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VOID-PRECIPITATE ASSOCIATION DURING NEUTRON IRRADIATION
OF AUSTENITIC STAINLESS STEEL*
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ABSTRACT: Microstructural data has recently become available on a single

heat of 316 stainless steel irradiated in EBR-II and HFIR, over a wide

range of irradiation temperature (55 to 750 C ) , dose (7 to 75 dpa), and

helium generation rate (0.5 to 55 at. ppm He/dpa). Extensive information

on precipitate compositions and characteristics are included. The data

reveal several important relationships between the development of voids and

precipitation. Precipitate associated voids dominate the swelling of (DO

heat) 316 at 500-650 C from 8.4 to 36 dpa in EBR-II. Cold work (CH) or

helium preinjection delay void formation in EBR-II. Higher helium genera-

tion in HFIR also delays void formation at 500-640°C in SA and CU DO heat

316. The delay persists in CW 316 at least to 61 dpa in HFIR, but abundant

matrix and precipitate-associated voids form in SA 316 after 47 dpa. In

another heat of CW 316 (N-lot) irradiated in HFIR matrix and precipitate

voids form readily after 22—44 dpa at 500-600°C. Precipitate-associated

void formation is intimately connected to phase nature, and to details of
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dislocation and bubble evolution. Analysis of this data suggests a mecha-

nism which relates to the origin and subsequent growth of precipitate asso-

ciated voids.
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INTRODUCTION

Large voids directly associated with precipitate phase particles have

been a prominent feature of the microstructure of neutron irradiated

stainless steels since the discovery of voids nearly 20 years ago [1],

However, that association did not receive much experimental or theoretical

attention until recently [2—8], Some investigators did single out the

phenomenon [9,10] and proposed [9,11] possible mechanisms that would

enhance void formation and growth at a precipitate/matrix interface.

Brager and Straalsund [9] suggested that helium and vacancies preferen-

tially accumulate to particular interfaces to assist void evolution.

Brailsford and Bui lough [11] proposed that an incoherent precipitate inter-

face favors void formation because it is a non-saturable point defect sink.

Conversely, a coherent precipitate can retain point defects, with a

saturable capacity, until annihilation occurs by recombination with

arriving anti-defects. More recently, Mansur [3] developed a quantitative

model of precipitate-attached void growth enhancement relative to matrix

(free) voids based on a point defect collector mechanism acting over the

entire precipitate interface. He included a method to account for dif-

ferences in point defect capture efficiencies by different precipitates in

order to explain why voids grow at diffrent rates when attached to dif-

ferent precipitates. Odette and Stoller [7] have evaluated the transition

from gas driven to bias driven regimes in terms of a critical radius con-

cept, including sensitivities to oversized or undersized precipitate misfit



strains and overall microstructural evolution. Recent experimental obser-

vations [7,8,12,13] suggest a complex relationship of void formation to

phase nature and total nricrostructural evolution.

From about 1964-1972, precipitation in neutron irradiated steels was

primarily thought to be an irradiation enhanced thermal phenomenon [14—16].

From 1972—1978, the discovery of many irradiation induced [9,17,13] and/or

nickel and silicon rich phases [19,20], suggested that precipitation under

irradiation may be quite different from that occurring under thermal aging.

Only after 1979 has the full picture of precipitation under irradiation

begun to emerge with the development of modern analytical electron

microscopy (AEM). Precipitation in steels was shown to include several

classes of phases [21—24], Thermal phases can be either enhanced or

retarded by irradiation with little or no compositional change. Thermal

phases that undergo compositional changes during irradiation are classed as

modified phases. Finally radiation induced phases do not form during very

long aging ("-10,000 h) in that particular alloy and dissolve during post-

irradiation annealing. Such phases can precipitate, however, during aging

if the bulk alloy composition is appropriately changed, as demonstrated by

Williams, et ai. [25,26].

Helium generation is a very important element of the primary damage to

be produced in fusion reactors because of its high level. Helium has been

shown to enhance or retard void formation and to influence the precipita-

tion pattern under irradiation and under aging [8,13]. These changes in

the relative evolution of the various microstructural components at higher



helium levels provide additional insight into their interrelationship at

lower helium levels.

The purpose of this work is to present an overall characterization of

precipitate-void association (PVA) in two heats of neutron irradiated

austenitic stainless steels in the context of the overall microstructural

evolution, and to develop some ideas relating to possible mechanistic

explanations. First, an overview of experimental observations is pre-

sented. More details have been [8,12,27—30] or will be presented

elsewhere. Many specimens are from a single heat (DO) of type 316

stainless steel. The samples were irradiated in the solution annealed and

20% cold worked conditions in two reactors — EBR-II and HFIR — at various

temperatures and fluences. Additional SA and CM specimens were irradiated

in EBR-II after helium preinjection. Specimens of a different heat of type

316, N-lot, was also irradiated in HFIR in the 20% CW condition. The com-

parison of results on.both heats permits us to point out differences as

well as to emphasize general trends in the microstructural development.

The compositions are presented in Table I. Specific- characteristics of the

precipitates are described in order to single out those that correlate with

the occurrence of either PVA or matrix (precipitate-free) voids. Finally,

from the analysis of experimental observations we suggest a mechanism that

relates to the origin and subsequent growth of precipitate-associated

voids.

GENERAL SURVEY OF MICROSTRUCTURAL RESULTS

Void formation in the context of overall microstructural evolution

will be the focus of this section, with emphasis on precipitate-associated

void development. We attempt to consistently distinguish between bubbles



and voids in the matrix based on a suggested system of relative size com-

parison to the bubbles found along grain boundaries in the same specimen

[12]. We first survey the experimental data on SA-316 irradiated in

EBR-II, where the highest void swelling is observed. Next, we describe the

sensitivity of void formation to material conditions (e.g., helium prein-

jection, cold work) and/or reactor damage parameters (temperature, fluence,

helium generation rate),

EBR-II Irradiations

SA (DO-heat) 316 — Nearly all the voids are directly attached to pre-

cipitate particles after 8.4 dpa at 500 and 625 C (see Table II and Figure

1). As dose is increased to 31—36 dpa, the swelling increases and is

mostly due to precipitate associated voids at both temperatures (Fig. 2).

At 625 C both the precipitates and their associated voids increase in size

with dose while their number density decreases slightly. However, at

~525 C voids become much more abundant with little additional growth. In

either case, precipitate associated voids are 2—3 times larger than matrix

voids (Table 2). Most voids are attached to MeC(n) particles in this tem-

perature range. However, at 630 C and 36 dpa, voids are equally distri-

buted between n and Laves particles which are present in equal proportions

(Figs. 2b, 3a and 3b).

Various radiation induced phases are present at low dose, coexisting

with Frank (faulted) loops. G, y' (Ni3Si) and many needle-shaped phos-

phides (M2P and/or M3P types) are present at 500 C, whereas only needle



phosphides are found at 625 C. Nearly all G-phase particles and some of

the phosphide needles are attached to voids (Figs. 3c and 3d), but the y'

particles are void free. As fluence increases, loops and the irradiation

induced phases disappear from the microstructure, except at 525 C where a

small amount of phosphide needles remains after 31 dpa.

In contrast to the instability of the radiation induced phases, the

abundance of coarse n and/or Laves, which are radiation modified or

enhanced, increases with dose up to 31—36 dpa. Precipitate volume frac-

tions are shown at 500-525 C in Fig. 4a. A few matrix voids develop after

31 dpa, even though a high density of fine bubbles also appear which were

not observed at low fluence.

