
Microstructural evolution of welded austenitic stainless steel
irradiated in HFIR target experiments 1

T. Sawai *, K. Shiba, A. Hishinuma

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki-ken 319-11, Japan

Abstract

Microstructural evolution of welded austenitic stainless steel irradiated with mixed-spectrum neutrons was examined

by transmission electron microscopy (TEM). TEM disks were obtained from electron-beam (EB) welded plates of

JPCA, which is a Ti-midi®ed austenitic stainless steel. Specimens were irradiated in HFIR up to 17 dpa at 670 and 770

K, and the estimated helium concentration was around 1100 appm. Cavities formed at 670 K irradiation were very

small (<8 nm) bubbles, and swelling was thus small. At 770 K irradiation, cellular microstructure was observed in weld

metal specimens and the cavity microstructure was heterogeneous. Large cavities up to 30 nm were observed in the cell

center region while cavities at the cell boundary remained small bubbles. Ti segregation during solidi®cation of weld

metal is re¯ected on the cavity microstructure. EB welding with Ti foil insertion to modify the weld metal had little

e�ect on preventing the degradation of swelling resistance. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Intensive e�orts have been devoted to clarify the ra-

diation response of austenitic stainless steels, which are

near-term candidates for fusion structural applications.

One of the problems with this type of alloy is void

swelling, and alloy development has often involved the

addition of minor elements to suppress it. Titanium

addition to JPCA, for example, was very successful to

reduce the void swelling in neutron irradiation [1,2].

The core components of fusion reactors will be as-

sembled and/or constructed using welding. Welding

would also be used for their repair. It is, however, re-

ported that welding a�ects the swelling behavior of

austenitic stainless steels [3,4]. Electron irradiation ex-

periments in a high voltage electron microscope

(HVEM) have shown a signi®cant degradation in

swelling resistance at the weld metal of electron-beam

(EB) welded JPCA [3]. Segregation of major and minor

elements during solidi®cation is inevitable in the weld

metal, and this produces a characteristic cellular struc-

ture. Microstructural analysis and microchemical anal-

ysis suggested that the depletion of titanium in the cell

center region caused marked degradation in swelling

resistance and heterogeneous microstructural evolution

in the electron-irradiated weld metal.

It is well recognized that transmutation helium plays

an important role in the microstructural evolution in the

fusion environment. It has been also reported that the

swelling behavior of Ti-modi®ed steels irradiated in an

HVEM is highly a�ected by the pre-injected helium [5].

The purpose of present work is to investigate the mic-

rostructural evolution of JPCA weld metal irradiated by

mixed spectrum neutrons in the High Flux Isotope Re-

actor (HFIR), where thermal neutrons produce trans-

mutation helium along with the displacement damage

due to fast neutrons.

2. Experimental

Plates of JPCA were EB welded. The composition

of JPCA is given in Table 1. Some plates were welded

with titanium foil insertion to modify the weld metal.
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Hereafter EB welding methods with and without Ti foil

insertion are designated as the standard EB weld and Ti

foil insertion EB weld. The conditions of EB welding are

shown in Table 2. Weld joints were examined by ultra-

sonic inspection, radiography, and tensile tests. These

conventional tests showed no harmful defects in the

fabricated weld. The weld metal had a cellular structure,

and the typical cell size was 10 lm. Chemical analysis

data of weld metals are also given in Table 1.

Disk specimens, 3 mm in diameter and 0.25 mm

thick, obtained from these weld joints were irradiated in

the target position of HFIR. The disks were irradiated at

670 K in JP-10 position 6 and at 770 K in JP-11 position

6. According to the dosimetry data [6], the damage level

and accumulated helium concentration in JPCA irradi-

ated in these two experiments are estimated to be 17 dpa

and 1100 appm, respectively.

Preparation of thin foil from irradiated specimens

was carried out with a jet polishing unit set in a glove

box. The perforated specimens were examined by an

optical microscope to make sure that the thin foil was

located in weld metal. TEM observation was performed

with a JEM-2000FX with a LaB6 ®lament operated at

200 kV. Microstructural data were quanti®ed with the

specimen thickness value obtained by counting thickness

fringes. Microstructural data of standard EB welds were

obtained at 670 and 770 K irradiation, and those of Ti

foil insertion welds were obtained at 770 K irradiation.

