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Abstract

In order to examine the effect of irradiating particle species on the

growth rate of radnation-induced dislocation loops, a solution-annealed Fe-

25Ni-15Cr-0.02C alloy was irradiated at 723 K first by (1) 1.5 MeV Kr+ ions

for 2520 sec, then by (2) 1.5 MeV Kr+ ions and 1.0 MeV electrons simultaneous-

ly.yfor 780 sec, and finally by (3) 1.0 MeV electrons for 780 sec with the

HVEM-Tandem Facility in Argonne National Laboratory. The calculated damage

rate by 1.5 MeV Kr+ ions was 5.8X10~4 dpa/s, and that by 1.0 MeV electrons was

1x10~4 dpa/s. The growth rate of a dislocation loop located at the center of

the specimen was 7x10"3 nm/s for the KrT ion irradiation, 4x10~2 nm/s for the

simultaneous Kr+ and electron irradiation, and (2-3)x10~2 nm/s for the elec-

tron irradiation. This implies that the electron irradiation is about 19

times more effective ir, the growth of radiation-induced dislocation loops than

the Kr+ ion irradiation. The dislocation loop growth rate under the simulta-

neous Kr+ and electron irradiation is higher than the sum of the growth rates

under the individual Kr+ and electron irradiations.

*Work parti all ̂ supported by the U.S. Department of Energy, BES-Materials

Sciences, under Contract W-31-109-eng-38.
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1. Introduction

Ion and/or electron irradiation provides a method to simulate fast

neutron irradiation, which causes void swelling, irradiation creep,

radiation-induced dislocation loops, segregation, and precipitation, and so

on. However, the effectiveness to promote these phenomena depends on the

irradiating particle species. For example, the swelling rate at the peak

swelling temperature in solution-annealed 316 stainless steel during proton

irradiation is about 15-25 times higher than those in neutron and heavy ion

irradiations [1].

Recently the fundamental understanding about the effectiveness of the

irradiating particle species for producing different types of irradiation

damage has advanced gradually with the accumulation of experimental data [2].

Heavy ion (or fast neutron) irradiation primarily causes cascade damage, while

light ion (or electron) irradiation produces mainly Frenkel defects. Even if

the calculated displacement damage (dpa) is the same, therefore, radiation-

induced microstructures are different for heavy ion (or neutron) irradiation

and light ion (or electron) irradiation because of the great difference in

their efficiency for producing freely-migrating defects. Since radiation-

induced dislocation loops affect the other radiation-induced microstructural

features, it is important to examine the effectiveness of the irradiating

particle species in the development of radiation-induced dislocation loops.

However, few studies have been made on the effectiveness of the irradiated

particles species for growing radiation-induced dislocation loops.

The objective of the present research is to investigate how the growth

rate of radiation-induced dislocation loops in an Fe-Ni-Cr alloy, which is a

candidate fusion reactor material, differs for Kr+ ion irradiation and

electron irradiation. It is also intended to examine how the growth rate of



radiation-induced dislocation loops under simultaneous Kr+ ion and electron

irradiation differs from that during individual Kr+ ion and electron

irradiations.

2. Experimental Procedure

The alloy containing 59.729 Fe, 25.19 Ni, 15.06 Cr and 0.021 C (wt.»)