Relative to observations on many other heats of SA 315 irradiated in

EBR-II [9,10,31-35], this 00 heat has far fewer total voids, but a larger

fraction of precipitate associated voids. The other heats of steel have,

in general, many more loops and higher dislocation concentrations. It is .

more difficult to assess differences in precipitation under irradiation

because phase identification was often uncertain prior to 1973-80.

CW (DO-heat) 316 - Cold working by -20% raises the dislocation network

concentration of unirradiated specimens by a factor of -lO1* relative to

solution annealed material. This causes the microstructural evolution of

CW 316 to differ significantly from that of SA 316 after low and Medium

fluence irradiations in EBR-II. Void formation at 500 and 630 C is delayed

until around 30 dpa (see Table III and Fig. 5.) Voids develop in patches
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after 36 dpa. Larger voids attached to n and Laves are similar to those

found in SA 316, but the CW 316 has many more matrix voids. Above 36 dpa,

the void size and number density increase substantially at 500 and 630 C.

After 69 dpa at 510 C their size has doubled and their number density has

increased -20 times. Most voids that formed in the matrix between faulted

bands are connected to several smaller G and Laves precipitates, whereas

along faulted bands they are attached to larger n particles. After 75 dpa

at 620 C, the matrix voids are" much more abundant than those attached to

precipitates and they have grown to a similar size as seen at the lower

temperature. Precipitate particles and their associated voids have

coarsened greatly. This microstructural evolution at 620—630 C is shown in

Fig. 6.

Precipitate evolution in CW 316 irradiated in EBR-II also differed

from that of the SA material. At the lower doses, there are no cavities,

there is less precipitation, and no radiation induced phases in the CW 316

at 500-630 C (compare Tables 2 and 3). At 500-525 C, a few n phase par-

ticles are present after 8.4 dpa, while a dense mixture of small n and

Laves precipitates develops at 620-630 C after the same dose. Occasional

M23cs(T) particles are also seen at the grain boundaries at 500-630 C.

Precipitate evolution at 500-530 C is illustrated in Fig. 4b. A large

amount of coarser n forms in the matrix with fine Laves laths after 36 dpa.

The n-phase remains stable with increasing dose to 69 dpa, while more Laves

develops as irregular or blocky particles attached to voids and radiation

induced G and y" phases form. At 620-630 C, abundant coarser n and Laves



plus occasional large T precipitate particles developed after 36 dpa, as

shown in Fig. 6a through 6d. After 75 dpa, the precipitate microstructure

has become very coarse (see Fig. 6e and 6f); most of the particles are n

and Laves, but there are also some huge T and <r phase particles.

Fine bubbles are observed throughout the matrix and along dislocations

and precip.itate/matrix interfaces, at 500-530 C after 36 dpa. However,

they are absent among the well developed void structures found at higher

fluence. No loops are observed in any of the CW specimens and the disloca-

tion density exhibits little temperature dependence (see Table 3). The

dislocation network recovers with dose between 8.4 and 36 dpa, and then

remains constant at higher fluence.

Three important differences can be singled out relative to the

microstructural evolution of SA material: 1) no loop mcrostructure

develops, 2) void formation is delayed to higher dose; 3) the radiation

induced phases G and y* evolve at high dose at 500-530 C wnile in SA

material they have disappeared after 31 dpa. Development of the ra-

diation induced phases in the CW 316 at 500—530 C comes during or after

significant void evolution, suggesting a possible correlation between

them.

Helium preinjected SA and CW (DO-heat) 316 - Helium generation rates

in steels irradiated in current fast breeder reactors are much lower

(~20-30 times) than those projected in the first wall of potential fusion

reactors. The effects of increased helium generation on the microstruc-

tural evolution in steels, at reactor damage rates, have therefore been
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investigated under the fusion materials program. The specimens were

injected at room temperature by cyclotron irradiation with 60 MeV a-

particles prior to the reactor irradiation. An energy degrader wheel was

used to produce a uniform through-thickness distribution of helium. This

preinjection results in a very high concentration (>1023 m"3) of fine

(~2.2 nm i-n diam) interstitial Frank loops [8], Helium preinjection of 110

and 200 at. ppm does not change the CW 316 microstructure [29], where a

dense dislocation network is already present. Helium bubbles are not

resolved in either type of as-injected material. Table 4 summarizes the

microstructural evolution observed under EBR-II irradiation.

Helium preinjection suppresses void formation and causes a tremendous

enhancement of fine bubble precipitation after 8.4 dpa at 500 and 625 C in

SA 316, in comparison with uninjected material. Figure 7 illustrates these

effects after irradiation at 625 C. Whereas at 500 C a dense Frank loop

structure is seen, .which appears to have evolved from the as-injected con-

dition, at 625 C no loops are present; instead, a lesser dislocation net-

work than in uninjected specimens has developed.

At 500 C, helium preinjected material exhibits no precipitates after

8.4 dpa. By contrast, at 625 C, more and coarser n and Laves phase

particles form relative to un.injected material. Radiation induced

phosphides do not form in the preinjected steel at 625 C.

Preinjected CW 316 does not exhibit any resolvable bubbles after 8.4

dpa at 500 C, similar to uninjected material, but a high concentration of

fine bubbles does evolve after the same dose at 625 C. The dislocation

evolution is, at both temperatures, about the same as in uninjected speci-

mens, i.e., network recovery takes place. At 500 C, the sparse n-phase
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precipitates found in uninjected CW 316 do not form, while a few coarse

Laves particles are seen in the injected steel. However, at 625 C smaller

r\ and Laves particles form more abundantly in the preinjected CW 316.

Similar but coarser precipitates are observed at the same temperature

and dose in preinjected SA 316.

HFIR Irradiations

In this water cooled and"moderated reactor, high fluxes of both fast

and thermal neutrons are found in irradiation positions directly adjacent

to the fuel. Thermal neutrons produce helium via a two step nuclear

reaction with 58Ni at a rate of 10-70 appm/dpa, which is approximately two

orders of magnitude higher than that generated during irradiation in

EBR-II. The effects of helium in HFIR irradiated material can be deter-

mined by comparing with observations on the same material irradiated in

EBR-II at similar temperatures and to the same fluence. Furthermore, a

comparison with results on preinjected and EfiR-II irradiated specimens per-

mits the study of the influence of helium injection mode, e.g., helium

buildup concurrent with displacement damage at the irradiation temperature

vs cold injection prior to neutron irradiation. The thermal neutrons in

HFIR also induce transmutation of some elements whereby the alloy chemistry

slowly changes during irradiation. There is some vanadium production

(0.61% at -520 C and 61 dpa) and manganese burnout (1.33% remains at the

same temperature and dose) [36], which do not occur in EBR-II.

SA (DO-heat) 316 - At doses below -20 dpa, voids Are found only at

425-450 C. After 9.2 dpa, most larger voids are attached to similarly
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sized D-phase particles (Fig. 8a) but there are also many smaller matrix

voids. After 14.3 dpa, the void and n-particle microstructures coarsen, as

shown in Fig. 8b. Fine radiation induced y" particles are also present at

this temperature together with Frank loops (Table 5). Both persist from

9.2 to 14.3 dpa, but neither is observed at higher temperatures.

From-515—555 C up to 625-650 C, the TI and Laves particles are coarse

over the dose range of 10 to 47 dpa, and yet voids are observed only after

47 dpa. In addition to large voids attached to n and Laves particles there

are also 3 to 20 times more matrix voids which are 2 to 7 times smaller.

Swelling is appreciable, as shown in Table 5 and Fig. 1.

At 615-640 C precipitation of t-phase particles is also observed. At

this temperature, the dislocation network is about ten times less dense

than that at 450 C. At still higher temperatures (730-755 C) no voids are

seen after 53 and 68.5 dpa, while precipitation of a and t-phase particles

has taken place and the dislocation network has a wery low density.