3. Experimental results

In the weld metal specimen of a standard EB weld

irradiated at 670 K, cellular structure was clearly ob-

served. There was little di�erence between the cavity

microstructure in cell boundary region and that in cell

center region. Irradiation induced cavities were smaller

than 8 nm, and most of them were smaller than 5 nm.

Swelling measured as the cavity volume fraction was

0.3%. Frank loops up to 30 nm and very tiny stacking

fault tetrahedra (<2 nm) were also observed. MC pre-

cipitates identi®ed by Moire fringes are more frequently

observed in the cell boundary region than in the cell

center region.

Cellular structure was still clearly observed at 770 K

irradiation. Microstructural features in the cell boun-

dary region and in the cell center region in an identical

specimen are shown in Fig. 1. Cavities, Frank loops,

precipitates and dislocations were observed in a kine-

matical bright ®eld image slightly under-focused, in a

dark ®eld image formed with a stacking fault di�raction

streak, and in a weak beam dark ®eld image, respec-

tively. It can be clearly seen that the microstructural

evolution is quite di�erent in these regions. Micrographs

in Fig. 1 represent typical samples at each region. Mi-

crostructure varied gradually between these regions.

Cavities in the cell center region included a few larger

ones up to 30 nm and many smaller ones, while those in

the cell boundary region were smaller than 5 nm. The

number density of cavities is much higher in the cell

boundary region than in the cell center region. Quanti-

®ed data on cavity statistics obtained from typical mic-

rographs in both regions are shown in Fig. 2. The cell

center region showed higher swelling due to fewer but

larger cavities than the cell boundary region. Note that

the average cavity size in the cell center region shown in

Fig. 2 (b) is dominated by tiny but numerous cavities.

The size of Frank loops showed little di�erence in both

regions although their number density was higher in the

cell center region than in the region of cell boundary.

Quanti®ed Frank loop data are shown in Fig. 3. MC

precipitates identi®ed by Moire fringes are more fre-

quently observed in the cell boundary region than in the

cell center region.

A weld metal specimen taken from a Ti foil insertion

EB weld was examined at 770 K irradiation. Cellular

structure and heterogeneous cavity formation were also

observed in this specimen. A few larger cavities up to 30

nm and many smaller ones were observed in the cell

center in this specimen, while the cell boundary con-

tained only small ones (<5 nm). Quanti®ed micro-

structural data are also included in Figs. 2 and 3. The

Table 2

EB weld conditions

Standard EB

weld

Ti foil insertion

EB weld

Plate thickness 15 mm 15 mm

Electron beam energy 40 kV 60 kV

Electron beam current 350 mA 300 mA

Welding rate 400 mm/min 500 mm/min

Insertion None 10 lm Ti foil

Table 1

Chemical analysis of JPCA base metal and its weld metals

Base metal Standard EB

weld

Ti foil insertion

EB weld

C 0.052 0.064 0.057

Si 0.51 0.52 0.53

Mn 1.8 1.5 1.44

P 0.028 0.029 0.028

S 0.005 0.003 <0.005

Cr 14.3 15.1 14.5

Ni 15.5 15.9 15.5

Mo 2.3 2.4 2.4

Ti 0.24 0.26 0.28

N 0.0037 0.0012 0.0038

B 0.0031 0.004 0.0037

O ) <0.0005 0.0029
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cavity microstructure in weld metal showed little di�er-

ence from that observed in the standard EB weld spec-

imen. Frank loops and other microstructural features

also showed similar heterogeneity as observed in the

weld metal specimen of the standard EB weld.

4. Discussion

The preferential thinning in the cell center region

shows cellular microstructure in the weld metal [7].

Cellular structure observed in the specimens thinned

after irradiation suggests that the segregation in the weld

metal has been retained during the irradiation. Micro-

structural evolution of HFIR-irradiated austenitic

stainless steels including JPCA has been studied in the

JAERI/DOE collaborative program [1,8±10]. Di�erences

in swelling resistance of various austenitic steels in this

irradiation environment become signi®cant at 770 K and

higher irradiation temperatures. In the present experi-

ment, initial segregation in the weld metal had little e�ect

on the microstructural evolution at 670 K irradiation.

