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ABSTRACT: The effect of various levels of cold work on the tensile

behavior of type 316 stainless steel was investigated. Tensile speci-

mens were irradiated in the Oak Ridge Research Reactor (ORR) at 250,

290, 450, and 500°C to produce a displacement damage of ~5 dpa and

40 at. ppm He. Irradiation at 250 and 290°C caused an increase in yield

stress and ultimate tensile strength and a decrease in ductility rela-

tive to unaged and thermally aged controls. The changes were greatest

for the 20%-coId-worked steel and lowest for the 50%-cold-worked steel.

Irradiation at 450°C caused a slight relative decrease in strength for

all cold-worked conditions. A large decrease was observed at 500°C,

with the largest decrease occurring for the 50%-cold-worked specimen.

No bubble, void, or precipitate formation was observed for specimens

examined by transmission electron microscopy (TEM). The irradiation

hardening was correlated with Frank-loop and "black-dot" loop damage.

A strength decrease at 500°C was correlated with dislocation network

recovery. Comparison of tensile and TEM results from ORR-irradiated

steel with those from steels irradiated in the High Flux Isotope Reactor

and the Experimental Breeder Reactor Indicated consistent strength and

microstructure changes. MASTER
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Introduction

Twenty-percent cold-worked type 316 stainless steel was chosen as

the structural material for several core components of first-generation

fast breeder reactors. It is also a candidate for the construction of

the first-wall and blanket structure of fusion reactors. The choice of

the cold-worked structure followed from the theoretical prediction [1]

and experimental [2] observations that high dislocation densities

should [1] and did [2] have an inhibiting effect on the void density,

which should and did lead to a decrease in irradiation-produced swelling

compared with a solution-annealed structure. Several studies have shown

that cold working stainless steel leads to a reduction in swelling when

the steel is irradiated between 0.3 and 0.5 Tm (Tm is the melting point)

[3—6] . These investigations generally considered cold-work levels up to

about 25 or 30%.

Although the reason for the choice of a 2C%-cold-work level (as

opposed to a higher or lower level) has not been widely discussed in the

literature, the choice undoubtedly reflected a consideration of the

properties of an unirradiated cold-worked steel as well as the effect

of the coId-worked structure on swelling. Brager [6] did show that, for

type 316 stainless steel, a 10%-cold-work level caused nearly as great a

suppression of void formation as did 20% cold work. Above about 475°C,

he found little difference in the swelling behavior of steels with 10

or 20% cold work; at 420°C (the lowest temperature investigated), there

was very little difference between steel cold worked 20 and 30%.

Most irradiation studies on the effect of thermomechanical treatment

(cold-work level and solution-anneal temperature) on type 316 stainless

steel have examined the effect of irradiation on swelling. Little



information has appeared on the effect of preirradiation treatment on

the irradiated tensile properties [7—9]. There is, however, con-

siderable information available on the properties of solution-annealed

(1 h at 1050°C) and 20%-cold-worked type 316 stainless steel irradiated

in a fast reactor environment [8—12] . These irradiations in the

Experimental Breeder Reactor (EBR-II) extend to 8.4 x 10 2 6 neutrons/m2

(>0.1 MeV). In addition to the irradiation in fast reactors, properties

of solution-annealed and 20%-cold-worked type 316 stainless steel irra-

diated in the High Flux Isotope Reactor (HFIR), a mixed-spectrum reac-

tor, have been reported [13—15] .

In a fusion reactor, two types of irradiation effects are expected:

displacement damage and large amounts of transmutation helium are pro-

duced by the high-energy neutrons. Therefore, it is of interest to

determine the effect of both displacement damage and helium on proper-

ties. The effects of displacement damage alone can be studied by irra-

diation in a fast-spectrum fission reactor. The HFIR studies mentioned

above were carried out as part of the fusion-reactor materials studies.

HFIR has a mixed spectrum that contains both fast and thermal neutrons;

thermal neutrons produce helium by a two-step reaction with 58Ni in a

nickel-containing alloy. Thus, irradiation of stainless steel in a

mixed-spectrum reactor can produce both displacement damage and helium

to approximately simulate fusion irradiations.

