATed sample expanded less.

There are several factors that may contribute to lattice distor-
tions, including vacancies, He bubbles, isolated interstitials, and
interstitial loops [21]. The primary radiation damage event in crys-
talline metals is the displacement of one or more atoms, and
consequently, vacancies and self-interstitials are created, and foreign
elements are introduced in crystal lattices [23]. Some research has
shown that compared with vacancies and interstitials, pressurized
He bubbles may account for more of the lattice expansion [24]. In
general, vacancyclusters inducenegligible or slightlynegative lattice
parameter change. However, when vacancy clusters are filled with
high density He and form over pressurized He bubbles, as is in the
case of this study, they lead to lattice expansion [25].

It is generally accepted that radiation-induced defects tend to
migrate to the interfacial regions such as GBs [18]. As shown in the
analysis of the SMATed and un-SMATed RAFM samples, before
SMAT, the average size of martensite lathes was 370 nm, and after
SMAT, the average grain size was 130 nm, which means the SMATed
steel contained much larger volume fractions of interface regions
than the un-SMATed steel. This led to a smaller lattice expansion in

the SMATed samples for the reason that their interfaces absorbed
more He from inside of the grains. When the temperature increased,
He atoms migrated more easily to interface regions, which may be a
significant reason that explains the phenomenon that at 350�C both
the SMATed and un-SMATed samples expanded less.

3.2.3. Morphology of He bubbles after irradiation
Underfocused cross-sectional TEM micrographs of un-SMATed

samples irradiated at 200�C with 2 dpa and 8 dpa levels of dam-
age, and un-SMATed and SMATed samples irradiated at 350�C with
a 2 dpa level of damage are shown in Fig. 7. The micrographs were
all collected in the peak damage regions, which were about
600e1000 nm deep from the surface. We observed a high density
of He bubbles within the grains. Meanwhile, arrays of He bubbles
formed along the GBs, as indicated by arrows in the micrographs.
We found that the segregation of He bubbles at the GBs was more
obvious at 350�C than at 200�C. BDZs were also observed near the
GBs at 350�C, as shown in Fig. 7C1. By contrast, there were no BDZs
near the GBs at 200�C.

We also estimated the average He bubble size in the irradiated
samples at the four different experiment conditions. As shown in
Fig. 7A2 and B2, the average bubble diameters of the un-SMATed
samples irradiated at 200�C with 2 dpa and 8 dpa levels of dam-
age were ~1.2 nm and ~1.7 nm, respectively. However, the un-
SMATed sample irradiated at 350�C with a 2 dpa level of damage
had a bigger average bubble diameter, ~2.3 nm compared with the
~1.9 nm bubble size in the SMATed sample irradiated at the same
conditions.

The density of He bubbles at these irradiated samples was also
measured with TEM studies. We counted the amount of bubbles in
a certain region to get the bubble density. The measured results
may not be so accurate because some bubbles were not very
distinct in the micrographs because the TEM results were not
precise enough, but the results certainly showed the general trend.
The un-SMATed samples irradiated at 200�C with 2 dpa and 8 dpa
levels of damage had bubble densities of � 1:1� 1025 =m3 and
� 1:6� 1025 =m3, respectively. The un-SMATed sample irradiated
at 350�C with a 2 dpa damage had a bubble density of
� 1:5� 1024 =m3, in comparison with � 0:7� 1024 =m3 for the
SMATed sample irradiated at the same conditions.

He production rate, temperature, displacement rate, and accu-
mulated He concentration (time or dose) are the most important
parameters that control the number density and size of He bubbles

Fig. 5. Cross-sectional TEM images. (A) Lower magnification cross-sectional TEM image of irradiated un-SMATed samples. (B) Higher magnification cross-sectional TEM image taken
underfocus at peak damage region.
SMAT, surface mechanical attrition treatment; TEM, transmission electron microscopy.

Fig. 6. Lattice expansion of un-SMATed and SMATed samples irradiated at 200�C and
350�C with 8 dpa.
SMAT, surface mechanical attrition treatment.
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during irradiation. He atoms are preferential to combine with va-
cancies because of the strong binding of He atoms with vacancies
[12], which is a basic requirement for He bubble evolution. In our
irradiation experiment, the kinetic energy of He atoms and beam
current are constant, which means the He production rate and
displacement rate remain unchanged throughout the irradiation.

