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.DISCLAIMER

ABSTRACT

The object of this study was to measure the stability of irradiation-

induced microstructure upon annealing and, by selectively annealing out

some of these features and reirradiating the material, it was expected

that information could be gained concerning the role of microstrue*'iral

changes in the void swelling process. Transmission electron microscopic

examinations of isochronally annealed (200-1050°C) AiSI 304L stainless

steel, which had been irradiated at approximately 415°C to a fast

26 2(E > 0.1 MeV) neutron fluence of approximately 5.1 x 10 n/m , verified

that the two-stage hardness recovery with temperature was related to a

low temperature annealing of dislocation structures and a higher temperature

annealing of voids and solute redistribution. Voids which remained

after annealing at 1054°C reflected void coalescence and were quite

stable due to the development of long diffusion distances between vacancy

sinks. Reirradiation of material which had been annealed for one hour

at 700°C, resulting in dislocation anneal and solute redistribution,

while undisturbing the void population, produced the surprising result

that the material swelled at rates equal to those of a material which

had never been previously irradiated. These results confirmed that void
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nucleation alone does not determine swelling rates in 304L stainless

steel. Moreover, contrasting quantitative microstructural information

observed in 304L stainless steel with those previously observed in AISI

316 stainless steel helped to demonstrate that the observed differences

in swelling behavior are likely to be related to differences in con-

centrations of solute elements.



INTRODUCTION

Shortly after initial discoveries of the void swelling phenomenon

in stainless steel, several studies were done to examine the annealing

behavior of irradiation - induced microstructure [1-3]. While many of

the resulting conclusions were supportive of one another, several findings

were contradictory. Holmes et al [1] found that all voids annealed out

at 871°C, while Cawthorne and Fulton [2] and Stiegler and Bloom [3]

found residual voids after annealing at 900°C. The result was important

because one purpose of the studies was to test the void stability in

regards to helium gas pressure within each void. This gas pressure

determinative would then infer the degree to with helium concentration

effected void swelling.

Since the time of these early studies, much more has been learned

about the void swelling behavior in austenitic stainless steel. Void

swelling mechanisms have recently, and most importantly, been studied in

regards to the effect of various alloying elements on swelling rates

[4-7]. It appears that undertanding of the time-dependent characteristics

of void swelling, the differences observed in the swelling behavior

exhibited by various types of austenitic steels, as well as the effects

of various thermal-mechanical treatments, can be best understood in

light of the effects of alloying elements and their segregation behavior.

This study, concerned with the annealing and subsequent reirradiation

of neutron-irradiated solution-annealed AISI 304L stainless steel, will

be examined in light of current understanding. Therefore, despite some

data which show similar effects to those observed previously, the results
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of this study will be used to show additional understanding of the void

swelling mechanisms in AISI 304L steel and contrast the behavior with

that observed in more highly alloyed stainless steels.

PROCEDURE

Annealing Study

As a part of an experiment studying the in-reactor deformation of

solution-annealed AISI 304L stainless steel, two one-inch sections of a

capsule were removed for isochronal annealing. The pieces had been

irradiated at 415°C to an average fast fluence of 5.1 x 1026n/m2 (E > 0.1 MeV).

These two sections were then annealed in argon for one-hour intervals

starting at 200°C and incrementing in «v 100°C steps to 1054°C. Deforma-

tion recovery was measured through density, length and diameter measure-

ments. Microhardness was measured to trace irradiation hardening recovery.

Transmission electron microscopy (TEM) was used to examine the micro-

structural changes which occurred at each sequential stage of annealing.

Void sizes and number densities were measured to follow void annealing

and determine a measure of void stability.

Table 1 shows the nominal composition of the solution-annealed 304L

steel used in the study.

Reirradiation

Results of the annealing study indicated that a 1-hour anneal at

700°C would result in removal of dislocation microstructure and would

likely cause some homogenization of the solute concentrations, while not

significantly altering the void size distribution or number density. A

1-inch section of capsule was therefore annealed for 1 hour at 700°C and

reirradiated. At fast fluences of 7.2, 8.9, and 10.2 (x 1026n/m2) the
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capsule section was removed from reactor for denisty determination.

Finally, TEM examinations were performed to provide a void statistical

analysis after reirradiation. A similar set of examinations was performed

on a second unannealed capsule section which was reirradiated along with

the annealed sample.

RESULTS AND DISCUSSION

Post-Irradiation Annealing

Figure 1 shows the response of various irradiation-induced properties

to subsequent annealing. Figures 2 (a-e), 3 and 4 depict the void

number size distributions, average void diameter, and void number density,

respectively, as a function of annealing temperature. Salient features

of these results include the fact that average void size and number

density remain unchanged until annealing temperatures of 800°C are

reached; void size distributions indicate that below 800°C the anneal

only affects voids by annealing out the smallest ones (700°C), thereby

sharpening the distribution curves. Annealing at temperatures above

800°C causes catastrophic annealing of voids. The average size increases

sharply as the number density decreases as a result of both vacancy

migration to free surfaces and void coalescence. The rather large voids

remaining after the 1054°C anneal indicate that coalescence has created

a few rather stable voids; the connecting extended dislocations (see

Fig. 5) probably act as channels for pipe diffusion of vacancies as

diffusion distances become large; these only appear in foils obtained

from material aged at 900°C and 1054°C. It is likely that given mora

time the smaller of these remaining voids would also be removed.
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These results show that the volume increase remaining after annealing

can be attributed to an array of fairly stable voids. Long diffusion

distances ensure their stability; helium gas pressure may not be very

influential. The results of Holmes et al [1], where all voids had been

annealed out can then be attributed to the fact that their material had
26 2only received a fast neutron fluence of 1.2 x 10 n/m , producing only

small voids which would anneal without appreciable coalescence.