Helium can have pronounced effects on the mechanisms of void

swelling, precipitation, and radiation-induced solute segregation in

austenitic stainless steels under either ion or neutron irradiation

[16—18]. Helium effects for fusion have been inferred from a comparison

of the results from the EBR-II and HFIR irradiation of the same heat of



steel. However, neither of these reactor irradiations produces helium

and displacement damage in type 316 stainless steel at the ratio to

match fusion first-wall service (10—15 at. ppm He/dpa); HFIR produces

far too much helium (20—70 at. ppm He/dpa) and EBR-II far too little

(0.5—1 at. ppm He/dpa). The Oak Ridge Research Reactor (ORR) has a

lower flux, but gives a better match to the helium/dpa generation ratio

of a fusion first wall. This paper presents tensile and microstructural

data obtained for type 316 stainless steel irradiated in the ORR.

Experimental Procedure

The type 316 stainless steel used in this study was taken from the

Magnetic Fusion Energy (MFE) reference heat (X-15893); the chemical com-

position is given in Table 1.

Tensile specimens were machined from 0.76-mm-thick sheet. Speci-

mens were obtained for sheet reduced by 20, 30, and 50%; prior to the

final cold work, the steel was solution annealed 1 h at 1050°C.

Material was also irradiated and tested that was aged for 10 h at 800°C

after the 1 h at 1050°C anneal and prior to the 20%-cold work.

Sheet tensile specimens in this experiment were of the SS-1 type

with a gage section 20 .3-mm long by 1.52-mm wide by 0.76-mm thick.

Specimens were irradiated in the E-7 position of the ORR in experiment

ORR-MFE-2. These specimens were irradiated in holders that contained

22 sheet samples. The cylindrical holders were contained in a water-

cooled aluminum block; each holder contained a central hole that con-

tained an electric heater. Temperature was measured and controlled by

two thermocouples located at the position of the center of the gage sec-

tion in two unused sample positions located 180° apart.



Irradiation temperatures obtained in this experiment were approxi-

mately 250, 290, 450, and 500°C. The neutron fluence of ~6.8 x 10 2 5

neutrcns/m2 (>0.1 MeV) produced ~5 dpa and the associated thermal

neutron fluence of ~4.7 x 10 2 S neutrons/in2 produced ~40 at. ppni He.

Tensile tests were made on unirradiated and irradiated specimens at

the irradiation temperatures. Tests were conducted in a vacuum chamber

on a 44-kN capacity Instron universal test machine at a strain rate of

4.2 x 10~5/s.

Transmission electron microscopy (TEM) studies were made on the 20%-

cold-worked material. Disks about 3 mm in diameter were electrodischarge

machined from the shoulders of the tensile specimens that had been ten-

sile tested. Previous work has established that the tensile testing

does not disturb the as-irradiated microstructure in the shoulder region

[19]. These samples were examined with the TEM techniques described

previously [19,20]. The relatively high cobalt content of this alloy

resulted in high levels of radioactivity after the 0RR irradiation and

made specimen handling difficult.

Results

The metallographic appearance of the cold-worked structure depended

on the amount of cold work (Fig. 1); the grain structure was still

clearly visible for the material deformed only 20%. When the solution

anneal for 1 h at 1050°C was followed by the anneal for 10 h at 800°C,

considerable precipitate formed on grain boundaries and within the

matrix [Fig. 2(a)] . After this structure was cold worked 20%, the grain

structure was easily seen by optical microscopy [Fig. 2(b)].

Tensile specimens were aged 4000 h (the approximate time of the

irradiation experiment) at 300, 450, 500, and 650°C to determine the
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effect of the thermal exposure on the properties (the higher temperature

was used because these thermal aging results are to be used as controls

for other experiments). The aged specimens were tested at the aging

temperature and compared with the as-coId-worked material (Figs. 3—5).

Mechanical Properties

The 0.2% yield stress (YS) and ultimate tensile strength (UTS) of

the unaged specimens showed the normal effects of cold work: The higher

the amount of cold work, the higher the strength (Figs. 3 and 4).

Thermal aging caused changes in strength, even at temperatures as low as

300° C, where a strength increase was observed over that of the unaged

specimens. The strength advantage of the aged material was maintained

up to about 500°C. At higher temperatures, however, the aged steel

became weaker than the unaged steel, and the strength was significantly

less after aging at 650°C for all cold-work levels. In fact, at 650°C,

the weakest of the aged materials was the steel with 50% cold work.