4. Discussion

4.1. Effect of GBs on the formation of He bubbles during irradiation

He bubble nucleation occurs as a result of the concurrent
diffusion and clustering of vacancies, He atoms, and self-interstitial

atoms when under irradiation, which means a complicated multi-
component (at least two) process. When the vacancyeself-inter-
stitial atom component plays a less significant role in He bubble
nucleation than that of vacancy-He, the nucleation process can be
simplified to illustrate the main features [12]. The evolution is
characterized by the following periods: bubble incubation period,
bubble nucleation period, and bubble growth period. The nucle-
ation rate, i.e., the temporal change in the number density of stable
He bubble nuclei, dN=dt, is dependent on the concentration of He
atoms, cðtÞ. The absorption rate of He atoms by bubbles increases
with increasing number density of He bubble nuclei, N. Accord-
ingly, at the beginning, dN=dt increases significantly with an
increasing c, and both reach peak, say at t ¼ t* (t* is the timewhen

Fig. 7. TEM images and He bubble size distributions. (A1) TEM image of un-SMATed sample irradiated at 200�C with 2 dpa. (B1) TEM image of un-SMATed sample irradiated at
200�C with 8 dpa. (C1) TEM image of un-SMATed sample irradiated at 350�C with 2 dpa. (D1) TEM image of SMATed sample irradiated at 350�C with 2 dpa. (A2) He bubble size
distribution of un-SMATed sample irradiated at 200�C and 2 dpa. (B2) He bubble size distribution of un-SMATed sample irradiated at 200�C and 8 dpa. (C2) He bubble size dis-
tribution of un-SMATed sample irradiated at 350�C and 2 dpa. (D2) He bubble size distribution of SMATed sample irradiated at 350�C and 2 dpa.
BDZ, bubble denuded zone; SMAT, surface mechanical attrition treatment; TEM, transmission electron microscopy.
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production and absorption rates of He atoms approximately bal-
ance each other). The relationship between the He atom production
rate P, the He diffusion coefficient D, the maximum He concen-
tration c*, and the maximum number density of He bubble nuclei
N* [12] can be expressed by

P f Dc*N* (1)

After the nucleation peak, both the nucleation rate dN=dt and
the concentration of He atoms c decrease, but the nucleation rate
decreases much more strongly. At the same time, the average
bubble size increases continuously due to the absorption of newly
created He atoms whereas the number density virtually saturates.

During the whole nucleation process, the nucleated bubble
density is about 2e3 times of that at the nucleation peak,
Nðt [ t*Þ � ð2� 3ÞN* [12]. There are two extreme cases of
nucleation, diatomic nucleation, which is expected to occur at low
temperatures and a high He production rate, and multiatomic
nucleation, which is expected to occur at high temperatures and a
low He production rate [12,26,27]. Two He atoms are assumed to
form a stable bubble nucleus in the diatomic nucleation model.
When a newly produced He atom is as likely to meet an existing
bubble nucleus as to reach another He atom, i.e., when the bubble
concentration and He atoms are comparable, c*fN*, Eq. (1) yields
the relation [12].

N
�
t [ t*

� � ð2� 3ÞN* f ðP=DÞ1=2 (2)

In the discussion above, the reaction was assumed to occur ho-
mogeneously within a perfect matrix lattice, but the effects of de-
fects such as precipitateematrix interfaces, dislocations, and GBs on
bubble nucleation cannot be ignored. These defects act as strong
sinks for mobile He atoms, and they compete with He atom clus-
tering within the grains. Besides acting as strong traps, owing to
these interfacial effects, the critical He concentration required for
bubble nucleation at interfaces and GBs decreases (assuming that He
bubble nucleation could occur at a certain critical nucleus size),
which suggests that bubble nucleation occurs more easily at in-
terfaces than within the grains [12]. Consequently, premature bub-
ble nucleation at these defects would collect a substantial fraction of
He atoms produced in such zones and result in a significant reduc-
tion of He atoms nearby, which reduces the nucleation probability in
the vicinity and therefore induces BDZs adjacent to these defects.
Generally, the effect of these defects would play a more dominant
role when the temperature is higher [12].

