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A B S T R A C T

To investigate the influence of heat load on microstructure change, we conducted in-situ experiments of an-
nealing and irradiation for a model alloy (Fe-0.75Mn-0.47Mo-0.45Ni) using a multi-beam high voltage electron
microscope. Electron-irradiation resulted in the formation of black dots in the model alloy. It is noted that some
of black dots grew and changed to dislocation loops, but some did not. Furthermore, the 500 °C annealing to the
electron-irradiated sample resulted in the shrinkage and/or the disappearance of black dots and small loops
(<10 nm). It is suggested that the annealing would cause the release of interstitial atoms from small loops,
which could flow into adjacent larger loops or diffuse to the surface.

1. Introduction

Mechanical property change in reactor pressure vessel steels in-
duced by neutron irradiation is a key issue for safe and longer operation
of reactors. The embrittlement is attributed to nano-scale micro-
structural features such as copper rich precipitates, matrix damage and
grain boundary segregation [1–9]. While precipitation and segregation
have been extensively studied [10], it is still unclear, what the nature
and the main mechanisms of the formation of matrix damage are. In
addition, if a severe accident was to happen and the coolant system
stopped, the temperature of reactor components could quickly exceed
the normal operation temperature. Systematic and specific research on
the change of microstructure after a potential severe accident is ne-
cessary and should include the effect of heat load on irradiated mate-
rials. To investigate the influence of heat load on microstructure
change, we conducted in-situ experiments of irradiation and annealing
to a model alloy (Fe-0.75Mn-0.47Mo-0.45Ni) by a multi-beam high
voltage electron microscope (HVEM). Electron irradiation (in-situ ob-
servation) experiment would be powerful tool for the direct investiga-
tion of secondary defect behavior under irradiation, which in im-
possible under neutron irradiation. The important parameters of
microstructure change are the change in size and number density of
loops and black dots during electron irradiation and annealing.

2. Experimental

The materials used for this study was a model alloy based on a low

alloy steel used for reactor pressure vessels in Light Water Reactors.
Table 1 indicates the chemical composition of the model alloy. The low
alloy steel was arc melted, and then rolled down to 0.2mm in thick.
Sheets of the steel were mechanically ground down to 0.10mm in thick.
Discs of 3mm in diameter were punched out and solution-annealed at
800 °C for 2 h in vacuum, followed by electro-polishing for the irra-
diation and tempering experiment. The conditions for the electro-pol-
ishing are shown in Table 2. The in-situ electron irradiation experiment
was carried out using a high voltage electron microscope (HVEM JEM-
ARM-1300) operating at 1250 kV at Hokkaido University. In-situ elec-
tron irradiation (the 1st irradiation) was carried out at the damage rate
of 3.0× 10−4 dpa/s to 0.2 dpa at 290 °C. After the 1st irradiation ex-
periment, additional irradiation (the 2nd irradiation) and annealing
experiment were performed in the HVEM. The 2nd irradiation to the
1st-irradiated sample was carried out at 500 °C to 0.14 dpa (total dose
was 0.34 dpa). The annealing experiment at 500 °C for 90min was
performed to the 1st irradiated sample. The irradiation conditions and
annealing condition are summarized in Table 3. The temperature of
annealing experiment was decided based on the increase in average
temperature of reactor pressure vessel after a severe accident. The
temperature history of the irradiation and tempering experiment is
shown in Fig. 1. To ensure reliability, more than 100 of loops were
analyzed. In the calculation of number density, the thickness of the
irradiated area was estimated by thickness fringe. Using an appropriate
reflection g, we can calculate the extinction distance: ζg. For example, in
the case of g=011, the ζg=011 of α-Fe is about 29 nm. In the two-beam
condition, the nth bright fringe from the edge of the wedge shape
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sample can give the thickness value of 29n nm. The thickness of the 10th
fringe area can be estimated to be 290 nm. This would be the best way
to estimate the thickness of wedge shape samples.

3. Results

3.1. Microstructural development during the 1st irradiation at 290 °C

Typical microstructural development during the 1st irradiation ex-
periment using HVEM is shown in Fig. 2. Both bright field and weak
beam dark field images were taken in the condition of B∼[111],
g=110, and s> 0. Irradiation-induced black dots were observed in the
early stage of irradiation at 290 °C. Some black dots grew and changed
to dislocation loops as increasing in dose, while the other did not. On
the other hand, no voids were observed in matrix. The total number
density and the average diameter of loops and black dots were
3.3×1021 m−3 and 16.9 nm, respectively.

3.2. Microstructural development during annealing at 500 °C

After the 1st electron irradiation at 290 °C to 0.2 dpa, annealing was
carried out at 500 °C for 90min. Fig. 3 shows the microstructural
changes before and after annealing. The imaging condition was
B∼[111], g=110, and s> 0. The annealing experiment to the 1st
irradiated sample exhibited the shrinkage or disappearance of black
dots and small loops (< 10 nm). The number density and the size of
dislocation loops and black dots are summarized in Table 5. The an-
nealing experiment resulted in a decrease in the number density and an
increase in the size of black dots and loops.

3.3. Microstructural development during the 2nd irradiation at 500 °C

The microstructural change after the 2nd irradiation is shown in
Fig. 4. The imaging condition was B∼[111], g=110, and s> 0.
During the 2nd irradiation, some dislocation loops grew by interacting
with the other loops. As listed in Table 5, the 2nd irradiation resulted in
the remarkable decrease in the number density and the increase in the
size of black dots and loops compared to annealed sample. The size
distribution of black dots and loops before and after the 2nd irradiation
was shown in Fig. 6. The size distribution of loops in the 1st and 2nd
irradiated sample changed more significantly than that of annealed
after the 1st irradiated sample.

4. Discussion

During the 1st irradiation, some black dots grew and changed to
loops as increasing in dose, while the others did not. From this result, it

Table 1
Chemical comosition of low alloy model steel (wt.%).

Fe Mn Mo Ni C Si P Cu S

Bal. 0.75 0.47 0.45 0.001 <0.01 <0.003 <0.003 0.0003

Table 2
Electro-polishing condition.

Electrolyte Acetate:Perchloric acid=19:1

Voltage (V) 80.0∼90.0
Current (mA) 90∼120
Temperature (°C) 14.0∼17.0

Table 3
Condition of electron irradiation and annealing.

Acceleration voltage 1250 keV

1st electron irradiation 290 °C, 3.0× 10−4 dpa/s, 0.2 dpa
2nd electron irradiation 500 °C, 2.6× 10−5 dpa/s, 0.14 dpa after the 1st

electron irradiation
Annealing 500 °C, 90min. after the 1st electron irradiation

Table 4
Number density and size of dislocation loops and black dots during the 1st
irradiation.

Dose 0.10 dpa 0.15 dpa 0.20 dpa

Number density/m−3 5.8× 1021 5.5×1021 3.3× 1021

Size/nm 8.90 11.6 17.0

Fig. 1. History of irradiaion and aging experiment for low alloy steel.

Fig. 2. Microstructural development in the low alloy steel during 1st electron irradiation at 290 °C to 0.2 dpa.
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