The ductility of the unaged material inversely reflected the

strength properties, with the strongest material (50% cold work) having

the lowest ductility and the weakest having the highest ductility. The

ductility of the unaged material appeared to reach a maximum between 500

and 600°C. Except at 650°C, the ductilities of the thermally aged speci-

mens did not differ significantly from the unaged specimens. Upon aging,

a large increase in ductility occurred at 650°C, which coincided with

the large strength decrease. Just as the 50%-cold-worked steel showed

the largest strength loss on aging at 650°C, it also showed the largest

increase in ductility.



In Figs. 6 through 8, Che tensile data for the irradiated specimens

tested at 250 to 500°C are compared with the data for the thermally aged

specimens. When irradiated, the YS and UTS of all three cold-worked

levels increased over the corresponding unirradiated values at 250 and

290°C. The relative increase was inversely related to the level of

prior cold work. Between 290 and 450°C there was a large decrease in

the irradiation-produced strength; at 500°C, the strength of the irra-

diated steel fell below that of the unirradiated steel. Although the

originally strongest 50%-cold-worked steel remained strongest after irra-

diation at 500°C, the irradiated strengths for the three cold-work levels

appeared to be approaching a common value with increasing temperature.

The change in ductility of the irradiated cold-worked type 316

stainless steel does not directly reflect the increase in strength

(Fig. 8). Both uniform and total elongations of the irradiated steels

increased between 290 and 450°C, but they decreased between 450 and

500°C, even though the strength decreased. The steel with 20 and 30%

cold work showed a large elongation increase between 290 and 450° C,

whereas the 50%-cold-worked steel showed a much smaller increase. After

irradiation at 500°C, the total elongation of the 50%-cold-worked steel

was actually less than the value at 250°C. At all temperatures, the

ductility reduction of the three steels maintained the inverse rela-

tionship with cold-work level that was true for the unirradiated

material. However, in all cases the ductility of the irradiated steel

was similar to that of the thermally aged steel.

For the three cold-work levels discussed above, the cold defor-

mation followed a 1-h solution anneal at 1050°C. In Figs. 9 through 11
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the strength and ductility of the type 316 stainless steel cold-worked

20% after the 1050°C solution anneal are compared with the steel cold-

worked 20% following a 1050°C anneal plus a 10-h age at 800°C. Both

before and after irradiation, there was very little difference in

strength for these two steels. The uniform and total elongation values

of the steel given the 800°C anneal did not increase between 290 and

450°C nearly as much as did the values for the other steel. This was

true for both irradiated and unirradiated (aged and unaged) steels.

However, the irradiated ductility valu s for both steels approached that

for the unirradiated steels at 450 and 500° C.

Selected fracture surfaces were examined by scanning electron

microscopy. All specimens displayed typical ductile shear-type failures.

There was no indication of intergranular fracture at any irradiation or

aging temperature on any material condition.

Transmission Electron Microscopy

The TEM studies on the irraaiated 20%-cold-worked steel did not

reveal any bubbles or voids in the microstructure of the steel irra-

diated in ORR to 5 dpa at temperatures from 250 to 500°C. There was

also no evidence of precipitation for any of these irradiation con-

ditions, although there was an effect of the irradiation on the dis-

location str _;ure.

After irradiation, the overall dislocation concentration was high

and quite temperature independent from 250 to 450°C, but, by comparison,

appeared much less concentrated at 500°C (Fig. 12). Frank loops (assumed

to be interstitial) were a significant portion of the overall dislocation

microstructure at all temperatures. The loop component at the various



temperatures is shown in Fig. 13 for one set of (lil) planes [hence one-

fourth of a total isotropic population of loops on (111) planes] imaged

in dark field via <111> satellite streaks around g20 0 matrix reflections.

A high concentration of loops ranging from 8 to 25 run in diameter was

observed from 250 to 450°C. Fewer, much larger (17 to 100 nm diameter)

loops were observed at 500° C. The dislocation structures at 250 to

450° C appeared similar to or denser than the network normally found in

the as-cold-worked material [18], but the dislocation structure at 500°C

was somewhat recovered. Finally, a highs concentration of "black dots"

(<5 nm in diameter) can be seen in Fig. 12(a—c). These features, seen

at 250 to 450°C when these samples were imaged in a weak-beam dark-field

condition (g200» +g/3g), may also be small loops. "Black dots" were not

present after irradiation at 500°C.

