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Abstract

In this work, a solution-annealed specimen of a low-activation Fe±Cr±Mn alloy was irradiated with 92 MeV Ar ions

at 450°C to a dose of 1:7� 1021 mÿ2 which was expected to produce a peak displacement damage of 90 dpa. After

irradiation, damage microstructure was investigated from the cross-sectional specimens using a transmission electron

microscope. High number density cavities were observed in the peak dose region. Size of cavities was the largest at the

peak displacement damage. Formation of a-phase was found at a grain boundary in the peak dose region. Well-

dispersed carbide particles was found in the matrix. The carbide/matrix interfaces supplied favorable site for growth of

large cavities, whereas only small cavities were found inside the particles. Ó 2000 Elsevier Science B.V. All rights

reserved.

1. Introduction

In the past decade, low-activation materials are

considered for fusion reactor applications because of

their low-induced radioactivity and associated environ-

mental and safety concerns. The austenitic Fe±Cr±Mn

alloys produce much lower induced radioactivity than

Fe±Cr±Ni alloys, and addition of oversize solutes such

as W and V into Fe±Cr±Mn alloys is known to improve

the resistance to void-swelling and stabilize c-phase [1].

The alloys were designed generally for use below 450°C.

Swelling and embrittlement are the main concerns for

the nuclear reactor applications of these alloys. To in-

vestigate defect production, void swelling and solute

segregation at grain boundaries in the alloys, some

studies have been performed with electron beam or

electron/helium dual beam irradiation in high-voltage

electron microscope (HVEM) [1,2]. In the present work,

microstructural evolution in a low-activation Fe±Cr±Mn

alloy was studied after irradiation with high-energy Ar

ions to a high dose at 450°C.

2. Experimental procedure

The composition of the studied austenitic Fe±Cr±Mn

alloy is listed in Table 1. The alloy was melted in a

vacuum of 10ÿ2 Pa, and had a ®nal solution-annealing

treatment at 1050°C for 1 h in a vacuum of 6� 10ÿ6 Pa.

A polished sheet specimen of 10 mm� 5 mm� 0:2 mm

dimension was irradiated with 92 MeV 18Ar ions in a

chamber connected to a 1.7 m cyclotron in the National

Laboratory of Heavy-ion Accelerator in Lanzhou. Ion

beam intensity was measured with a sandwich-type ap-

paratus of aluminum foils, which was placed in front of

the target holder. The specimen temperature was main-

tained at 450� 20°C during irradiation. The irradiation

parameters are described in Table 2. The employed peak

damage dose and argon concentration were 90 dpa

(displacement per atom) and �4 at.%, respectively, ac-

cording to TRIM-92 code (Fig. 1).
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After irradiation, specimens were electro-plated with

nickel in NiCl2/NiSO4 acid solution to a thickness of 3

mm, and were cut into cross-sectional foils. The cross-

sectional TEM foils were prepared by ion beam milling,

and examined by using a JEM-2000FX transmission

electron microscope.

3. Results and discussion

3.1. Cavity formation

High number density cavities were observed at the

peak dose region spanning a depth from 9 to 10 lm

beneath the irradiated surface. A typical cross-sectional

micrograph is shown in Fig. 2. The cavity microstruc-

ture varies with depth indicating the dependence of

cavity nucleation and growth on dpa and Ar concen-

tration. Two di�erent size classes of cavities were clearly

observed at the peak damage region, ones with average

diameter of �3 nm, and the other ones with average

diameter of �10 nm, while cavities with intermediate

diameter are much fewer (Fig. 3). Similar bi-modal

cavity size distribution was observed in other experi-

ments for stainless steels irradiated with heavy ions at

intermediate temperatures, when gas atoms (He, O etc.)

were implanted before or during heavy-ion irradiation

[3±5]. The appearance of the bi-modal size distribution

was thought to originate from the di�erence in gas

pressure within cavities, only those cavities with pressure

higher than a critical value can e�ectively trap vacancies

and grow into large ones, while others with pressure

lower than a critical value cannot grow [6]. This study

Fig. 2. Typical cross-sectional micrograph of the irradiated peak dose region, the arrows show the incident direction of ions.

Fig. 3. Distribution of cavities on diameter in the peak dose

region.

Fig. 1. Depth pro®les of displacement damage (dpa) and argon

concentration for Fe±Cr±Mn alloy irradiated with 92 MeV 18Ar

ions (TRIM-92 code).