Fine bubbles are observed after irradiations at 425-640 C. Above

450 C they coarsen with increasing temperature and fluence, though bubble

formation is sluygish at 615-640 C. At 730-755 C at high doses, swelling

is due to coarse matrix bubbles and huge grain boundary bubbles.

Relative to EBR-II, we notice that after HFIR irradiation at

500—640 C neither irradiation induced phases (Fig. 4c), nor loops or

voids Are produced at the lower fluence. Many more bubbles nucleate early

in HFIR but void formation is only enhanced at higher fluence.
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20% CM (DO-heat) 316 - Voids develop after irradiation at temperatures

below 500 C (Table 6 and Fig. 5). Matrix voids and a few bubbles are found

after 8.4 dpa at 325-350 C, whereas at 425-450 C and 9.2 dpa matrix voids

occur together with many fine matrix bubbles (Fig. 8c). After 14.3 dpa at

425-450 C, however, only fine matrix bubbles are observed (Fig. 8d). But

matrix voids and large voids associated with n-phase precipitates are seen

again together after 55 dpa. At 500-640 C a fine dispersion of subcritical

bubbles, that remains stable with increasing fluence (up to 47 and 61 dpa),

is observed throughout the matrix. Above 650 C, the CW specimens

recrystallize under irradiation and their microstructure evolves similarly

to that of the initially SA material described in the preceding

subsection.

No precipitation is observed after 8.4 dpa at 325-350 C (Table 6).

Fine radiation induced y" particles are seen, together with matrix voids,

only after 9.2 dpa at 425-455 C. This phase is not observed either

at higher fluences (see Fig. 8) or at higher temperatures. At higher

fluences, stable n-phase particles are present from 14.3 to 55 dpa. At

higher temperatures (500-650 C) abundant mixtures of coarse n, T, and Laves

phase particles, with compositions similar to those obtained during thermal

aging, rapidly form and persist to high fluences (Fig. 4d).

Frank loops are found together with voids after 8.4 dpa at 325 C.

They are also seen after 9.2 dpa at 450 C together with matrix voids,

bubbles and the y* particles. Frank loops are not observed either at

higher fluences or higher temperatures. Over the temperature range
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425-650 C, the dislocation network recovers with fluence to a concentration

of 0.8-2 x 10 1 4 m/m3.

Void development in CW specimens is delayed relative to SA 316 irra-

diated in HFIR at 425-640 C (Fig. 9a and 9b) and to CW samples irradiated

in EBR-II at 500-640 C (Fig. 9b and 9c). Although many more helium bubbles

nucleate much earlier in HFIR, they apparently remain below the critical

size for void conversion up to 47—61 dpa. Precipitation also develops dif-

ferently in HFIR and in EBR-II. Laves formation is enhanced in HFIR at

500-550 C, while a is enhanced at 600-640 C. HFIR irradiation also produ-

ces fine T precipitation, which is'not found after EBR-II irradiation

either in uninjected or in helium preinjected specimens.

20% CM (N-lot) 316 - The microstructural evolution of HFIR irradiated

20% CW (N-lot) 316 steel is quite different from that of HFIR irradiated

20% CW (DO heat) 316 (Table 7 and Fig. 5). At 300 C, no bubbles or voids

are seen after 10 dpa. High concentrations of very fine bubbles are found

above 400 C at all fluences (at 300 C, after 44 dpa). Bubbles coarsen with

fluence at 600 C but remain stable at 400 and 500 C. Matrix voids begin to

form after -22 dpa at 400 C and after -10 dpa at 500 and 600 C. At higher

fluences (44 dpa at 400 and 500 C and 22-44 dpa at 600 C) very coarse voids

develop on large n-phase particles that formed along intragranular faulted

bands.

No precipitation is observed at 300 C up to a fluence of 44 dpa. At

400 C, no precipitates are detected after 10 dpa. Some fine fiC (possibly



15

VC) particles develop after 22 dpa, while fine y* and coarser ri (along

faulted bands) are found after 44 dpa. At 500 and 600 C, fine y' precipi-

tates are observed at 10—22 dpa, but they have dissolved after 44 dpa. By

contrast, n-phase particles form (in the matrix) after 22 dpa at 500 C and

10 dpa at 600 C and increase their volume fraction and size with fluence at

both temperatures.

Frank loops are observed.after all irradiation doses at the four tem-

peratures, except at 600 C after 44 dpa. The dislocation loop and network

concentrations decrease significantly with increasing fluence only at

600 C.

Void formation in the N-lot CW steel is enhanced and shifted to higher

temperatures relative to the CW DO-heat material during HFIR irradiation.

Irradiated N-lot specimens not only exhibit a finer matrix bubble distribu-

tion but also have many more loops and show dislocation network recovery

at 600 C. The precipitation of the radiation induced y'-phase is enhanced

relative to the DO-heat steel. Moreover, the CW (N-lot) 316 does not

develop either Laves or x-phase precipitates during HFIR irradiation; the

absence of Laves is consistent with thermal aging studies of this steel

which reveal that it is much less prone to Laves formation than the DO-heat

steel [37].

GENERAL SURVEY OF COMPOSITIONS OF PRECIPITATE PHASES

A complete characterization of precipitate nature and evolution under

irradiation involves phase identification, compositional determination and
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related microstructural development. Here, we emphasize phase identity and

composition, as these may reveal the underlying processes involved in

forming the phase under irradiation.

Precipitation under thermal aging is briefly presented in order to

evaluate the changes that occur under irradiation. The nature and corn-

position of the phases are described within a phenomenological classifica-

tion [8,12,23]. In the type 316 stainless steels, T, O, and x are usually

radiation-retarded, n and Laves are radiation-enhanced in some cases and

modified in others, while y*, G and the phosphides are radiation-induced

[8,23]. The compositional differences relative to those under thermal

aging suggest the occurrence of a segregation process characteristic of an

irradiation environment., Radiation induced segregation (RIS) is a none-

quilibrium transport of solute atoms due to their interaction with the

radiation induced point defects and their sinks. RIS produces Ni and Si

enrichment and Ho and Cr depletions, and these effects can be recognized

particularly in the compositionally modified phases.

Thermal Aging

Various phases precipitate in SA and CW (DO-heat) 316 after aging at

550-900 C for several thousand hours. The precipitate microstructure coar-

sens with increasing temperature [8], In SA material, H23Cg (T) dominates
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at 560- 600 C and Laves particles dominate at 650-700 C; x and a are the

most abundant at higher temperatures. Small amounts of M6C (n) and a also

occur together with T and Laves after 10,000 h at 650 C. Cold working

generally enhances the formation of Laves, n and a phases, while refining

the precipitate microstructure £8,2.92. In 20% CW 316, T again dominates at

560 C, but Laves is predominant at 600-700 C, with increasing amounts of n

and a relative to SA 316.

The compositions of the thermal phases T, n, c, Laves, and x are rich

in either molybdenum or chromium or both and depleted in nickel (except for

n) and iron relative to the matrix. Laves and n are rich in silicon, while

x is usually poor in it. Compositions of several of the phases formed in

SA and CW (DO-heat) 316, aged for 2770-4400 h and analyzed on extraction

replicas by AEM, are given in Tables 8 and 9.

On a relative basis, T has the highest chromium, n the highest silicon

and nickel, while Laves has the most molybdenum and a and x contain the

most iron. The broad beam analyses in Table 8 are compositional averages

of many precipitate particles that provide information on their relative

abundance [8,38]. During aging, although the precipitate microstructure

changes with temperature, time, and initial metallurgical condition, the

phase compositions experience little change in the range 500—700 C.

