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density of small “bright spot” defect clusters, dislocation loops and stacking faults are visible at depths of 100 to
160 nm. When imaged with g =−1012 and −1 − 11, a high density of dislocation loops are visible at depths of
surface to 100 nm. Some large stacking faults are visible at a depth of 100 nm. The deeper zone (between 100 and
160 nm) shows many small “bright spot” defect clusters and dislocation loops.
HRTEM observations taken from the recrystallized layer in the He-implanted sample after 1 473 K annealing,
reveal four diﬀerent crystalline orientations, denoted as A, B, C and D [see Fig. 3(b)]. The SAED pattern
demonstrates that the zones A, B, C are 6H-SiC structure, as shown in the inset of Fig. 3(b). The angle between
the c axes of the zones A and B is 72◦ . The angle between the c axes of the zones A and C is about 10◦ . The
SAED pattern demonstrates that the zone D is 3C-SiC structure. Due to the lattice mismatch between 3C-SiC and
6H-SiC, lattice stress is formed in the interface of these two diﬀerent crystalline structures. Lattice strain induces
the formation of zone C. The detail reason should be investigated further. At some zones, amorphous contrasts can
be observed. The amorphous structure is caused by the growth of the faceted bubbles. The image of Fig. 3(b) was
processed using inverse Fast Fourier Transform (FFT) ﬁltering in order to improve the visibility of the damaged
layer. The result is shown in Fig. 3(c) where the aperiodic structure after recrystallization is observed. Stacking
faults can be clearly observed, as indicated by arrows. In addition, a mosaic of nanometer-sized domains mainly
located at the interface of four diﬀerent zones. As we can see that there is a . . . ABCBCACB. . . stacking sequence
in zone A and a . . . ABCABC stacking sequence in zone D.

Fig. 3 (a) XTEM image showing the damaged layer of the He+ -implanted 6H-SiC after 1 473 K annealing and (b) HRTEM
image showing recrystallized region with Fourier-transformed patterns revealing the coexistence of A, B, C and D zones.
(c) Inverse Fast Fourier Transform ﬁltering of image (b) where stacking faults indicated by black arrows and lattice atoms
stacking sequences in zone A and D noted by letters.
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Microstructural Characterization of SIMP Steel Irradiated
with Energetic Fe-ions∗

Shen Tielong, Fang Xuesong, Cui Minghuan, Zhu Yabin, Jin Peng, Li Bingsheng and Wang Zhiguang
A novel full martensitic steel, SIMP steel, has been developed as a candidate structural and fuel cladding
material for Accelerator Driven Subcritical (ADS) system. In this work, the SIMP steel samples were irradiated
with multi-energetic Fe-ions to the doses of 0.1, 0.25, 1 displacement per atom (dpa), respectively, at 300 ℃ and 1
dpa, at 400 ℃. The objective of the present work is to provide the useful information on understanding of interstitial
type RID and alloying element precipitation in SIMP steel.
The material employed in the present experimental was the newly developed SIMP steel obtained from Institute
of Metal Research, CAS. One surface of each sample was mechanically ground with sandpapers of varying grits
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and ﬁnally to a ﬁne mirror ﬁnish. The Fe-ion irradiation was performed in a high temperature irradiation creep
terminal chamber of the sector focusing cyclotron (SFC) in the National Laboratory of Heavy Ion research Facility
of Lanzhou (HIRFL), China. The SIMP steel samples were 3D-homogeneously irradiation in the depth range of
3∼20 µm using 353 MeV Fe-ion transmitting through a degrader wheel with 36 Al foils of variable thicknesses.
The X-Y magnetic scanning system was used to get well-distributed ion beam bombarding with an homogeneity
better than 95% and the beam spot size was 30 mm × 30 mm. An aperture made of steel alloy with size of
15 mm×15 mm was placed in front of the samples to ensure the ﬁnal uniformed irradiation with size of 15 mm×
15 mm on the SIMP samples. With the stable beam current densities of 0.18 µA·cm−2 , the Fe-ion irradiated ﬂux
was approximately 6.4×1010 ion·cm−2 per second and the average damage cross-section of 6.5×10−17 dpa·cm2 /ion
was selected, as shown in Fig. 1. So the corresponding displacement damage rate was 4.2×10−6 dpa·s−1 in this
experiment of Fe-ion irradiation. The current production of the displacement damage was calculated by SRIM2008[1]
for a displacement threshold energy of 40 eV. The temperature distribution on the sample during irradiation was
monitored by two thermo-couples mounted at the side and back of the sample controlled intelligently by the heating
systems.