Selected TEM specimens of the unaged and aged control specimens of

the 20- and 50%-cold-worked specimens were examined to determine if the

source of hardening during aging at 300 and 450°C could be detected.

There was no indication of precipitation during aging nor any indica-

tion of a change in the dislocation structure that could be the cause of

the hardening. The hardening must be associated with a solute-

dislocation- locking mechanism (probably due to carbon) .

Discussion

It is of interest to compare the results of these studies with irra-

diation effects observed after irradiation in HFIR, where much more

helium is generated, and irradiation in EBR-II, where very little helium

is generated. The comparison will be restricted to 20%-cold-worked

material, as very few data are available for other cold-work levels.
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Because most irradiation studies on 20%-cold-worked type 316 stain-

less steel have been conducted in conjunction with the fast-breeder

program and have generally used EBR-II, few irradiations have been below

about 370°C (limited by the EBR-II reactor coolant inlet temperature).

Fish et al. [11,12] tested 20%-cold-worked type 316 stainless steel

irradiated in EBR-II at temperatures between 371 and 816°C. They found

an increase in both YS and UTS for material irradiated and tested below

about 483°C, and only a slight amount of hardening was observed at 483°C.

They reported softening of cold-worked material for irradiation and

testing at 538°C and higher. This observation is similar to obser-

vations in the present tests on 20%-cold-worked type 316 stainless

steel, where softening was observed at 500°C but not at 450°C. A simi-

lar observation was made for the steel with 30% cold work; however, the

steel with 50% cold work softened at 450°C.

Tensile specimens of the 20%-cold-worked reference heat have been

irradiated in HFIR, and where the irradiation and test temperatures were

similar to those of the present experiment, similar tensile results were

observed [15] . For tensile tests at 300"C of specimens irradiated at

284°C, the steel hardened to a saturation level. The strengths obtained

in that experiment were similar to those obtained in this experiment for

the 20%-cold-worked steel irradiated and tested at 290°C. This simi-

larity occurred despite the fact that the HFIR-irradiated steel was

irradiated up to 27 dpa and contained 1600 at. ppm He and confirms the

saturation of strengthening at relatively low fluence levels.

The high dislocation density of a cold-worked structure retards

void swelling because the dislocations act as sinks for irradiation-

produced defects and traps for transmutation-product helium. Although
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the higher dislocation density of the 50%-cold-worked structure would be

expected to provide the highest irradiation resistance, the present

results provide reasons for use of a lower cold-work level. Below

~550°C, the ductility of the 50%-cold-worked steel was lower than for

the steel rolled 20 and 30% in the as-cold-worked, aged, and irradiated

conditions. There is much less difference between the steels with 20-

and 30%-cold work, especially after irradiation. It is also evident

from the aging results that for temperatures above about 600°C, all of

the cold-work levels rapidly lose strength as recrystallization occurs.

At 650°C, the 50%-cold-worked steel is the weakest. Therefore, although

the 50%-cold-work level would be expected to offer greater irradiation

resistance at temperatures to ~550°C, the lower ductility for the higher

cold-worked material may offset that advantage.

There have been extensive microstructural studies of 20%-cold-

worked type 316 stainless steel irradiated in HFIR [18,20,23,24] and

EBR-II [6,18,251, and these can be compared with the TEM studies on the

ORR-irradiated material. Key features of the present results and the

literature data are summarized in Figs. 14 and 15.

Bloom et al. [21] irradiated solution-annealed type 304 stainless

steel in the ORR to fluences producing less than 0.5 dpa and less than

about 5 at. ppm He at temperatures of 93 to 454°C. At 93°C, they

observed a high density of fine "black-dot" structures, believed to be

loops. With only small changes in size and density, this structure per-

sisted at 177 and 300°C. At 371°C, the "black-dot" density decreased by

several orders of magnitude; it disappeared at 398°C. Larger loops,

precipitates, and small helium bubbles began to appear at 454°C.
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Figures 14 and 15 define the temperature limits of these observations.