The precipitation patterns of SA (U0 heat) 316 and SA (N-lot) 316,

after 166 h aging at 800 C, were found to be somewhat different (see

Table 1 for heat compositions). The DO-heat specimens exhibited coarse

matrix T, Laves, and x particles together with t at the grain boundaries,
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whereas the N-lot samples only precipitated x-phase particles at the grain

boundary [37]. The DO-heat appears to be more unstable toward precipita-

tion and more prone toward intermetallic phases than the N-lot. Previous

studies comparing the DO-heat with other 316 heats also reached similar

conclusions [8].

EBR-II Irradiation

Irradiation of SA material at 500 C induces Y', G and a phosphide

phase (A-type) after 8.4 dpa, but only the phosphide needles persist to 31

dpa (Table 2). Both G and y' have very high nickel and silicon contents

and are depleted in chromium relative to the matrix; G has more molybdenum

and manganese than Y'. There appear to be two phosphides, distinguished

primarily on the basis of compositional differences, A and B as seen in

Table 9 [8]. The A-phosphide also has high silicon and nickel contents.

At 625 C, the radiation induced B-phosphide develops after 8.4 dpa but does

not survive at higher fluence. The B-phosphide contains much less silicon

and nickel than the A-phosphide, but more molybdenum, chromium, and iron.

At 500 C, n is the most abundant phase and is modified. It has signi-

ficantly less molybdenum than the thermal phase. Its volume fraction

increases with fluence. At 625 C, n formation is enhanced and persists to

higher fluence as Laves develops. Laves is also modified, having more

nickel and less molybdenum than the thermal Laves. Under all the irra-

diation conditions studied here, SA material did not precipitate the
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x-phase in the matrix. Phase evolution and compositions suggest that RIS

effects are most significant at lower temperatures and fluence.

In CW-316, the radiation induced Y" and G phases are seen at 500-525 C

after 69 dpa, but not after the lower fluences. These phases have similar

compositions to those appearing in the SA samples. Laves and n also devel-

ops at this temperature. Laves becomes highly modified as fluence

increases (lower chromium, iron and molybdenum, more silicon and nickel).

At -625 C, n and Laves develop and coarsen considerably with fluence from

8.4—75 dpa (see Fig. 6). Both phase compositions are nearly thermal from

8.4 to 36 dpa but Laves becomes strongly modified at 75 dpa. Again, T pre-

cipitation is retarded relative to aged CW 316 material. Precipitation in

CW 316 suggests that there is a strong influence of the early dislocation

microstructure which affects the development of RIS.

Helium preinjection eliminates virtually all precipitation at 8.4 dpa

and 500 C in both SA and CW 315, but enhances n and '.aves formation at

625 C. Such enhanced precipitation can be seen in Fig. 7 together with the

tremendous increase in bubble nucleation. In this case, RIS appears to be

suppressed.

HFIR Irradiation

Radiation-induced y' is observed at 425-450 C during HFIR irra-

diation of SA 316, after 9.2 and 14.3 dpa. At 425-550 C, the formation of

n is enhanced, whereas Laves is enhanced at 525—550 C. Thermal precipita-

tion of n, Laves and T occurs during irradiation at 600-640 C. The com-

positional modification of n is sensitive to irradiation temperature as
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molybdenum content increases with increasing temperature, but not to

fluence. The Laves phase composition is sensitive to both temperature and

fluence; it becomes more modified (higher nickel and silicon, less moly-

bdenum) with fluence at 515—555 C, but is present with the thermal com-

position at 600-640 C. Relative to EBR-II irradiation at 500-640 C, the

precipitation phenomena in HFIR show less effects of RIS and more "thermal"

behavior at lower doses at 500-550 C.

In 20°i CW 316, the presence of y" is transient while modified r\ forms

more sluggishly at 425-450 C than in the SA material. At 500 C and above,

the precipitate microstructure consists of a mixture of enhanced thermal

phases, viz. Laves, n and T, whose compositions remain unchanged as

fluence increases from 47 to 61 dpa (Table 9). At 500—550 C, T formation

is enhanced, in contrast to its retardation in HFIR irradiated SA specimens

and EBR-II irradiated SA and CW samples. Figure 6 illustrates the abun-

dance of Laves formation in the 20% CW 316 in HFIR at 500-550 C, while

Fig. 10 highlights its stationary composition with increasing fluence, in

contrast to its evolution with fluence in EBR-II (compare Tables 3, 4, and

6). HFIR irradiation enhances thermal precipitation in CW 316 at

500-640 C, with little evidence of RIS.

ANALYSIS OF EXPERIMENTAL RESULTS

Although the ensemble of experimental results is fairly complex in its

details, there appear to exist some general interrelationships among the
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various microstructural evolutions that take place under irradiation.

Voids are always larger when they are attached to precipitate particles.

However, coprecipitation of void and particle is one of several possibili-

ties. Coprecipitation seems to be the case in SA (DO heat) 316 irradiated

in EBR-II at 500 C, where the number of equally sized void and n particle

pairs increases with fluence. But the precipitate particles can develop

first, e.g., n and Laves form.before voids become attached in SA (DO heat)

316 irradiated in HFIR at 500-550 C. Or, voids may develop first, as

seems to be the case in ZQ% CW (DO heat) 316 irradiated in EBR-II at 510 to

69 dpa, where G and Laves particles are seen in association with voids.

The experimental observations appear to indicate that the formation of

precipitate associated voids correlates with the evolution of the other

components of the microstructure. At low fluences, voids develop in con-

junction with Frank loops and radiation-induced phases in SA material and

in 20% CW (N-lot) 316. However, in the presence of other microstructural

features, voids are not observed to deivelop. An inspection of Tables 2—6

shows that either too many bubbles or too many dislocations are found

instead of voids. But in 20% CW (N-lot) 316 irradiated in HFIR, the code-

velopment of y" and many loops again coincides with abundant void formation

despite the presence of many fine bubbles. Fine bubble nucleation alone is

thus not sufficient to suppress void formation. It is also necessary that

they be prevented to reach the critical radius for bias" driven growth. The

observed coupling of voids, radiation induced precipitates and loops
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diminishes as voids form without these other phenomena at higher irra-

diation temperatures and fluence. At higher fluences during HFIR irra-

diation, with the exception of 20% CW (DO heat) 316, bubbles coarsen or

dislocation structures eventually recover and voids then develop in the

matrix as well as attached to precipitate particles.

A second important aspect relevant to precipitate void associated

development is the nature and.stability of the phases that precipitate in

the irradiation environment. The present data, as well as previous study

[8], suggest that RIS can be the strongest influence on phase formation and

composition in neutron irradiated steels that contain voids. The

radiation-enhanced modified or induced phasas do r t uniquely correlate

with positive or negative misfit [Table 9]. Enhanced thermal diffusion

effects are manifest only when RIS is suppressed. The data further show,

in the heats of steel examined, that voids form only in association with

radiation induced G or phosphide phases, radiation nodified Laves and

radiation enhanced or modified n-phase. This therefore makes clear the

connection between RIS and precipitate-void association. On the other

hand, the fact that y* does not exhibit PVA indicates that there are other

factors to consider than simply being a radiation-induced phase for the

phenomenon to occur.

The nature of the phases associated with voids makes their formation

and stability at least sensitive to irradiation conditions that affect RIS.