In our work, the samples were irradiated at 200�C (473 K) and
350�C (623 K), and the Tm of RAFMwe used was 1693 K, so the high
temperatures (> 0.5 Tm) were above 846 K, which is higher than our
experiment temperatures. Fig. 7A1 and B1 showmicrographs of un-
SMATed samples irradiated at 200�C with the 2 dpa and 8 dpa
levels of damage. He bubbles segregate, but no obvious BDZs were
observed along the GBs in both the figures. The bubble densities
were � 1:1� 1025 =m3 and � 1:6� 1025 =m3, with bubble di-
ameters of 1.2 nm and 1.7 nm, respectively. Why there were no
obvious BDZs at 200�C may have been due to the relatively low
irradiation temperature, which will be discussed particularly in the
following section. From the preceding discussion, we know that the
bubble nucleation rate and He atom concentration increase
significantly at the beginning and then both reach the peak at some
time, say t ¼ t*. After the nucleation peak, the nucleation rate
decreases strongly, which means the number density of He bubbles
increases significantly before and increases muchmore slowly after
the nucleation peak. In this study, the kinetic energy of He atoms
and beam current were constant, so the He production rate was
constant throughout the irradiation. The 8 dpa-irradiated samples

were irradiated four times longer than the 2 dpa-irradiated ones,
which means the 8 dpa-irradiated samples contained quadruple
the He atoms compared with the 2 dpa-irradiated samples, but the
bubble number density was � 1:6� 1025 =m3 compared with
� 1:1� 1025 =m3, not quadruple. Therefore, during irradiation, the
two groups of samples must both have passed the nucleation peak
and then the number density of bubbles increased slowly, which
caused the bubble number density ratio to bemuch less than the He
atom concentration ratio. In addition, the 8 dpa samples had larger
bubbles (1.7 nm compared with 1.2 nm) because the bubbles
absorbed much more newly produced He atoms than the 2 dpa-
irradiated samples.

Fig. 7C1 and D1 show the micrographs of un-SMATed samples
and SMATed samples both irradiated at 350�C with 2 dpa damage.
The result shows that compared with the un-SMATed samples, the
SMATed samples had a low density of bubbles (� 0:7� 1024 =m3)
and small bubbles (~1.9 nm). The decrease in bubble density and
bubble size was due to grain size. The TEM result shows that the
grain size of the SMATed samples was 130 nm, and the size of the
martensitic lath in the un-SMATed samples was 370 nm. Singh
suggested that the grain size effect on radiation damage is primarily
due to the depletion of bubbles from the grain interior and their
migration to the GBs [17,18]. The GBs act as sinks for bubbles, and
the sink strength is dependent on the grain size. Sink strengths are
closely related to boundary structures. The sink strength of GBs [20]
can be expressed by

k2gb ¼ 3ksc=R (3)

when internal sinks are predominant, and

k2gb ¼ 15
.
R2 (4)

when GB sinks are predominant, where k2gb and k2sc are the
respective sink strength of the GBs and single crystals, and R is the
radius of spherical grains. It is evident, based on Eq. (4), that the
sink strength of GBs increases significantly with the reduction of
grain size. SMATed samples have smaller grains, which means
increased sink strength of GBs and more absorption of bubbles
from grain interiors and therefore decreases in the He bubble
density and bubble size.

4.2. Effect of temperature on the formation of He bubbles during
irradiation

Fig. 7A1 and C1 show the micrographs of un-SMATed samples
both irradiatedwith 2 dpa damage at 200�C and 350�C, respectively.
The result shows the bubble nucleation and growth dependence on
temperatures. The 350�C sample had obvious BDZs along the GBs
andweremuch larger (~2.3 nm comparedwith ~1.2 nm), and the He
bubbles had lower density (� 1:5� 1024 =m3 compared with
� 1:1� 1025 =m3, down by an order of magnitude). From the dis-
cussion above, we know that the interfacial effects play a more sig-
nificant role at high temperatures, which means we may have a
greater chance to find BDZs at higher temperatures because pre-
mature bubble nucleation at GBs can much more strongly reduce
nucleation probability in their vicinity to form BDZs when temper-
atures are higher. This may explainwhy there are BDZs at 350�C but
none at 200�C; the reason may be that 200�C (473 K) is relatively
close to the low temperatures (<0.2 Tm, 339 K), and 350�C (623 K) is
relatively close to the high temperatures (>0.5 Tm, 846 K). As the
preceding discussion shows, there are two extreme cases of nucle-
ation: diatomic nucleation, which is expected to occur at low tem-
peratures and a highHe production rate andmultiatomic nucleation,
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which is expected to occur at high temperatures and a low He pro-
duction rate. With a beam size of 20 � 20mm2 and a beam current
of 4.8 mA, the He production rate is 3:8� 1016$m�2$ s�1, which is
medium high. Furthermore, if the irradiation temperatures are
below high temperatures (>0.5 Tm, 846 K), diatomic nucleation may
play a dominant role. Therefore, the bubble number density obeys
the relation Nðt [ t*Þ � ð2� 3ÞN* f ðP=DÞ1=2, that is, the bubble
number density decreases as He diffusivity increases. While He
diffusivity increasedwith temperature, the 350�C samples had lower
density, � 1:5� 1024 =m3 compared with � 1:1� 1025 =m3. In
addition, in the diatomic nucleation model, the mean bubble radius
has this relation, r f ð DPt2 Þ1 = ð3b � 2aÞ [26], where b ¼ 2 for the
ideal gas and b ¼ 3 for the incompressible solid, and a ¼ 0 for
interface diffusionecontrolled absorption, a ¼ 1 for bulk dif-
fusionecontrolled absorption, and a ¼ 2 for surface reac-
tionecontrolled absorption. Here, between 200�C and 350�C, the
main difference is He diffusivity, D. According to this relation, 350�C
samples have larger bubbles for a higher D, which is in good agree-
ment with the experiment results, ~2.3 nm compared with ~1.2 nm.

