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Abstract. A nuclear-use ferritic-martensitic steel was irradiated by 196 MeV Kr ions. Both the
low damage level area and the high damage level area were investigated by a transmission
electron microscope (TEM), to reveal the irradiated microstructural features. In low damage
level area ranging from surface to 6 um depth, there were a few dislocation loops and black dots
induced by Kr irradiation. The type of dislocation loops could be primarily ag<100> or a¢/2<100>
type. In addition, it was found that the sink effect of grain boundaries and stability of small
precipitates were evident.

1. Introduction

Ferritic-martensitic (F/M) steels have a number of attractive properties for use as cladding and ducts in
reactors, including high strength at elevated temperatures, good compatibility and excellent swelling
resistance under irradiation [1-3]. At reactor operating temperatures, irradiation creep becomes a major
concern. An understanding of the microstructure evolution was required to determine the suitability of
these steels for the intended application. The majority of the recent efforts had been focusing on the
microstructure evolution during irradiation in reactors operating condition [4, 5]. However, neutron
irradiation was too expensive and time consuming to explore comprehensively the evolution of
microstructure. The ions implantation provides an effective way to induce irradiation damage to
simulate the neutron irradiation [6]. Besides, heavy ions implantation can operate at controlled
temperature. By ions implantation, phase stability of precipitates in ferritic-martensitic steel T91 under
proton irradiation was investigated [7, 8]. Heavy ions irradiation like Fe ions was used to study pre-
existing precipitates and induce formation of needle-like M3C particles [9]. Ultra high damage levels
can also be realized and it was found that swelling was accompanied by radiation-induced precipitation
of Cu-rich and Si, Ni, Mn-rich phases [10]. There are many other studies on variable microstructure by
utilizing ions implantation [11] at different irradiation condition such as temperature, dual beam ions
irradiation. In this study, to provide additional insight into the microstructure evolution of FM steels [12]
at high temperature, experiments were conducted using 196 MeV Kr ions at 550 °C.
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2. Experiments details

The chemical composition of a ferritic-martensitic steel T91 used in this study is listed in Table 1. The
T91 steel was normalized at 1045 °C for 10 mins, followed by air cooling, and then tempered at 780 °C
for 1 hour followed by air cooling. A 10x10x1 mm T91 sample was cut by electrical discharge
machining. The sample was mechanically polished with silicon carbide papers, and then eletropolished
using 10% perchloric acid and 90% ethyl alcohol.

Table 1. The chemical composition (wt%) of original T91 steel

Fe Cr C Mn Mo Nb Al Cu \Y Si Ni S P
Bal. 8.53 0.1 04 015 0.076 0.01 0.022 021 038 0.12 0.001 0.015

The polished specimen was irradiated by 196 MeV Kr ions at 550 °C. Two sets of magnets were
used to scan the ion beam with an area of 15x15 mm? during the ion beam bombarding on the specimen
to obtain a relatively uniform distribution in the radiation dose.

By SRIM-2008 Kinchin-Pease quick calculation [11] shown in Figure 1, Kr concentration
distribution is over 10 to 12 pum damage depth from surface. The damage peak position is located at ~
11 pm depth from surface and the value of peak damage is about 30 displacement per atom (dpa). Below
the depth of 10 pum, the ratio of Kr concentration to dpa is nearly zero. It indicates that there is no
significant effect of Kr atoms range from surface to 10 um. In order to avoid the effect of impurity atoms,
we mainly focused on the microstructure evolution of Kr-irradiated T91steel below the depth of 10 um.

3. Method of analysis

Transmission Electron Microscope (TEM) analyses were carried out on an FEI Talos 200X TEM
microscope to study the damage accumulation after irradiation. The TEM samples were fabricated by
focused ion beam (FIB) lift-out technique with a FEI Quanta 3D FEG dual beam scanning electron
microscopy (SEM). The length of original T91 samples reached 4 um. The length of Kr-irradiated T91
samples reached 12 um, completely including the irradiation depth. In order to reduce contingent
artifacts and obtain fine surface on FIB cross-section plane, a platinum (Pt) layer was deposited to
protect the surface from ion damaging, and then the sample was milled from both sides to the final
thickness of approximately 55 nm with the lowest possible current beam.
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Figure 1. The damage level, Kr concentration and ratio of concentration to
dpa in Kr-irradiated T91 sample simulated by SRIM-2008
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4. Results and discussion
In Figure 2, it was found that there were much low density dislocations in the bright filed image of
original T91 sample. In corresponding dark field image, there is rarely defects existed in original sample.

Some precipitates such as usually carbides like M23Cg [13] ranged from 40~200 nm were distributed
along the grain or sub-grain boundaries.

Figure 2. TEM bright and dark field images of original T91 sample fabricated by FIB

In Figure 3 and Figure 4, it was shown that the density of defects increased in Kr-irradiated T91
sample, as shown in Figure 3 and Figure 4. Within depth of 6 um, the damage level is lower than 3 dpa,
but it was also possible to induce dislocation loops by irradiation [6]. Interestingly, there is much more
dislocation loops produced by irradiation in some grains close to surface than other grains in deep layer.
But the grain boundaries existed in the depth from surface to 3 um are more distinguished than that in
the depth from 3 to 6 um. From Figure 1, the damage level of 3 um and 6 um deep layer are 0.84 dpa
and 1.68 dpa, respectively. With increasing of damage level, more dislocation loops or vacancies
produced by irradiation would migrate to grain boundaries and dislocations pile up near the grain
boundaries, which would make the grain boundaries amorphic or indistinguishable.

Figure 3. TEM image ranges from surface Figure 4. TEM image ranges from 3 to 6
to 3 um depth in Kr irradiated-T91 sample. pum depth in Kr irradiated-T91 sample.

The area in the depth of ~1 um was selected to apply the electron diffraction. The corresponding
TEM images and FFT diffraction patterns of T91 sample were show in Figure 5. The diffraction pattern
indicated a typical BCC crystal structure.
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Figure 5. TEM image and FFT diffraction pattern of T91 sample irradiated by Kr ions and
the depth of diffraction area is lower than 6 um.

irradiated by Kr ions under the diffraction vector g=200

iy 2K So, N RV

Figure 7. TEM bright and dark field images from surface to 6 um depth of T91 sample
irradiated by Kr ions under the diffraction vector g=1-10

In Figure 6, the TEM bright and dark field images within from surface to 6 um depth of Kr-irradiated
T91 under the diffraction vector g=200 has shown that low density dislocation loops or black dots were
produced. Generally, the contrast of dislocation loops is expected to vanish or become faint under
diffraction condition while g-b = 0. The Burgers vector of dislocation loops can be determined by the
g - b analysis under variable diffraction vector. Therefore, according to the TEM bright and dark field
images in the same area under the diffraction vector g=1-10, as shown in Figure 7, the type of vectors
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of dislocation loops produced by irradiation in Kr-irradiated T91 samples were believed as ag<100> or
a0/2<100> type [3, 14]. It was noticeable that there were small size precipitates in Figure 3 and 4 within
low damage area. It could indicate that some small precipitates would be less affected by irradiation,
which is similar to other study [9].

5. Conclusion

A ferritic-martensitic steel for nuclear reactor use was irradiated by high-energy heavy ions of 196 MeV
Kr at 550 °C. The microstructures before and after irradiation were investigated under Transmission
Electron Microscope. In the low damage area, there were only a few dislocation loops and black dots.
The type of dislocation loops were identified as ap<100> or a¢/2<100> type. In addition, the sink effects
of grain boundaries and the stability of small precipitates were found in the Kr-irradiated T91 steels.
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