In many cases n-phase particles form and remain stable with fluence and

voids eventually associate with them in both Ef3R-II and in HFIR, unless
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helium induces what appears to be a bubble dominated sink structure. Laves

phase particles at 500-550 C in EBR-II or HFIR are associated with voids

when they are highly radiation modified. Enhanced Laves particles are

coarse and abundant at 500-550 C in CW (DO heat) 316, and yet have no

voids or compositional modification. Both facts can be connected to the

development of many matrix bubbles that dominate the sink structure. This

establishes a very large critical radius, increases the critical number of

gas atoms for bubble to void conversion and retards the accumulation of

that number in the cavities. Moreover, the formation of T, in particular,

appears to be a significant indication that RIS processes are not opera-

tive, consistent with enhanced thermal processes and no precipitate-

associate voids.

DISCUSSION

It was concluded from our analysis of experimental results that the

evolution of the total microstructure occurs in a correlated and interac-

tive manner. The observations define a fairly conplex phenomena space for

PVA under the various specific constraints. The reasonable common

factor, however, affecting all the aspects of microstructural evolution

under irradiation is the point defect behavior. Mechanisms involving point

defects can therefore be suggested that explain precipitate-void asso-

ciation and its relationship to other aspects of microstructural

development.
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Theoretically and experimentally it is well established that there are

different paths for decreasing the number of radiation induced point

defects besides vacancy-interstitial recombination. Some of these paths

can lead to the formation of various microstructural features which in turn

also operate as point defect sinks. The formation of dislocation loops and

of voids, for instance, indicate the aggregation of like-point defects

which escape Frenkel pair reconbination. Another path for point defect

annihilation is by absorption"at sinks, e.g., grain boundaries and disloca-

tions. But in this case, imbalanced interstitial vs vacancy absorption at

the sinks affects their evolution, as for example, the deformation produced

dislocation rnicrostructure of initially CW material recovers during

irradiation.

A key point of radiation induced microstructural evolution is imba-

lanced absorption of vacancies and interstitial at sinks, as demonstrated

by the cooperative development of various microstructural components.

Independent of the difference in vacancy and interstitial diffusivities,

the quasi-steady state fluxes of both types of point defects to sinks are

the same unless some sinks are biased for one type of point defect. This

is a well established result from rate theory as applied to void swelling

[11].

Analogous to void formation we propose that radiation-induced precipi-

tation can be explained by the presence of sinks which have different

biases for different interstitial species. Dislocations are biased for

interstitials relative to vacancies. The origin of the bias is the elastic
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interaction between the interstitial and the dislocation. In a multicom-

ponent system, larger self-interstitial atoms produce a larger strain field

than smaller ones. Hence, it can be suggested that dislocations will exhi-

bit a greater bias for larger interstitial species than for smaller ones.

This means that the capture radius of dislocations for larger interstitials

is greater than for smaller ones. This differential bias may then give

rise to an inhomogeneity in the spatial content of different interstitial

solute species that constitutes the RIS phenomenon.

From our results the formation of Frank loops is, in most cases,

correlated with development of voids, y" and/or G-phase precipitation. The

formation of loops during early irradiation of SA material establishes a

biased sink in the system. Since nickel and silicon are undersized sol-

utes, the following effects can be envisaged. The greater capture radius

of larger self-interstitials by loops leads to a higher probability of

forming clusters of smaller self-interstitials elsewhere in the matrix.

Also, an atmosphere of smaller solutes could build up reducing the lattice

dilation around the loop hence lowering its strain energy [39], In the

case of the DO-heat and the N-lot, the formation of clusters leading to

precipitates appears to be favored away from loops.

The presence of the biased sinks enhances cluster evolution. More-

over, clusters enriched with smaller solutes can grow to larger sizes

than those enriched with larger solutes. Since self-interstitial clusters

produce a compressive strain field, they may also attract vacancies to

relieve the strain. At a given size, the cluster should become unstable

and precipitate into a nickel and silicon rich phase.
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The clustering process just described can most easily produce phases

that are crystallographically related to the y-matrix and coherent with it.

This is indeed the case of y'. Although the nucleation process of the

radiation induced phosphides is similar, these phases have a different

crystalline structure than the matrix and much less nickel than y" and G,

as shown in Table 9.

Under EBR-II irradiation, coherent y" and randomly oriented G are

observed at the same fluences indicating that clusters that will precipi-

tate into them are forming at the same time. These two phases do, however,

differ in their PVA behavior. As can be seen in Tables 8 and 9, their com-

position is fairly similar, except for molybdenum and manganese, which are

higher in G, and silicon which is higher in y*. Similarly, the com-

positions of the phosphides show a higher molybdenum content than Y". This

difference in composition may explain why voids are attached to G and the

phosphides but not to y",

During the clustering stage, the presence of more oversized atoms,

such as molybdenum, may attract more vacancies than a neutral sink and this

effect is further enhanced because there is a vacancy excess sustained in

the matrix by the biased sinks. The presence of a vacancy cloud at the

cluster can, in turn, be stabilized by gaseous impurities. In this unique

cooperative process, a solute rich cluster and a void embryo may codevelop

and give rise to precipitate void association.

Continued precipitation and/or growth of these radiation induced

phases depends critically on the RIS level that is maintained in the
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matrix. If microstructural evolution alters the level of RIS, it may also

affect the stability of those phases. Thus, when loops start unfaulting

and other loops no longer form, the intense RIS that resulted from loop

formation is no longer sustained. Instability of the radiation induced

phases y' and G is then a logical outcome because their environment has

changed dramatically. "Thermal" mechanisms, which tend to restore

equilibrium, operate to a larger degree leading to dissolution of the

induced phases.

The nucleation of the other radiation modified or enhanced phases (n

and Laves) can be explained by a similar mechanism as that employed for the

G phase. While both exhibit PVA behavior, their own stability is not as

sensitive to changes in the evolution of the surrounding microstructure.

This characteristic suggests that these phases are the result of RIS in

conjunction with thermal mechanisms such as normal solute diffusion that

are enhanced by irradiation. The influence of RIS is nicely exemplified by

Laves phase evolution in SA 316 during HFIR irradiation at 515—555 C. In

this case, the modification of the phase at higher doses and the evolution

of attached voids under this condition is an indication of a delayed RIS

process.

The early precipitation of n, whether modified or not, is apparently

related to the inhibition of the T-phase, since the latter appears to be

incompatible with RIS. Tau precipitation is delayed because the clusters

that are favored under irradiation are those incorporating nickel and sili-

con. Eta-phase precipitation constitutes, in the irradiation environment,
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a similar lattice response from the viewpoint of crystal structure as that

of T formation. In fact, in early phase identification studies, n-phase

particles were classed as modified, nickel-rich, T precipitates (see

discussions in Ref. [8]). The crystallographic difference between the two

was later revealed by noting the missing (200) reflections in the n (Oil)

zone axis pattern.

Helium effects, although fairly complex, reinforce several aspects of

the suggested mechanism of precipitate-void association. During HFIR irra-

diation of DO-heat 316 steel, loop evolution and y' precipitation are

observed only at the lower temperatures, e.g. ~420 C. At higher tem-

peratures, an abundant bubble population delays conversion of the bubbles

to voids in both SA and CW material. In fact, at 61 dpa voids are still

not observed in the CW (DO-heat) 316 (see Table 6). These effects seem due

to a high sink strength of the bubbles which then enhances point defect

recombination and partitions helium to more bubbles. Such recombination at

many sites would also dilute RIS, preventing the formation of radiation

induced phases and further frustrating the conversion of bubbles to voids

[12].

Observations in the HFIR irradiated N-lot specimens further emphasize

the competition of sinks for point defect absorption. In contrast to the

observed microstructural evolution of the DO steel, the cold worked N-lot

samples do not exhibit much dislocation network recovery. This could

result from the poisoning of climbing sites at dislocations suggested by

compositional differences between alloys. Such an effect tends to cancel

the bias and limit point defect absorption at dislocation sinks. Or, it
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could be that the difference in alloy compositions affects loop formation

itself. In either case, increased loop formation could favor increased RIS

evolution, which in turn promotes Y" formation. Such conditions restore

the bias and allow bubble conversion into voids both in the matrix and in

association with precipitates.

