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Cavity swelling of RAFM steel under 792 MeV Ar-ions

irradiation at 773 K *
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Abstract: China reduced-activation ferritic/martensitic steel is irradiated at 773 K with 792 MeV Ar-ions to fluences

of 2.3×1020 and 4.6×1020 ions/m2, respectively. The variation of the microstructures of the Reduced-activation

ferritic/martensitic (RAFM) steel samples with the Ar-ion penetration depth is investigated using a transmission

electron microscope (TEM). From analyses of the microstructure changes along with the Ar-ions penetrating depth,

it is found that high-density cavities form in the peak damage region. The average size and the number density of the

cavities depend strongly on the damage level and Ar-atom concentration. Swelling due to the formation of cavities

increases significantly with an increased damage level, and the existence of deposited Ar-atoms also enhances the

growth of the average size of the cavities. The effect of atom displacements and Ar-atoms on the swelling of the

RAFM steel under high energy Ar-ion irradiation is discussed briefly.
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1 Introduction

Radiation damage can influence the properties of ma-
terials such as the strength, ductility and dimensional
stability. This can have a drastic impact on the safety
and economic operation of fission and fusion reactors. It
is well known that the radiation damage effect in nuclear
reactors is a consequence of two basic types of damage,
which include lattice atom displacement caused by irra-
diation and the foreign gas elements which are produced
by (n, a) reaction. The inert gas helium has a vanishingly
low solubility in metal and consequently is separated out
to form small gas bubbles; moreover, helium also plays
an important part in the initial nucleation of voids which
subsequently grow by accumulation of vacancies [1]. On
the other hand, it has been found that the helium atom
plays an important role in stabilizing the 3D geometry
for a small vacancy cluster than the 2D platelet geometry
[2, 3]. It is therefore essential to acquire a comprehen-
sive understanding of the effect of radiation damage and
to use the information for the development of radiation-
resistant alloys [4–6].

Reduced-activation ferritic/martensitic (RAFM)
steel is considered to be a candidate structural material
for advanced nuclear reactors because of its low activa-
tion, excellent mechanical property, good microstructure
stability, and maturity as an industrial material [7–10].
During the last decade, a series of RAFM steels such
as JLF, F82H, EUROFER97, and CLAM steels have
been developed and investigated extensively [11–14].
The swelling behaviors of 3-18Cr ferritic steels under
neutron irradiation were partly investigated in EBR-/
and FFTF [15, 16], respectively, for the absence of the
corresponding fusion neutron source. So far, it is widely
accepted that the lattice atom displacement and helium
similar to that created in the structural materials of re-
actors can be reproduced separately or simultaneously
by energetic ion beam bombardment [12]. Consequently,
the synergistic effect of displacement damage and he-
lium in swelling behaviors of the complex steels has
been studied in triple/dual ions irradiation experiments
[8, 17, 18]. However, with regard to the small pene-
tration depths of ions in these experiments, the close
proximity of the free surface as a defect sink makes it
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almost impossible to quantitatively relate the damage
retained within bulk material [12].

In the present study, microstructural changes of the
China RAFM steel irradiated with 792 MeV Ar- ions at
773 K was investigated. On one hand, the penetration
depth of high energy Ar-ions in steel was up to 130 µm
and the influence of the free surface could generally be
neglected. On the other hand, it was expected that ar-
gon could act as an analogue for helium. If a vacancy
is present, both of the two inert gases will be strongly
bound to the vacancy (with energy of a few eV), thus
forming stable gas atom-vacancy cluster in the matrix
[16]. Furthermore, energetic Ar- ions can produce dis-
placement damage at a higher rate, namely a higher dis-
placement damage level in a shorter time than He- ions.
The objective of this study is first to investigate the dose
dependence on the cavity swelling of the China RAFM
steel at high temperature and second to study the syn-
ergistic effect of displacement damage and Ar concentra-
tion on cavity swelling.

2 The experiment

The sample used in this work is a China RAFM steel
(CLAM steel, obtained from the Institute of Metal Re-
search, CAS) with a size of 10 mm×15 mm×1 mm. The
composition of the steel is given in Table 1. The samples
were irradiated with 792 MeV Ar-ions at 773 K at the
high temperature and stress materials research terminal
of the Heavy Ion Research Facility of Lanzhou (HIRFL,
China). The Ar-ion beam was scanned using two X-Y
sets of magnets to a size of 15 mm×15 mm with homo-
geneity better than 95%. The irradiation was performed
to two increasing fluences of 2.3×1020 and 4.6×1020 Ar-
ions/m2, respectively. During the irradiation, the aver-
age beam flux was about 6.4×1014 Ar-ions/m2/s with a
fluctuation within ±10%. The sample temperature was
kept at 773 K with a fluctuations of 6 K in the condi-
tions of the Ar-ion beam being turned on and turned
off suddenly. Based on the calculation according to the
SRIM2008 [19] (Fig. 1), the irradiation damage rate and
the ratio of Ar-atom concentration to displacement per
atom (dpa) at the peak damage region were approxi-
mately 2.5×10−5 dpa/s and 115 appm (10−6) Ar/dpa,
respectively. The peak damage level and Ar-atom con-
centration can reach up to about 9 dpa, 1035 appm Ar
and about 18 dpa, 2070 appm Ar, corresponding to the
fluences of 2.3×1020 and 4.6×1020 Ar-ions/m2, respec-
tively.