We also estimated the pressure built up by He in bubbles. The
equilibrium bubble pressure can be estimated by

P ¼ 2g=R (5)

where P is the bubble pressure, g is the surface energy, and R is the
radius of a He bubble. In this work, the average bubble diameters
were 1.2 nm, 1.7 nm, 1.9 nm, and 2.3 nm, given g ¼ 2:3 J=m2 for
RAFM steel [28], and the bubble pressures were ~7.7 GPa, ~5.4 GPa,
~4.8 GPa, and ~4.0 GPa. Exponential approximation of Rowlinson's
equation of state for He is given by Evans [29] as follows:

P ¼ 0:492exp
�

5:15� 10�23N
V

�

(6)

where N is Avogadro's number, and V is the He molar volume.
Given He pressures of 7.7 GPa, 5.4 GPa, 4.8 Gpa, and 4.0 GPa, V was
estimated to be 6.14 cm3=mol, 6.60 cm3=mol, 6.77 cm3=mol, and 7.05
cm3=mol, corresponding to ~1.27, ~1.18, ~1.15, and ~1.11 He=vacancy
in RAFM steel, respectively. The decrease of He in bubbles may be
because during bubble coarsening, some He atoms were removed
from the bubbles and were not reabsorbed. By using the He molar
volume and bubble density, the He concentration in bubbles was
estimated to be ~1.2 at%, ~4.4 at% (8 dpa sample), ~1.0 at%, and
~0.3 at%, in comparison with the SRIM-simulated average He con-
centration of ~1.5 at% (2 dpa) and ~6.0 at% (8 dpa). The discrepancy
indicates that the remaining He atoms may be stored in the matrix,
GBs, and submicroscopic bubbles.

5. Conclusion

We systematically analyzed bubble morphologies in helium
ioneirradiated NC RAFM steel and coarse-grained RAFM steel to
investigate the effects of GBs and temperature on the formation of
bubbles during irradiation. The experimental results were as
follows:

1) The average bubble diameters of un-SMATed samples irra-
diated at 200�C with 2 dpa and 8 dpa were ~1.2 nm and ~1.7 nm,
and the bubble densities were � 1:1� 1025 =m3 and � 1:6
�1025 =m3, respectively. Bubbles with higher density and larger
size were observed with an increase of irradiation dose. After the
nucleation peak, the average bubble size increased continuously
due to the absorption of newly created He atoms, whereas the
number density was virtually saturated.

2) The average bubble diameters of un-SMATed samples irra-
diated with 2 dpa at 200�C and 350�C were ~1.2 nm and ~2.3 nm,

and the bubble densities were � 1:1� 1025 =m3 and � 1:5
�1024 =m3, respectively. Bubble density decreased and bubble size
increased when the temperature increased. BDZs along the GBs
were only observed at relatively high temperatures, which shows
that GBs play a more important role in the bubble evolution during
irradiation at a higher temperature.

3) The average bubble diameters of un-SMATed and SMATed
samples irradiated with 2 dpa at 350�C were 2.3 nm and 1.9 nm,
and the densities were � 1:5� 1024 =m3 and � 0:7� 1024 =m3,
respectively. GBs are preferential sites for the accumulation of He
bubbles. Lower density and smaller size bubbles were observed,
and the lattice expansion was less significant in SMATed samples
than in un-SMATed ones, which was likely due to the absorption of
atoms from inside of the grains by the GBs.

Conflict of interest

There is no conflict of interest.