The phenomenon of PVA was only observed on G, ns Laves and phosphide

particles in the irradiated steels described here. We may question whether

or not the phase crystallography, the volume misfit, the nature of the

particle/matrix interface or the phase composition determine void asso-

ciation with the particle. Although for a given steel composition, these

aspects are all interrelated, some of these effects appear more important

than others. Volume misfit has not been determined precisely for the pre-

cipitates formed under irradiation, but is inferred from either the thermal

phase or the ideal compound. Both positive (e.g. G and n) and negative

(Laves and M2P) phases are associated with voids. On the other hand, y"

and T with negative and positive misfits, respectively, are not. So volume

misfit does not seem to be a determining factor.

The overall nature of the particle/matrix interface cannot be

separated from the chemical composition and the nature of the phase

itself. In particular, in the model we have proposed, the diffusion of

certain solutes to the particle, which controls its growth, also brings a

vacancy surplus. Codevelopnent of precipitate and void Must be compatible

with the interface nature. If the phase does not remain stable, codevelop-

ment is disrupted and the void becomes a matrix void. Phase nature and
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compositions do at least appear crucial to associated development of phase

particles and voids. Subtle compositional differences for a given phase

may also result in different behavior in other alloys. For example, voids

do associate with y" particles during neutron irradiation of another heat

of type 316 austenitic stainless steel, with a higher titanium content than

DO and N steels, as shown in Fig. 12 [40].

CONCLUSIONS

Precipitate-void association has been studied in a large number of

experiments done with a single heat (DO) type 316 austenitic stainless

steel. Here, we have analyzed the experimental results with a focus on PVA

and its relation to the evolution of other microstructural components. We

have concluded that PVA is strongly related to the overall microstructural

evolution. It may therefore be stated that not only the point defect

generation characteristics determine the microstructure or alter precipi-

tate behavior under irradiation, but also the kinetic features of point

defect annihilation.

The nucleation and growth of radiation induced, modified and enhanced

phases exhibiting high nickel and silicon contents and low molybdenum

and/or chromium lead us to suggest a precipitation mechanisms that can also

describe precipitate-void codevelopnent. We proposed that there exists not

only a biased attraction of interstitials by dislocations relative to

vacancies but also a differential bias among self-interstitials caused by

the size differences among the various atomic species. Similar to the case
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of void formation, such a mechanism would allow the formation of clusters

rich in undersized solute species that then lead to precipitation. PVA can

arise when a surplus of vacancies and possibly gas impurities add to the

cluster in order to relieve its strains.

Phase composition and the related nature of the precipitate/matrix

interface appear from the data to play a vital role in PVA. Furthermore,

the different microstructural -evolution under HFIR irradiation in DO and PI

steels demonstrates .the importance of chemical composition of the bulk

alloy, particularly as it influences dislocation evolution. Such differen-

ces support the competitive nature of various components whose balance

determines microstructural development during irradiation.
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FIGURE CAPTIONS

Fig. 1. Cavity swelling in reactor irradiated SA (DO heat) 316

stainless steel as a function of irradiation temperature and dose.

Fig. 2. Void and precipitate micrestructure in EBR-II irradiated SA

(DO-heat) 316 stainless steel, showing highest level of PVA (a) 31 dpa at

525 C and (b) 36 dpa at 630 C.

Fig. 3. Examples of precipitate-void association: (a) n-phase,

(b) G-phase, (c) Laves, and (d) phosphides.

Fig. 4. Precipitate volume fractions in reactor irradiated (DO heat)

316 stainless steel.

Fig. 5. Cavity swelling in reactor-irradiated 20% CW (DO heat and N-

lot) 316 stainless steels as a function of irradiation temperature and

dose.

Fig. 6. Void and precipitate microstructure of EUR-II irradiated 20%

CW (DO-heat) 316 stainless steel at 620-630 C. (a) and (b): 3.4 dpa (no

voids), (c) and (d): 36 dpa (n and Laves particles), (e) and (f): 75 dpa

(n and Laves particles); (a), (c) and (e) are thin foil micrographs; (b),

(d) and (f) are from extraction replicas. Notice codevelopment of the

microstructure. Largest particles in (f) are T and a.

Fig. 7. Effects of 110 at. ppm helium preinjection on the microstruc-

tural evolution of EBR-II irradiated SA (DO-heat) 316 stainless steels to

8.4 dpa. at 625 C. (a) uninjected, low magnification, showing voids and

precipitates, (b) preinjected, low magnification, showing no voids,

(c) uninjected, high magnification, showing small bubbles at dislocations,

(d) preinjected, high magnification, showing numerous bubbles at disloca-

tions and throughout the matrix.



Fig. 8. Voids and n-phase particle microstructure in HFIR irradiated

(DO-heat) 316 stainless steel at 450 C. (a) SA, 9.2 dpa, (b) SA, 14.3 dpa,

(c) CW, 9.2 dpa, and (d) CW, 14.3 dpa. Voids and precipitates codevelop in

the SA material. In the CW samples, they appear to have a transient

character, as they both disappear at the intermediate dose of 14.3 dpa,

showing the correlation in their evolution.

Fig. 9. Effects of helium and/or initial metallurgical condition on

void development in irradiated (DO-heat) 316 stainless steel, at 500—550 C.

(a) HFIR irradiation of SA material to 47 dpa, showing well developed voids

and precipitates, (b) HFIR irradiation of CW material to 61 dpa, showing

very abundant bubble and precipitate populations, but no voids, (c) EBR-II

irradiation of CW material to 69 dpa, showing many voids and precipitates.

Fig. 10. Composition evolution of Laves phase in irradiated 20% CW

(DO-heat) 316 stainless steel.

Fig. 11. Different microstructural patterns in two heats of 20% CW

316 stainless steel irradiated in HFIR at 600-625 C and 44-47 dpa.

(a) DO-heat — abundant precipitation and bubbles.' (b) N-lot — well devel-

oped voids.

Fig. 12. Advanced stage of cavity growth on y" particles in EBR-II

irradiated SA (V7) 316 Ti-modified stainless steel (courtesy of Dr. E. H.

Lee, ORNL).
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I
Table 1. Composition of two heats of type 316 stainless steel

Heat
Designation

Alloy Composition, wt. %

Fe Cr Ni Ho Mn Si Ti Co

DO-heat 316

N-lot 316

Bal

Bal

18

16

.0

.5

13

13

.0

.5

2

2

.6

.5

1

1

.9

.6

0

0

.8

.5

0.05

0.05

0.05 0

0

.01

.01

0

0

.016

.006

0

0

.05

.006

0

0

.0005

.0008

0.004

0.05

Temperature Dose
C°C] Cdpa]

500 8.4

525 31

625 8.4

630 36

Table 2. Microstructural evolution in EBR-II irradiated SA (DO-heat) 316
austenitic stainless steel

Matrix
Swelling8 bubbles

dtnm]; N[nr3]

0.05

0.16

Matrix Precipitate Precipitate
voids voids phases1'

; N[m-3] dtnm]; NpiT3]

52.7; 5.4 x 1018 M6C-n(m)
phosphides (i)
()

NI 3S1-T'(1)

0.27 1.8; 3.4 x 1021 23; 2.5 x 1 0 " 56; 1.8 x 1019 T,(m)
phosphides (i)

3; 6.7 x 1018 57.6; 8.6 x 1Q19 n(e)
phosphides (i)

1.5 4.8; 1.2 x io*° 65; 2.8 x 1018 166; 4.5 x 1018 Laves (m)

Dislocation
densityc

[m/m3]

(F.L. + N)
7.8 x 1 0 "

(N)
1.9 x 101*1

(F.L. + H)
5.7 x 1O13

(N)
2 x 1013

aSwell1ng is total for all cavity components and calculated by Integrating over cavity size distributions.