Previous ORR irradiation at 670 K also produced ho-

mogeneous cavity microstructure in the JPCA weld

metal specimens [2], although di�erences in swelling re-

sistance of various austenitic steels were shown in the

ORR irradiation at 670 K with spectral tailoring [2,11].

The heterogeneity of cavity swelling observed at 770

K irradiation is consistent with that observed in the

previous HVEM irradiation of weld metals [3]. The

cavity growth rate in the cell center region is much

higher than that in the cell boundary region both in

HFIR irradiation and HVEM irradiation. The cavity

number density is, however, higher in the cell boundary

region in HFIR irradiation, while cavity nucleation is

also suppressed in the cell boundary region in HVEM

irradiation. Enriched Ti at the cell boundary was e�ec-

tive to suppress both nucleation and growth of cavities

in HVEM irradiation. These two e�ects of titanium and

how the pre-injected helium a�ects them are reported [2].

Smaller cavities are unstable due to relatively higher

surface energy and lower sink strength to over-saturated

vacancies [12]. The surface energy could be reduced by

oxygen [13] or nitrogen [14], and trapping of these

Fig. 1. Microstructural features observed in the weld metal specimen of a standard EB weld irradiated in HFIR at 770 K. (a,c,e) are

observed in the cell boundary region and (b,d,f) are in the cell center region. (a) and (b) are cavities, (c) and (d) are Frank loops and (e)

and (f) are precipitates and dislocations.
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elements by titanium makes nucleation of cavities di�-

cult. Helium, pre-injected or generated by transmuta-

tion, is another stabilizer for small cavities. Without

su�cient sink strength and vacancy over-saturation, gas

pressure of contained helium maintains tiny cavities

smaller than the critical size [12]. The heterogeneous

cavity microstructure observed in HVEM irradiation [3]

thus re¯ects the e�ect of titanium to suppress cavity

nucleation which would not be e�ective in a fusion en-

vironment. Nevertheless, enhanced swelling in the cell

center region due to initial segregation is again demon-

strated in the present experiment where transmutation

helium is generated during the irradiation.

The cavity microstructure observed in the cell center

region irradiated at 770 K shows the typical bi-modal

size distribution. Cavities which had once exceeded the

critical size had grown rapidly due to their su�cient sink

strength, although the quanti®ed cavity size data shown

in Fig. 2(b) re¯ect many small cavities. On the other

hand, tiny cavities in the cell boundary seem to be he-

lium bubbles which will grow slowly. The reported mi-

crostructure of HFIR-irradiated JPCA at 34 dpa and

770 K includes cavities up to 25 nm and swelling of

0.51% [1]. Present cavity data obtained in the cell center

region exceed these values only at 17 dpa. Although the

gradual change of the cavity microstructure in weld

metal makes it di�cult to evaluate the accurate average

swelling, the swelling of JPCA weld metal would be

larger than that of base metal.

A Ti foil insertion EB weld was employed in the

present experiment. It was applied to a Type 316 stain-

less steel without titanium and suppressed the swelling in

the weld metal [15]. In the present experiment, however,

Ti foil insertion made little improvement compared with

standard EB welds in suppressing swelling in weld metal

of JPCA.

5. Summary

Weld metal specimens taken from EB welds of JPCA

were irradiated in a HFIR target position to a dis-

placement level of up to 17 dpa. Specimens included

those obtained from Ti foil insertion EB welds. TEM

observation of specimens irradiated at 670 and 770 K

revealed followings;

1. At 670 K irradiation, cavity microstructure was ho-

mogeneous in the weld metal, where cellular structure

was clearly observed. Cavities were smaller than 8

nm.

2. At 770 K irradiation, enhanced swelling was observed

in the cell center region. Larger cavities up to 30 nm

were observed in the cell center region while the cell

boundary region contained only tiny cavities. The

number density of cavities in the cell boundary was

higher than that in the cell center region.

Fig. 2. Quanti®ed cavity data of weld metals irradiated at 770 K.

Fig. 3. Quanti®ed Frank loop data of weld metals irradiated at

770 K.
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3. Compared with the cavity data previously obtained

for JPCA base metal, the swelling resistance of JPCA

weld metal is degraded.

4. Ti foil insertion in an EB weld had little e�ect in pre-

venting the degradation of swelling resistance of the

weld metal.
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