Table 1. Chemical composition of the RAFM steel (wt%).

Fe Cr C Mn Ta W V Si O P

Bal 8.93 0.13 0.45 0.15 1.44 0.20 0.08 <0.002 <0.002

After irradiation, transmission electron microscope
(TEM) observation of the cross-sectional specimen was
performed with an FEI TECNAI G2 F30 TEM at
Lanzhou University. According to the obtained micro-
graphs, the total volume and number density of cav-
ities formed at different depths along the ion-incident
direction were determined using thickness data of the
specimen obtained by the contamination-spot separation
method, as described in detail in Ref. [20], and then the
corresponding bulk cavity swelling was deduced. The
cavity swelling is often defined as:

S=Vc/(V −Vc), (1)

where Vc is the total volume of the cavities induced by ir-
radiation and V is the bulk of the specimen in the cavity
region.

Fig. 1. Distributions of damage cross-section and
Ar-atom deposition in RAFM steel evaluated by
SRIM 2008.

3 Results and discussion

Figure 2(a) shows the microstructure of un-irradiated
steel with a typical martensite lath structure contain-
ing martensite packets and lath boundaries formed dur-
ing normalization. Moreover, the high-density precip-
itates, metal carbide (MC) and M23C6, formed during
tempering were mostly located along the lath bound-
aries and inside the martensite lath. The number density
of M23C6 and MC carbide particles were approximately
1.1×1019 m−3 and 1.19×1020 m−3, respectively. The size
of the M23C6 precipitates varied from 200 nm to 1500 nm,
meanwhile, the size of the MC precipitates varied from
20 nm to 100 nm. The microstructures of the peak dam-
age region in the samples irradiated to 2.3×1020 and
4.6×1020 Ar-ions/m2 are shown in Figs. 2(b) and (c),
respectively. Dense cavities formed in the peak dam-
age regions of the irradiated samples are observed, as
shown in Figs. 2(b) and (c). The average size of the
cavities increases whereas the number of the cavities de-
creases slightly with increasing the irradiation fluence.
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The maximum diameter (∼130 nm) of cavities was found
in the samples irradiated to 4.6×1020 Ar-ions/m2 mean-
while the maximum cavity swelling (∼4.29%) occurred.

In order to further understand the synergistic effect
of the displacement damage and argon gas impurity on
the cavity formation, the microstructures of the irradi-
ated samples varying with the depths are discussed in
detail. Fig. 3 shows TEM image of the depth distri-
bution of the microstructures in the damage peak re-
gion of the sample irradiated to 2.3×1020 Ar-ions/m2.
The arrows show the incident direction of Ar-ions, and
the parameters of the ion penetrating depth, the dam-
age level and the deposited Ar concentration are also
given in the figure. It can be seen that the size and the
density of the formed cavities have a strong dependence
on the damage level and the deposited Ar concentra-

tion, as shown in Figs. 3(a)–(f). The largest size cavities
(up to 70 nm) produced by irradiation are observed at
the depth of approximately 130 µm beneath the incident
surface (Fig. 3(c)). The size distributions of the cavities
at different depth with different damage levels and Ar
concentrations are given in Fig. 4. A typical size dis-
tribution of the cavities near the peak damage region
containing a high density of cavities at small sizes and
another larger size ones with relatively few number is
shown in Figs. 4(c) and 4(g). Such a size distribution
provides evidence of a possible coarsening mechanism of
the cavities via dislocation bias driven growth [21, 22].

Furthermore, the average size of the cavities, the cav-
ity number density as well as the deduced cavity swelling
varying with the Ar-ions penetrating depth are demon-
strated in Fig. 5. It is noticeable that, the average

Fig. 2. Typical bright field images of RAFM steel at different conditions: (a) un-irradiated; (b) 2.3×1020 and (c)
4.6×1020 Ar-ions/m2.