''The letters in parenthesis after each precipitate phase indicate:
i: radiation induced; in: radiation modified; e: radiation enhanced; t: thermal phase. The phases are listed
in order of decreasing relative abundance.

CN: Network, F.L.: Frank loops.

'.' '' '



Table 3. Mierostructurai evolution in EOR-II irradiated 201 CM (DO-heat) 316 austenitic stainless steel

Temperature

500-530

600-630

Dose
[dpa]

8.4

36

69

8.4

36

75

Swelling8

0

13

-

0

9

a"cSee footnotes to Table 2

dMatr1x + ppt voids.

.05

.3

-

.5

•

dCn

3;

16.2;

5;

8-57

Matrix
bubbles
m]; H[nr3]

7 x 1020

2.4 x 1018

—

7.5 x 1020

; 4 x 1019

Matrix
voids

d[nm]; NCnr3]

—

60; 5

126; 9

93.4; 5.4 x 10"

141; 3 x 1019

Precipitate
voids

?[nm]; N[m-3]

—

x loisd

x 10l9d

—

146; 4.6 x 10

500; 7.4 x 10

Precipitate Dislocation
phases6 densityc

M6C-n(e) (N) 3.4 x 101*

i,te)f L a v e s( r a) (N) 2 x 10J*

nf e) > Laves(m) (H) 2 x
T (i), G(i)
Laves(t), n(t) (N) 2 x 101*

(),
M23C6-TU)

es ( ) ,
), o(t)



fl

Table 4. Microstructurai evolution in helium pre-injected (110 at. ppm)
and EI5R-II irradiated (90-heat) 316 austenitic stainless steel

(Dose: 8.4 dpa)

Initial Temperature Swelling Matrix bubbles Precipitate phases* Dislocation density*
condition [°C] [%] _._ d[nm]; N[nr33 [m/m3]

SA

20% CW

500

625

500

625

0.01

0.01

—

0.1

2.1; 2.1 x 1022 - (F.L.) 6.4 x

2.8; 9.5 x 10" n(t), Laves (t) (N) 3.4 x l o "

(N) 3 x lQl»

0.1 3.9; 2.7 x 1022 n(t), Laves (t) (N) 3

*See footnotes (b) and (c) to Table 2.

• - • ( ' ;



Table 5. Microstructural evolution in HFIR Irradiated SA (DO-heat) 316 austenitic stainless steel

Matrix
Temperature Dose* Swell ing" bubbles

[°C] [dpa] [%] ?[nm]; N[m-3]

Matrix
voids

Precipitate
voids
] 3

32S-350

425-450

515-555

615-640

625-650

730-755

Precipitate
phases'

5.3[180]

9.2C380] 0.18 2.3; 1.4 x 1022 13.5; 1.1 x 102»

14.3[780] 0.65 1.6; 1.1 x 1022 21; 4.3 x 102° 34.5;

12 [660] 0.09 / 5.6; 5 x 102Ae
\12.7; 2.4 x 1Q20J

17.8[1020] 0.2 /l0.5; 1.5 x 102Ae
\17.4; 3.6 x 1020/

47 [3000] 9.7 2.2; 2.7 x 1023 35; 1 x 10" 76;

10 [440] 0.07 18.7; 1.8 x 1020

16.6[880] 0.13 18.9; 3.2 x 102«

n(mj'

1.4 x 102° Y'(1)
n(m)

Laves(m)

n(m)
Laves(m)

3 x 102<> n(ni)
Laves(m)

Laves(t),
n(t), x(t)

47 [3000] 9.3

33.5[2000] 2.0

53 [3300] 1.7
68.5[4140] 7.3f

50; 4.5 x 1020 335; 1.2 x 10»8

60; 4.8 x 102"

39; 4.8 x 102«
110; 4.6 x 1019

^Numbers In brackets indicate total amount of produced helium in units

b-dSee footnotes to Table 2.

size distribution,

of the swelling is due to large grain boundary bubbles.

of at. ppm.

Laves(t), n(t)
x(t), o(t)

I(T).

Laves(t), t(t)

Laves(t), o(t)

x(t), o(t)
a(t)

Dislocation'
density"1

(F.L.) 3 x 1015

(F.L. + N)
5 x 10J"

(F.L- + N)
2.7 x

(H) 5.6 x 1013

(N) 2 x 1013

(N + F.L.)

4 x 10»»

(N) 1.2 x 10"

(N) 9 x 10"

(N) 1.6 x 10"

(N) 2.4 x 1013

(N) not measured
(N) 3 x 1012

.'.V; 'i' • .
\ ,V<---t'

:". ,'"* ••..*' .':,'.-!'••



Table 6. Microstructural evolution in HF1R irradiated 20% CW (OO-heat) 316 austenitic stainless steel

Temperature
TO

325-350

425-455

525-550

615-640

650-700

730-755

0osea

[dpa]

8.4[390]

9.2[380]

14.3[740]
55 [3320]

7.4[290]
10.9[500]

17.8[1020]

61 [3660]

10 [440]

16.6[880]

47 [3000]

17.8[1020]

67 [4070]

69 [4140]

Swelling11

0.5

0.12

0.03
2.0

0.01
0.06

0.02

2.0

0.06

0.15

1.4

0.14

3.4

8.oe

Matrix
bubbles

7[nn]; N[nr3]

-

2.7; 2 x 1022

2.6; 2 x 1023
5.3; 2.5 x XO22

2.6; 8.4 x 102l
7; 2.6 x 1021

2.2; 2 x 1022

17; 6.6 x 1021

11; 5.6 x 1020

22; 2.7 x 1020 •

21; 2.4 x 1021

21.5; 2 x 1Q20

65; 3.3 x 102»

110; 6.5 x lQi9

Matrix
voids

dtnm]; N[m-3]

12; 4 x 1Q21

7.6; 2 x 1021

20; 2.6 x 1021

—

—

~

—

—

—

—

—

Precipitate
voids

I[nm]; NDi)-^

—

70; 7.4 x lOl8

—

-

—

—

—

—

—

—

-

Precipitate
phasesc

-.-

Y'(D

i(m)
n(m)

»(e). T(e)
Laves(e),
n(e). x(e)

Laves(e),
n(e). x(e)

Laves e,
i(<0. ̂ (e)

Laves(t),
t(t), n(t)

Laves (t), i(t),
n(t), o(e)

Laves(t), n(t),
r(t), a(e)

T(e), o(e)
Laves(t), x(e)

T(e), o(e)
x(e)

o(e), x(e)

Dislocation
density"
[nr/m3]

(F.L. + «)
6 x 101"

(F.L. + N)
1.5 * 101*

(N) 2.5 x 101"
(N) not measured

(H) 4 x lfll*
(N) 1 x 101"

(N) 1.6 x 10l»

(N) not measured

(N) 1 x lOl*

(N) 8 x 10"

(N) not measured

(H) 4 x 1O1Z

(N) <1 x 1012

(N) 1-3 x 1Q12

a"dSee footnotes to Table 5.
e2% of the swelling Is due to large grain boundary bubbles.