Brager and Garner [22] also observed Frank loops, networks, and "small

defect clusters" (<3 nm in diameter) in solution-annealed and cold-

worked high-purity 316 austenitic stainless steel (P7) irradiated in ORR

to 3 dpa at 350°C. They found voids and bubbles in P7 after irradiation

to 4 dpa (33 at. ppm He) at 550°C, which is qualitatively consistent

with the present results in that a fairly constant, low-temperature

mlcrostructure is observed over a range of temperatures before a tran-

sition occurs to a microstructure characteristic of higher temperatures.

The transition (judging from loop and "black-dot" structures) occurs

about 100 to .150° C higher for cold-worked 316 than for the solution-

annealed 304 of Bloom et al.

The microstruetural results on cold-worked 316 (reference heat)

irradiated in ORR are consistent with microstructural data or. several

heats of steel [304, DO-heat and N-lot 316, and Path A Prime Candidate

Alloy (PCA)] irradiated in HFIR in several microstructural conditions

[19,20,23,24,26,28] (Figs. 14 and 15). No v:ids, bubbles, or irradiation-

induced or -enhanced precipitates were observe,! after HFIR irradiation

at 55 to 300°C, for fluences producing up to approximately 11 dpa.

Regardless of material or pretreatment, the HFIR microstructures con-

sisted of similar-sized Frank loops (MO—30 nm in diameter) and a high

concentration of the "black-dot" defects (-3—5 nm in diameter) (Fig. 14).

However, dislocation network concentration varied widely and depended

strongly on pretreatment. Bubbles were found after HFIR irradiation at

400°C for some of the PCA pretreatments and for cold-worked 316 (N-lot).

The very fine "black dots" were not observed when these materials con-

tained bubbles [27]. These "black dots" were also absent when voids
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appeared in cold-worked 316 (DO-heat) irradiated in HFIR at 325 to 350°C

to 8.4 dpa. Again, this transition from characteristic lower tem-

perature to higher temperature microstructure occurred at about 300 to

350°C in HFIR (Fig. 14), 100 to 150°C lower than for cold-worked 316

(reference heat) irradiated in ORR.

Fast-breeder reactor data do not extend below 300 to 350°C.

However, the limited data are also mapped with temperatures in Figs. 14

and 15. Voids were not observed by Bramman et al. [28] in type 316

stainless steel irradiated below 350°C to 30 to 40 dpa in the Dounreay

Fast Reactor. Voids were also not observed by Bloom and Stiegler [25]

for cold-worked 316 (DO-heat) irradiated in EBR-1I at 450°C to 10 dpa or

at 510°C to 6.4 dpa. Maziasz [18] found no voids or fine bubbles in the

same material irradiated in EBR-II to 8.4 dpa at 500°C, but found both

voids and bubbles after 36 dpa at 525°C. Brager (26], however, observed

voids in another heat of cold-worked 316 after EBR-II irradiation to

12.2 dpa at 420 and 475°C (Fig. 15). The early stages of void formation

for type 316 stainless steel in EBR-II are extremely variable from heat

to heat of steel. Within this scatter, however, the ORR results are

consistent with EBR-II results (Fig. 15); it is not clear whether or not

voids should be expected after only 5 dpa in the ORR at 450 to 500°C.

Higher fluence data will be required before confident statements about

retardation (or acceleration) of void or bubble formation in ORR can be

made. Comparison with the HFIR data shows that bubble swelling at 500°C

is retarded in ORR.
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Summary and Conclusions

The effect of cold-work level on the tensile behavior of irradiated

type 316 stainless steel was investigated. After irradiation in ORR at

250, 290, 450, and 500°C to ~5 dpa and 40 at. ppm He, tensile specimens

with 20-, 30-, and 50%-cold work levels were tested at the irradiation

temperatures. The results indicate that the use of a 20- to 30%-cold-

worked steel has mechanical-property advantages over a steel cold worked

to 50%, even though the latter may have the best swelling resistance.

Although the steels with 20- and 30%-cold work are hardened relatively

more at 250 and 290°C than steel with 50%-cold work, the ductility of

the 20- and 30%-cold-worked steels remains significantly better than for

the steel with 50%-cold work. For tests at 500°C where radiation-

enhanced softening occurs, the properties for all three cold-work levels

begin to approach a common value.