Fig. 3. Typical cross-sectional micrographs of the peak damage region in the RAFM steel irradiated to 2.3×1020

Ar-ions/m2.
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Fig. 4. Percentage of the cavity number versus the
cavity size at different depths. The correspond-
ing damage level and Ar-atom concentration are
given in the figure.

diameter and number density of the cavities as well as
the deduced cavity swelling value all peak at a depth of
around 130 µm. The maximum swelling value is about
2.7% near the peak damage region with the damage level
and Ar-atom concentration of 9 dpa and 1035 appm, re-
spectively. Since the highest displacement damage rate
occurs in the peak damage region for single ion irradi-
ation, a high density of dislocations is observed at the
depth of 129.4 µm, as shown in Fig. 3. According to the
theoretical model of Stoller and Odette [23], a higher to-
tal dislocation density in the peak damage region could
reduce the vacancy supersaturation and consequently re-
sult in lower void nucleation rate. Therefore, the max-
imum swelling does not occur in the peak displacement
damage region but in the peak Ar-atom concentration
region.

Figure 6 shows a summary of the cavity swelling val-
ues varying with the damage level and the corresponding

Ar-atom concentration values are also labeled. The cav-
ity swelling value increases from ∼0.06% to a maximum
of ∼4.29% when the damage level increases from 0.36
to 18 dpa. The dose dependence of the swelling (the
curved line) is consistent with the theoretical prediction
by Mansur [24]. As can be seen, there are three regions
of dose dependence according to Q, which is the ratio of
the dislocation sink strength to cavity sink strength. At
low doses (Q�1), the dislocations are the dominant sink
and result in lower swelling rate. At high doses (Q�1),
the cavities typically become the dominant sinks when
the dislocation density is maintained constant and this
case indicates the situation where most point defects of
either type are absorbed by cavities, essentially resulting
in efficient annihilation of interstitials and vacancies with
little net absorption. Therefore, the swelling rate cannot
increase rapidly under the conditions of Q�1 and Q�1
[22].

In addition, taking into account the comparison
among the following points (2 dpa, 7 appm Ar), (2 dpa,
529 appm Ar), (5 dpa, 480 appm Ar) and (5 dpa, 736
appm Ar), it is found that, for the same damage level, the
cavity swelling increases with increasing the deposited Ar
concentration. The comparison between the points (2
dpa, 529 appm Ar) and (5 dpa, 480 appm Ar) indicates

Fig. 5. (color noline) The depth distributions of
average diameter and number density of cavities
as well as the deduced cavity swelling of RAFM
steel irradiated to 2.3×1020 Ar-ions/m2.
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Fig. 6. (color online) The cavity swelling varying
with the damage level. The corresponding Ar-
atom concentration values are given in the figure.

that the cavity swelling for a given deposited Ar con-
centration increases with increasing the damage level. It
should be noted that the immobile inert gas atoms may
act to enhance the cavities nucleation and stabilize a
cavity embryo by the gas pressure [12, 13, 25, 26]. For
a lower dpa value and lower Ar-atom concentration, the
cavity nucleates via the multi-atomic nucleation model,
and then grows due to the internal argon gas pressure.
Thus, this condition results in the weak swelling by lack-
ing excess vacancies. With increasing the dpa value,
the cavity embryos can absorb a sufficient number of Ar
atoms or vacancies introduced by the irradiation via a va-
cancy mechanism at high temperature and grow to larger
ones that lead to a larger swelling. However, for high dpa

level and large Ar-atom concentration, the coexistence of
the gas-driven and the vacancy supersaturation- driven
stages lead to the appearance of larger voids (∼130 nm
in diameter) via dislocations bias driven growth. Simi-
lar cavity size distributions were reported in the study
of T92 and JLF-1steels with Ne-ion and Fe plus He-ions
dual-beam irradiations [17, 18, 21].

4 Summary

The home-made RAFM steel irradiated with 792 Ar-
ions at 773 K to 2.3×1020 and 4.6×1020 ions/m2 was
investigated by using TEM measurement. From the
analyses of microstructure change along with the depth
beneath the ion incident surface, we found high-density
cavities with a size distribution via dislocations bias
driven growth in the Ar-ion irradiated samples. The
dose dependence on cavity swelling of the China RAFM
steel at high temperature was discussed and there was
a synergistic effect in the cavity formation during the
Ar-ion irradiation. The average size and the number
density of the cavities depend strongly on the damage
levels and Ar-atoms concentrations. The cavity swelling
value increased from ∼0.06% to a maximum of ∼4.29%
with the damage level increased from 0.36 to 18 dpa.
For the same damage level, the higher the Ar-atom con-
centration, the larger the cavity swelling produced in the
sample.

The authors would like to thank the staff of HIRFL-

SSC in IMP for their collaboration during the Ar-ion

irradiation experiment.
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