•#.!/•''
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Temperature

300

400

500

600

1 1-, -
Table 7. Microstructural evolution in HFIR irradiated 20% cw (N-lot) 316 austenitic stainless steel

Dose
[dpa]

10[375]
44[3000]

10[440]
22[1440]

44[3000]

10[440]

22[1440]
44[3000]

10[470]
22[1470]
44[3000]

Swellinga

t»]

Matrix
bubbles

dtnm]; Ntm-3]

0.1 2.3; 1.6 x 1023

0.06 A . 2 ; 3.7 x 1022\d
0.14 I 3.2; 7.4 x 1022 I

\5 .4 ; 1.6 x 1021/

0.7 4; 1.2 x 1023

0.05 fl.l; 3.5 x 1022\d
^4.5; 3 x 102V

0.15 4; 3.7 x 1022
3.6 5.8; 7.2 x 1022

0.2 3.2; 2.5 x 1022
>0.5 4.5; 2.2 x 1022
6 9.3; 2.5 x 1Q21

Matrix
voids

dtnm]; N[m

Precipitate
voids

?tnm]; N[nr3]

Precipitate
phases"

VC-?(e)

6.4; 7.3 x 102» 15.4; 1.8 x 102°

10; 1.7 x 1021

13.3; 1 x lO22

10; 1.1 x 1021

12; 3 x 1021
30; 2.7 x 1021

60. 1019

20-506
8 6 ; i.g x 1Q19

n(e),
n(e)

T ( i ) ,
n(e),
n(e)

n(e)
'()

a"dSee footnotes to Table 5.
eVoids attached to coarse n particles heterogeneously formed along faulted bands; N not measured.

Dislocation
densityc
[ 3]

F.L. (many)

(F.L. • B)
(F.L. + N)

(F.L. + N)
>2 x lo

(F.L. + N)

(F.L. + H)
(F.L. + H)

>2 x 101"

(F.L. + H)
(F.L. + N)
(N) <2 x lQl"

'-—w. - " -jk*-fJ-^;i)frVT"-Jtj f i W -trVni if* l^amiWL
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TABLE IX
CORRELATION OF PHASE NATURE AND VOID ASSOCIATION CHARACTERISTICS IN NEUTRON IRRADIATED TYPE 316 (DO HEAT) STAINLESS STEEL

CRYSTAISTHUCTURE*
A M VOLUME

LATTICE PARAMETER* MIS*IT

VOID ASSOCIATION UNOIR IRRAOIAT'ON

CDMMCNTI PHAK COMfOJITUN*

THERMAL PHASE IFHAVftM

COMftKHT?

CUIIC.F03m.E9j
lijj - 1.08 nm)

HEXAGONAL. P63/mmc. - 0-05
C14tao"O.47nm,

V0"'

AFHOSPHIOES">

I PHOSPHIDES,

F«,P TYPE.*

HEXAGONAL. P321,

C22 <»0 • 0 6 nm.

V * Q ' 0.6)

AND/OR

C'jP TYP£.

TETRAGONAL. 14,

$11>0 - 0.92 nm.

cQ/»Q - 0.51

CUBIC. Fm3m.A1
( » - - 1.1 nml

CUBIC. P3m3. LI j
(#0 - 0J5 nm|

M,3C.(r) CUBIC. Fm3m. DB,

TETRAGONAL.
MYnnm, 08 6

|»0 • 0 88 nm.
/ ' O 5 2 l

VOIDS ATTACHED
UNDER A VARIETY
OF CONDITIONS.
RADIATION
ENHANCE 0 0 f t
M0D1FIE0.

VOIDS ATTACHED
UNDER A VARIETY
OF CONDJTIONS.
RADIATION
ENHANCED OR
MODIFIED.

VOIDS ATTACHED
TO MANY. BUT NOT
ALL PARTICLES.
RADIATION INOUCEO.

* 60
g
C 40

n.HFIR.42S4C.9.2dp»

\A
St P Mo Cr Un Ft Ni

FOAMS IN CM AND
SA 316 FROM 6 0 0 -
?00*C AFTER
}77O-1O.OOOh.

FOAMS IN CW AND
SA 316 FROM 600 -
BOO'C AFTER
2770-10.000h.

t
t «

I"
0

\ 60

r). THEHMAL.
600'CUOOK

Si P Mo Cr Mn Ft Ni

Si P Mo Cr Mo F* Ni

LAVES. THERMAL.
600'C.4400ti

Jo.
f Mo Cr Mn f ( Ni

*. 60

A PHOSPHIDE. EBR I
S2S'C. 31 dcu

m.
NOT FORMED IN TYPE 31B

Si P M O Cr Mrt F« I

VOIOSATTACMED , W
TO SOME, BUI NOT -
• LIPABTICLES. * 60
RADIATION INDUCED. o

i:
VOIDS ATTACHED «>
TO NEARLY ALL, _
PARTICLES. * 60
RADIATION INDUCED. g

w 40

VOIDS ARE NOT
ATTACHED
flAOIATION INDUCED.

NOT FORMED IN TYPE 31«

NOT FORMED IN TYPE 316

Mo Cr Mrt F* N>

NOT FORMEO IN TYPE 31«

Si P M O Cr Mr, f t N.

VOIDS ARE NOT ATTACHED
RADIATION RETAROED PHASE UNOER MOST
CONDITION. BUT FORMS IF HIS IS SUPPRESSED.

St P MoCi Mn t*

VOIDS ARE NOT ATTACHED.
RADIATION RETAROED PHASE UNOEft MOST
CONDITIONS. BUT FORMS ABOVE SOOT ' * 1>S
IS SUPPRESSED.

AND 5A JIG C
FR0U6M-9WC «. M
AFTER iirO-IO.DOOn. g

i w

5 20

u. THEftWAL.

650'C. tOOOOh

Si P Mo C» Mn Ft N<

•FOR CACH MASC (LATTICE SYSTEM. SPACE CROUP. STRUCTURE TV«l WHERE LATTICE SYSTEMS IS THE IRAVAtS LATTICE TYPE - SPACE GftOti'fS
Ciy(M>y THESH0«TF0HUOf THF POINT GROUP SYMMETRY ELEMENTS IN THE H I U M A N N M A U G U I N SHORT NOTATION STRUCTURE TYPES IS THE

ED tUTAtS*lft*tNCl §QQK.*#> ED. iuTlE«*ORTHS. LONDON VJ16 vv 1CM-'>
• t N LEC M MA/IAS7ANO* f *Q*CLirtt. • THE STXUCTuHE AMOCOvMSITlON OF PMA5ES OCCUR RING IN AUSTENITIC STAINLESS STEELS IN

THERMAL AND IRHAOIATION ENVIRONMENTS' m. I l l - H I IN COM *ROC 'MAM STA§ttlT* OVKlHG t*H*OtATtON EOS J R HOLLAND L K MANSUM
O I WTTEft. THE METALLURGICAL SOCIETY OF AIME WARRtNDA^^ • ' » "

(FRACTIONAL Olf f ERENCE BETWEEN VOLUME Pf R SOLUTE ATOM IN NEW PMASf COMMdJO ?OOHIC'WAt AUSTf IHlTf
"PHAU COMfOSITlON MEASUREDIY X HAY ENERGY DISPERSIVE VECTROSCO^Y FROM EXTRACTION MfLICA »ROOuCCD FROM EITHFR SA OR CW

IDOHCATOU iRRA0lATC0TorHCCOW»r«JNSlNO«:ArEO THE PARTICULAR PHASE COMPOSITION WASSELECTEDMOM WRA0IATION CONDITIONS
PRODUCING EITHER MAXIMUM VOIO ASSOCIATION WITH THAT PHASE AND OR MAXIMUM RADIATION INDUCEO SOLUTE SCGREGATION IRIS)

•lOCNKFICAnOMffORK IS DIFFICULT ANO StILL INCOM^LETC AS TO WHICH r>HUS»H)0t 1*0* • • IS F',P OR D,P
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