was solution-annealed at 1223 K in a vacuum of 2 x 10~4 Pa for 1.8 ks. The

solution-annealed Fe-25Ni-15Cr-0.02C alloy was irradiated first by (1) 1.5 MeV

Kr+ ions for 2520 sec, then by (2) 1.5 MeV Kr+ ions and 1.0 MeV electrons

simultaneously for 780 sec, and finally by 1.0 MeV electrons only for 780 sec

using the HVEM-Tandem facility in Argonne National Laboratory. The

irradiation temperature was 723 K for all irradiations. The dislocation loops

in the same area were photographed at intervals of 120-300 sec. The

calculated damage rate by 1.5 MeV Kr+ ion irradiation was 5.8 x 10~4 dpa/s for

the flux of 1.7 x 1015 ions/(m2s). The displacement damage rate by 1.5 MeV

Kr+ ion was calculated using the TRIM-89 code on the assumption that the

displacement threshold is 18 eV, determined for 316 stainless steel with an

HVEM technique by Makin et al [3]. The flux of 1.0 MeV electron irradiation

was 4.6x1021 electrons/(m2s), which was calculated to cause a damage rate of

about 1x10~4 dpa/s, on the assumption that the displacement cross-section for

1.0 MeV electrons in the Fe-25Ni-15Cr-0.02C alloy is 35 barns. After the

irradiation, the diameter of a dislocation loop was measured directly form the

micrograph. Stereoscopic observation was performed with a JEM-2010

transmission electron microscope to determine the depth of each loop from the

specimen surface. The thickness of the irradiated area was determined using a

convergent beam electron diffraction (CBED) technique with the JEM-2010.



3. Experimental Results

Fig. 1 shows TEM micrographs which were taken during irradiation. In

these micrographs, some dislocation loops lie nearly parallel, but others lie

nearly perpendicular, to the specimen surface. In the present experiment, the

diameters of the dislocation loops which are nearly perpendicular to the

specimen surface, and therefore appears needles in the photographs, were

measured because of their sharp contrast. It was confirmed that all the

dislocation loops lie in {111} planes, and that they are of the interstitial

type.

The thickness of the irradiated area, whch was determined by a

convergent beam electron diffraction (CBEO) technique, is 310+10 nm. The

thickness of the dislocation loop depleted zone near the surface, which was

determined from stereoscopic observation, is 75±5 nm. From the stereoscopic

observation it was found that the diameters of the dislocation loop decrease

with increasing distance from the center of the specimen. Fig. 2 gives a

schematic drawing of the cross section of the irradiated area, showing the

specimen thickness, the dislocation loop depleted zone, and the dislocation

loops A1, A2, B1 and B2. As shown in this figure, the centers of loops A-| and

A2 are located almost at the center of the specimen, and the centers of loops

B-, and B2 located at a depth of 37-38 nm away from the specimen center.

Fig. 3 shows the irradiation time dependence of the diameters of r

dislocation loops A1 and A2, whose centers are located near the specimen

center. As shown in this figure, the growth rate of the dislocation loops

during the Kr+ irradiation is about 7 x 10~3 nm/s, that during simultaneous K+

ion and electron irradiation is about 4 x 10"^ nm/s, and that during the

electron irradiation is about (2-3) x 10~2 nm/s.

Fig. 4 shows the irradiation time dependence of the diameter of the



dislocation loops B1 and B2 whose centers are located 37-38 nm away from the

specimen center. The growth rate of the dislocation loops in the Kr+ ion

irradiation is about 7 x 10"^ nm/s, that in the simultaneous Kr+ ion and

electron irradiation is about (2-3) x 10~2 nm/s, that in the electron irradia-

tion is about (1-2) x 10~2 nm/s. The number density of dislocation loops is

2.8 x 1021 m~3 for all the irradiation time from 1800 to 4080 sec, and all the

dislocation loops lie on {111} planes.

4. Discussion

Comparison between Fig. 3 and Fig. 4 indicates that the growth rate of

the dislocation loop whose center is located 37-38 nm away from the specimen

center is significantly smaller than that of a dislocation loop located at the

specimen center. It is well understood that the specimen surface is a sink

for vacancies and interstitials. Because of the surface sink for point

defects, the concentration of the radnation-induced point defects during

irradiation is expected to decrease approaching the specimen surface. The

decrease of the radiation-induced point-defect concentrations, especially

interstitials, near the surface results in a lower growth rate .of radiation-

induced dislocation loops. The formation of the dislocation loop depleted

zone near the surface is also thought to be caused by the surface serving as a

sink for point defects.

It is obvious that the growth rate of dislocation loops which are

located at the center of the thin film should be more similar to the growth

rate of dislocation loops in a bulk specimen than that near the surface. As

shown in the present experiment (Fig. 3), the growth rate of the dislocation

loops located at the center of the specimen produced by the present electron



irradiation with a calculated damage rate of 1x10~4 dpa/s is (3-4) times

higher than that by the present Kr+ ion irradiation with a damage rate of

5.8x10~4 dpa/s. This implies that the electron irradiation is about 20 times

more effective in the growth of radiation-induced dislocation loops than the

Kr+ ion irradiation. It should be noted however that the factor 20 will vary

if parameters such as the displacement energy (18 eV) in the calculation of

dpa by Kr+ ion irradiation or the displacement cross section (35 barns) in the

calculation of dpa by electron irradiation vary. Such a higher effectiveness

of electron irradiation compared with heavy ion irradiation has been reported

in the other radiation-induced microstructural changes. For example, it has

been reported that 1.0 MeV electron irradiation is about 18-21 times higher in

causing void swelling in 316 stainless steel than 0.5-5 MeV Ni + ion

irradiation [3-5].