Fig. 1
(color online) SRIM calculation of the damage cross-section prﬁle produced by 353 MeV Fe-ion passing through a
degrader wheel with 36 Al foils of variable thicknesses in SIMP steel.

The cross-sectional TEM samples were prepared by mechanical polishing down to approximately 30 µm in
thickness after Fe-ion irradiation. Then ion milling by using a Gatan precision ion polishing system (Gatan 691,
with two Ar ion beam of 5 keV gradually decreasing to 4 keV, incident at the glancing angles of 5◦ for 1hour
and then decreasing to 3◦ to minimize radiation damage and beam heating eﬀect induced by the Ar ion) was
employed to obtain the TEM foil with thickness that is transparent for electrons. The defects induced by Fe-ion
irradiation in SIMP specimens were examined using a FEI Tecnai F20 TEM equipped with a double-tilt goniometer
stage and operated at 200 kV with a ﬁeld emission gun. The most often used image conditions were bright ﬁeld
(BF) and weak beam dark-ﬁeld (WBDF) at g(5 g), g=110 near z=111. The size and number density of defect
clusters were quantifying using only the TEM micrographs of g(5 g), g=110 near z=111 for all specimens. The
thickness data of the TEM specimens in the interested region was obtained with a ﬂuctuation of about ±10% by
the contamination-spot separation method[2] .
The main feature of defects induced by irradiation is small defect cluster, the black dots or small loops,
which can be seen in Fig. 2. The microstructure of SIMP steel irradiated to low doses of 0.1 and 0.25 dpa, at
300 ℃ including only some distortion dislocation lines and some sparse black dots were observed. The density of
the black dot is quite low at low dose. With increasing irradiation dose to 1 dpa, dense small defect clusters or
loops were observed. The results indicate that the dose threshold value of defect cluster formation in SIMP steel is
in range of from 0.25 to 1dpa for the present Fe-ion irradiation. Fig. 3(a) shows the temperature dependence of the
density and size of defect clusters or loops in SIMP steel irradiated to the dose of 1 dpa at 300 ℃ and 400 ℃. The
correspond size distribution of defect clusters or loops induced by irradiation are also plotted in Fig. 3(b). At the
dose of 1 dpa and the irradiation temperature of 300℃, the mean size of defect cluster is 3.1 nm with the density
of 4.5×1022 m−3 . When the irradiation temperature increase to 400 ℃, the mean size of the cluster obtained from
TEM image is 4.5 nm with the density of 2.2×1022 m−3 . It demonstrates that the size of defect clusters increases
with irradiation temperature while the defect cluster density drops quickly. Although at the same dose of 1 dpa, it
is clear that both the size and density are quite sensitive to irradiation temperature.
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Fig. 2 Bright ﬁeld images(upper) and weak beam dark ﬁeld images in inverted- contrast(lower) show the defect clusters or
loops in SIMP steel irradiated at diﬀerent conditions (a)0.1 dpa, 300 ℃; (b)0.25 dpa, 300 ℃; (c) 1 dpa, 300 ℃; (d) 1 dpa,
400 ℃.

Fig. 3 (color online) The temperature dependence of the density and size of defect clusters (a)and the size distribution of
defect cluster or loops(b) in SIMP steel irradiated to the dose of 1 dpa.

In most cases, the self-interstitial atoms caused by irradiation can migrate and accumulate much more easily
at higher temperature because of the lower activation energy and migration energy and result in formation of
the larger size defect cluster or loop with lower density. The present results are more or less consistent with the
temperature dependence of defect cluster size and density in previous study on T91 steel irradiated in the Swiss
spallation neutron source Target-3[3] . Generally, both vacancies and interstitials produced in equal numbers at the
beginning of the irradiation and most of them will be lost either by recombination each other or by absorption
into dislocations or boundaries due to the sink eﬀect. On one hand, the vacancy type defects are stabilized by
residual gases in material and lead to formation of the cavity embryos. On the other hand, the dislocations, acting
as biased sinks for preferential absorption of interstitials, can absorb interstitials continuously and then result in
the formation of loops. Whilst the enhanced inputting of interstitials into the dislocations or loops occurred, there
will cause the interstitial loops expansion, coalescence and ﬁnal incorporation into the dislocation network.
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