Acknowledgments

The authors are grateful to the National Laboratory of Heavy-ion
Accelerators in Lanzhou for providing the experiment platform. The
authors are indebted to Dr Z.B. Wang of Shenyang National Labo-
ratory for Materials Science for the cooperation in the SMAT ex-
periments. Financial support from National Magnetic Confinement
Fusion Energy Research Project (2015GB118001) and Project Fun-
ded by China Postdoctoral Science Foundation (No. 2015M582669)
is acknowledged. W.B. Liu acknowledges financial support by the
Fundamental Research Funds for the Central Universities. H. Chen
would like to acknowledge the financial support under grant
2016YFB0300104.

References

[1] S.J. Zinkle, P.J. Maziasz, R.E. Stoller, Dose dependence of the microstructural
evolution in neutron-irradiated austenitic stainless steel, J. Nucl. Mater. 206
(1993) 266e286.

[2] C. Xu, L. Zhang, W. Qian, J. Mei, X. Liu, The studies of irradiation hardening of
stainless steel reactor internals under proton and xenon irradiation, Nucl. Eng.
Technol. 48 (2016) 758e764.

[3] W. Wang, S. Liu, G. Xu, B. Zhang, Q. Huang, Effect of thermal aging on
microstructure and mechanical properties of China low-activation martensitic
steel at 550�C, Nucl. Eng. Technol. 48 (2016) 518e524.

[4] P.B. Zhang, C. Zhang, R.H. Li, J.J. Zhao, He-induced vacancy formation in bcc Fe
solid from first-principles simulation, J. Nucl. Mater. 444 (2014) 147e152.

[5] H. Ullmaier, The influence of helium on the bulk properties of fusion reactor
structural materials, Nucl. Fusion 24 (1984) 1039e1083.

[6] S.J. Zinkle, B.N. Singh, Analysis of displacement damage and defect production
under cascade damage conditions, J. Nucl. Mater. 199 (1992) 173e191.

[7] C.C. Wang, C. Zhang, Z.G. Yang, J.J. Zhao, Multiscale simulation of yield
strength in reduced-activation ferritic/martensitic steel, Nucl. Eng. Technol. 49
(2017) 569e575.

[8] R.H. Li, P.B. Zhang, X.J. Li, J.H. Ding, Y.Y. Wang, J.J. Zhao, L. Vitos, Effects of Cr
and W additions on the stability and migration of He in bcc Fe: a first-
principles study, Comput. Mater. Sci. 123 (2016) 85e92.

[9] N. Hashimoto, T.S. Byun, K. Farrell, S.J. Zinkle, Deformation microstructure of
neutron-irradiated pure polycrystalline metals, J. Nucl. Mater. 1309 (2004)
947e952.

[10] F.A. Garner, M.B. Toloczko, B.H. Sencer, Comparison of swelling and irradiation
creep behavior of fcc-austenitic and bcc-ferritic/martensitic alloys at high
neutron exposure, J. Nucl. Mater. 276 (2000) 123e142.

[11] W.B. Liu, Y.Z. Ji, P.K. Tan, C. Zhang, C.H. He, Z.G. Yang, Microstructure evolution
during helium irradiation and post-irradiation annealing in a nanostructured
reduced activation steel, J. Nucl. Mater. 479 (2016) 1303e1330.

[12] H. Trinkaus, B.N. Singh, Helium accumulation in metals during irradiation e

where do we stand? J. Nucl. Mater. 1303 (2003) 229e242.
[13] J. Henry, M.H. Mathon, P. Jung, Microstructural analysis of 9% Cr martensitic

steels containing 0.5 at.% helium, J. Nucl. Mater. 318 (2003) 249e259.
[14] Z. Jiao, N. Ham, G.S. Was, Microstructure of helium-implanted and proton-

irradiated T91 ferritic/martensitic steel, J. Nucl. Mater. 367 (2007) 440e445.
[15] Y. Sekio, S. Yamashita, N. Sakaguchi, H. Takahashi, Void denuded zone for-

mation for Fee15Cre15Ni steel and PNC316 stainless steel under neutron and
electron irradiations, J. Nucl. Mater. 458 (2015) 355e360.