Electron irradiation primarily Frenkel defects, while heavy ion

irradiation produces mostly cascade damage. Since the most of the point

defects produced by cascade damage recombine instantly at the elevated

temperature, the number of freely-migrating point defects is much less than

the number deduced from the calculated dpa in the heavy ion irradiation. Even

if the calculated dpa is the same, therefore, the production rate of freely-

migrating point defects in heavy ion irradiation should be much less than that

in the electron irradiation. Since the growth rate of radiation-induced

dislocation loop increases with increasing production of freely-migrating

point defects, it is therefore well understood that the 1.5 MeV Kr+

irradiation causes a much lower growth rate of dislocation loops than dose the

electron irradiation.

Interestingly, the dislocation loop growth rate under the simultaneous

Kr+ and electron irradiation appears larger than the sum of growth rate under the



individual Kr+ ion and electron irradiation (Fig. 3 & Fig. 4), although this

difference is very close to the estimated experimental uncertainty. At the

present time, the reason why the simultaneous electron and Kr+ irradiation

cause the additional effects on the dislocation loop growth rate is uncertain.

5. Summary

Solution-annealed Fe-25Ni-15Cr-0.02C was irradiated at 723 K first by

(1) 1.5 MeV Kr4 ions for 2520 sec, and then by (2) 1.5 MeV Kr+ ions and 1.0

MeV electrons simultaneously for 780 sec, and finally by (3) 1.0 MeV electrons

only for 780 sec. The calculated damage rate by 1.5 MeV Kr+ ions is about 1 x

10"4 dpa/s and that by 1.0 MeV electrons is 5.8 x 10~4 dpa/s. The main

conclusions obtained are summarized as follows :

(1) The electron irradiation is about 20 times more effective in the growth of

radiation-induced dislocation loops than the Kr+ ion irradiation per dpa.

(2) The growth rate of the radiation-induced dislocation loops increases with

increasing the distance from the specimen surface.

(3) The dislocation growth rate under the simultaneous Kr+ and electron

irradiation may be larger than the sum of the growth rates under the

individual Kr+ ion and electron irradiation.
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Captions for figure

Fig. 1 TEM micrographs showing the development of radiation-induced

dislocation loops. The irradiation time : (a) 1.8 ks. (during Kr+

irradiation) (b) 2.58 ks (Kr+ and e" irradiation) (c) 3.12 ks (Kr+

and e~ irradiation (d) 3.54 ks (e~ irradiation)

Fig. 2 Schematic drawing of the cross section of the irradiated area showing

the distribution of the radiation-induced dislocation loops.

Fig. 3 Irradiation time dependence of the diameter of the radiation-induced

dislocation loops A1 and A 2 whose centers are located near the center

of the specimen.

Fig. 4 Irradiation time dependence of the diameter of the radiation-induced

dislocation loops B1 and B 2 whose centers are located 37-38 nm away

from the specimen center.
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Fig. 1 TEM micrographs showing the development of radiation-induced

dislocation loops. The irradiation time : (a) 1.8 ks. (during Kr+

irradiation) (b) 2.58 ks (Kr+ and e" irradiation) (c) 3.12 ks (Kr+

and e~ irradiation (d) 3.54 ks (e~ irradiation)
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Fig. 2 Schematic drawing of the cross section of the irradiated area showing

the distribution of the radiation-induced dislocation loops.
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Fig. 3 Irradiation time dependence of the diameter of the radiat ion-induced

dislocation loops A^ and f-^ whose centers are located near the center
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Fig. 4 Irradiation time dependence of the diameter of the radnation-induced

dislocation loops B^ and By whose centers are located 37-38 ran away