Table 2

Parameters of irradiation with 92 MeV Ar ions

Specimen T (°C) Dose (ions/m2) Time (h) dpa (peak) CAr (peak, at.%)

450 1:7� 1021 �80 90 �4

Table 1

Composition of Fe±Cr±Mn alloy used in present study (wt%)

C N Ni W V Mn Cr Fe

0.3 0.1 0.1 2 2 15 15 Bal.
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indicates that Ar atoms appear to behave like He or O

atoms and contribute to the formation of the bi-modal

size distribution of cavities.

From the enlarged cross-sectional micrographs, we

measured number density and mean e�ective diameter of

cavities as a function of depth along the incident direc-

tion of Ar ions. The depth pro®les of number density

and mean diameter of cavities are shown in Fig. 4(a) and

(b) respectively, where the depth `0' represents the

shallowest depth where cavities were observed. The

depth pro®les of two classes of cavities show di�erent

dose dependence. The mean diameter of the small size

class is weakly dependent on dpa and argon concen-

tration, while that of the large class has strong depen-

dence on dose. Large cavities were developed and get

their maximum size at the peak displacement damage

region indicating that the high vacancy supersaturation

at the peak damage region is responsible for the faster

cavity growth.

It is interesting to compare the data of cavities ob-

tained in the present work with those obtained in the

similar Fe±Cr±Mn alloys irradiated with electron beam

or electron/helium dual beam in high-voltage electron

microscopes (HVEM) [1,2]. The data of cavities and

corresponding irradiation conditions are compiled in

Table 3. A large di�erence in cavity structures was found

in di�erent irradiation conditions. For the irradiation

with Ar ions, the number density of cavities is two to

three orders of magnitude higher while the cavity size is

much smaller than those from the HVEM irradiation

experiment indicating that the very high concentration

of implanted argon (up to �4 at.%) is responsible for the

enhanced nucleation of cavities and the suppressed

growth of cavities. In this case, the cavities are believed

to be argon bubbles rather than voids.

Fig. 4. Depth pro®le of :(a) number density; (b) mean diameter

of cavities in the Fe±Cr±Mn alloy specimen irradiated with 92

MeV Ar ions, where the depth `0' represents the shallowest

depth of the visible cavities.

Table 3

Di�erent irradiation conditions of Fe±Cr±Mn alloys and microstructural data of cavities obtained

Irradiation experiment T

(°C)

Dose

(dpa)

Dose

(appm gas)

Dose rate

(dpa/s)

Number density

(mÿ3)

Mean diameter

(nm)

92 MeV Ar ion beam 450 90 (max.) 4 ´ 104 (peak) �2 ´ 10ÿ4 3 ´ 1023 (max.) �10 (max.)

Electron single beam 450 60 0 2 ´ 10ÿ3 3 ´ 1020 >100

Electron/helium beam 450 9 180 2 ´ 10ÿ3 4 ´ 1021 �45

Fig. 5. a-phase at grain boundaries in the peak dose region.
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3.2. Phase instability at grain boundary

The microgragh shown in Fig. 5 gives evidence of the

formation of a-phase at grain boundaries in the peak

dose region. Large cavities formed at the interfaces be-

tween a-phase and the matrix, while much smaller ones

were observed within the a-phase. The formation of a-

phase at grain boundaries seems to occur only at high

dose, since it was not observed in similar alloy irradiated

with electron/helium dual beam to 9 dpa [2].

3.3. Carbide particles after irradiation

Due to the addition of W and V to the alloy, dis-

persed carbide particles with size around 0.5 lm were

present in the matrix. The carbide particles were very

stable throughout the irradiation, and cavity growth

inside the particles was very limited and only very ®ne

cavities or bubbles were observed within them. Howev-

er, the carbide/matrix interfaces supplied favorable sites

for growth of large cavities (Fig. 6).

4. Conclusion

Cavities with high number density were found at the

peak dose region in a low-activation Fe±Cr±Mn alloy

irradiated with 92 MeV 18Ar ions to 90 dpa at 450°C. A

bi-modal size distribution of cavities was found. The size

of larger class cavities became the largest at the peak

displacement damage region.

Formation of a-phase was observed at grain

boundaries in the peak dose region. Very ®ne cavities or

bubbles were found within carbide particles, whereas the

carbide/matrix interfaces supplied favorable sites for

growth of large cavities.
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