As previously found [1], the dual (2-stage) annealing of the hardening

resulted from first annealing of the dislocation loop microstructure

(500-550cC) and then annealing of a great many of the smaller voids

(750-800°C).

REIRRADIATION

The results of the annealing study indicated that the 700°C anneal

produces very little change in the void sizes or distribution, but the

dislocations anneal out completely. It is also probable that irradiation-

induced microchemical segregation, as has been observed in these materials

[7], had been lessened through chemical rehomogenization during the

anneal. This segregation results because sharp solute concentration

gradients, which develop during irradiation near point defect sinks,

would not be stable during annealing; diffusional flow of an extent to

anneal out a dislocation microstructure would also tend to rehomogenize

the solute concentrations. It is assumed, therefore, that the annealed

material was as unirradiated material but with a fully developed void

microstructure.

Figure 6 illustrates the swelling response of the annealed material

upon reirradiation. Also shown is a typical swelling curve for this
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material at 415°C. This curve is also shown superimposed to begin at

the point of annealing. As can be readily seen from Figure 6, the

annealed material swelled as though it had never previously been irradiated,

despite starting with a dense void distribution. Moreover, void statisti-

cal analyses (Table 2) revealed that no significant new void nucleation

occurred, indicating nucleation difficulty was not the cause of the

effect. The unannealed and reirradiated control material continued to

follow the typical curve.

The importance of the above results is that, even though solution-

annealed 304L stainless steel contains very low concentrations of swelling-

inhibitive solutes and begins swelling at very low fluences, the micro-

distribution of solute elements seems to control the swelling rate. This

point of view is strengthened by microstructural observations contrasting

the swelling behavior of AISI 316 and AISI 304L stainless steels.

Although it is beyond the scope of this paper to present a complete

analysis here, void statistical analyses have shown that 304L material

swells by void growth as the void number density saturates at neutron

fluences less than 2 x 1026n/m2 (E > 0.1 MeV). In contrast, 316 material

shows characteristic approach to saturation of void size, and steady-

state swelling rates are thus characterized by new void nucleation

represented by continual increases in the number density of voids. The

only difference between the materials is that AISI 316 '•tainless steel

contains higher concentrations of swelling inhibitive solutes such as

carbon and nickel, implying that segregation of such solutes to voids

results in void growth-rate reductions and forces new void nucleation.

The observed macro-swell ing rate, however, is controlled by solute
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concentrations in areas where dislocation loops must nucleate and grow,

as evidenced by the similarity in shapes of swelling vs fluence curves

for both materials despite the differences in void swelling mechanism.

As solute gradients near voids were annealed away in the 304L material,

matrix areas were replenished in swelling-inhibitive solutes and swelling

rates return to those of previously unirradiated material. These results,

and the lack of new voids in the annealed and reirradiated material show

definitively that void nucleation is not a controlling step in the

swelling behavior of solution-annealed 304L stainless steel, and the

low-fluence increase in swelling rate is only a consequence of solute

segregation. Moreover, the results obtained here apply only to solution-

annealed 304L steel and, while implications can be as to the behavior of

other austenitic steels, the anneal-reirradiation behavior of more

highly alloyed stainless steels, such as 316, may be quite different.

CONCLUSIONS

1. Isochronal annealing of neutron-irradiated solution-annealed AISI 304L

stainless steel results in dislocation structure annealing starting at

* 525°C, and in rapid void annealing at about 760°C. Voids which remained

after 1054°C annealing were very large, representative of coalescence

and were quite stable due to large inter-void spacing (long diffusion

distances).

2. AISI 304L material, annealed at 700°C to remove dislocations and

microsegregation-induced solute gradients while not disturbing the void

distribution, showed a void swelling behavior as though it had never

before been irradiated. Void statistical evidence indicated that this

behavior w*s most likely caused by the elimination of the segregated-

solute gradients during annealing. Moreover, the results proved that
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void nucleation was not a controlling factor in the swelling behavior of

solution-annealed 304L stainless steel.
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Swelling (AV/VO) as a function of fast fluence for
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Table 1. Nominal Chemical Composition of Type 304L Stainless Steel

Alloy C Mn P S Si Ni Cr Ti Cu Mo Co

wt % 0.03 1.37 0.01 0.007 0.62 9.26 18.3 0.02 0.074 0.02 0.05



TABLE 2 - Void Statistics for As-Irradiated (I) Irradiated-and-Annealed (IA),
Irradiated-Annealed-Reirradiated (IAR), and Irradiated-Reirradiated (IR)
samples of AISI 304L stainless steel.

Samp 1 e

I

IA

IAR

IR

Neutron
Fluence (1026n/m2)

5.1

5.1

10.2

10.1

Average Void
Size (nm)

18.0

18.6

21.3

31.5

Void Number
Densitv (10ls/cm3)

6.6

5.4

8.6

3.7

AV/VO(%)

2.23

1.92

5.05

7.15
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