L.D. Xia et al. / Nuclear Engineering and Technology 50 (2018) 132e139138

http://refhub.elsevier.com/S1738-5733(17)30281-4/sref1
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref1
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref1
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref1
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref2
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref2
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref2
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref2
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref3
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref3
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref3
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref3
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref3
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref4
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref4
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref4
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref5
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref5
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref5
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref6
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref6
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref6
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref7
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref7
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref7
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref7
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref8
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref8
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref8
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref8
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref9
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref9
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref9
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref9
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref10
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref10
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref10
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref10
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref11
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref11
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref11
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref11
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref12
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref12
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref12
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref13
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref13
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref13
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref14
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref14
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref14
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref15
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref15
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref15
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref15
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref15
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref15


[16] B. Mazumder, M.E. Bannister, F.W. Meyer, M.K. Miller, C.M. Parish,
P.D. Edmondson, Helium trapping in carbide precipitates in a tempered F82H
ferriticemartensitic steel, Nucl. Mater. Energy 1 (2015) 8e12.

[17] B.N. Singh, Effect of grain size on void formation during high-energy electron
irradiation of austenitic stainless steel, Philos. Mag. 29 (1974) 25e42.

[18] B.N. Singh, A. Foreman, Calculated grain size-dependent vacancy super-
saturation and its effect on void formation, Philos. Mag. 29 (1974)
847e857.

[19] R. Bullough, M.R. Hayns, M.H. Wood, Sink strengths for thin film surfaces and
grain boundaries, J. Nucl. Mater. 90 (1980) 44e59.

[20] K.Y. Yu, Y. Liu, C. Sun, H. Wang, L. Shao, E.G. Fu, X. Zhang, Radiation damage
in helium ion irradiated nanocrystalline Fe, J. Nucl. Mater. 425 (2012)
140e146.

[21] N.R. Tao, Z.B. Wang, W.P. Tong, M.L. Sui, J. Lu, K. Lu, An investigation of surface
nanocrystallization mechanism in Fe induced by surface mechanical attrition
treatment, Acta Mater. 50 (2002) 4603e4616.

[22] R.E. Stoller, M.B. Toloczko, et al., On the use of SRIM for computing radi-
ation damage exposure, Nucl. Instr. Meth. Phys. Res., Sect. B. 310 (2013)
75e80.

[23] Y. Matsukawa, S.J. Zinkle, Dynamic observation of the collapse process of a
stacking fault tetrahedron by moving dislocations, J. Nucl. Mater. 1309 (2004)
919e923.

[24] M.J. Caturla, N. Soneda, E. Alonso, B.D. Wirth, T.D. De La Rubia, J.M. Perlado,
Comparative study of radiation damage accumulation in Cu and Fe, J. Nucl.
Mater. 276 (2000) 13e21.

[25] E.G. Fu, A. Misra, H. Wang, L. Shao, X. Zhang, Interface enabled defects
reduction in helium ion irradiated Cu/V nanolayers, J. Nucl. Mater. 407 (2010)
178e188.

[26] H. Trinkaus, Modeling of helium effects in metals: high temperature embrit-
tlement, J. Nucl. Mater. 133 (1985) 105e112.

[27] B.N. Singh, T. Leffers, M. Victoria, W.V. Green, Relation between mechanical-
properties and microstructure under fusion irradiation conditions, Rad. Eff.
101 (1987) 91e107.

[28] C. Dethloff, E. Gaganidze, V.V. Svetukhin, J. Aktaa, Modeling of helium bubble
nucleation and growth in neutron irradiated boron doped RAFM steels, J. Nucl.
Mater. 426 (2012) 287e297.

[29] J.H. Evans, An interbubble fracture mechanism of blister formation on helium-
irradiated metals, J. Nucl. Mater 68 (1977) 129e140.

L.D. Xia et al. / Nuclear Engineering and Technology 50 (2018) 132e139 139

http://refhub.elsevier.com/S1738-5733(17)30281-4/sref16
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref16
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref16
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref16
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref16
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref17
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref17
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref17
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref18
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref18
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref18
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref18
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref19
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref19
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref19
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref20
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref20
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref20
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref20
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref21
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref21
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref21
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref21
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref22
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref22
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref22
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref22
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref23
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref23
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref23
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref23
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref24
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref24
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref24
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref24
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref25
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref25
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref25
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref25
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref26
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref26
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref26
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref27
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref27
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref27
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref27
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref28
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref28
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref28
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref28
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref29
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref29
http://refhub.elsevier.com/S1738-5733(17)30281-4/sref29