Transmission electron microscopy observations on the 20%-cold-

worked steels were compared with results from EBR-II and HF1R. In

EBR-II, little helium is produced relative to ORR; in HFIR, a much

higher He/dpa ratio results than in ORR. No.noticeable difference in

microstructural evolution occurred for the samples irradiated in ORR and

in the other two reactors.
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TABLE 1—Chemical composition of type 316 stainless
steel MFE reference heat X-15893

Element

Cr
Mn
Ni
Mo
Co
Cu
Si

Percent
by Weight

17.28
1.70
12.44
2.10
0.3
0.3
0.67

Element

Nb
Ta
Ti
B
C
S
P

Percent
by Weight

<0.05
<0.05
<0.05
0 .0004
0.061
0.013
0.037
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Fig. 12. Dislocation microstructures of CW 316 (reference heat)
irradiated in ORR to 5 dpa (38.7 at. ppm He) at (a) 250°C, (b) 290°C,
(c) 450°C, and (d) 500°C. All are imaged using g2oo with s > 0. Note
the more relaxed structure at 500°C (d).

Fig. 13. Larger Frank loop component of the dislocation micro-
structure of CW 316 (reference heat) irradiated in ORR to 5 dpa
(38.7 at. ppm He) at (a) 250°C, (b) 290°C, (c) 450°C, and (d) 500°C.
All are imaged in dark field using <111> satellite streaks around g200
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Fig. 15 . Observations at fluences producing 12 dpa or lower that
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Fig. 1. Microstructure of type 316 stainless steel cold worked
(a) 20% and (b) 50%.



Fig. 2. Microstructure of type 316 stainless steel (a) solution
annealed 1 h at 1050°C and then further annealed 10 h at 800°C, and
(b) this steel after rolling 20%.



1100

1000

9 0 0

8 0 0

| 700

to
m
ID

</> 6 0 0

S
UJ

CJ 500

4 0 0

3 0 0

200

100

UNAGEO
*

•

AGED
O

D

%COLD
WORK

20

30

50

200 300 400 500

TEMPERATURE (°C)

600 700

Fig. 3. The 0.2% yield stress of cold-worked and cold-worked and
thermally aged type 316 stainless steel. Specimens were aged 4000 h at
the same temperature used for the tests.
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Fig. 4. The ultimate tensile strength of cold-worked and cold-
worked and thermally aged type 316 stainless steel. Specimens were aged
4000 h at the same temperature used for the tests.
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Fig. 5. The uniform and total elongation of cold-worked and cold-
worked and thermally aged type 316 stainless steel. Specimens were
aged 4000 h at the same temperature used for the tests.
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Fig. 6. The 0.2% yield stress of the thermally aged and the irra-
diated cold-worked type 316 stainless steel. Tests were at the aging
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Fig. 7. The ultimate tensile strength of the thermally aged and
the irradiated type 316 stainless steel. Tests were at the aging and
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and irradiated type 316 stainless steel. Tests were at the aging and
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Fig. 12. Dislocation microstruetures of CW 316 (reference heat)
irradiated in ORR to 5 dpa (38.7 at. ppm He) at (a) 250°C, (b) 290°C,
(c) 450°C, and (d) 500°C. All are imaged using g2oo with s > 0. Note
the more relaxed structure at 500°C (d).



(a)

Fig. 13. Larger Frank loop component of the dislocation micro-
structure of CW 316 (reference heat) irradiated in ORR to 5 dpa
(38.7 at. ppm He) at (a) 250°C, (b) 290°C, (c) 450°C, and (d) 500°C.
All are imaged in dark field using <111> satellite streaks around g200
reflections. Note the large increase in size and decreased density of
loops at 500°C, compared with the three lower temperatures.



ORNL OWG 82 1 7689

EBR-M

HFIR

ORR

OPEN SYMBOL -
FILLED SYMBOL

V

u

0

1

NO CAVITIES
- CAVITIES DETECTED

V

a

0 0
A A

1 I

T

0

•

•

0

i

A
V

D

•
A

CW
cw
cw

•

316
316

316

V

A

(REF)
100)
IN LOT)

V

•

1

o
0
0

PCA
SA304

P-7

•

|
100 200 300 400 500

IRRADIATION TEMPERATURE ('XI

600 700

Fig. 14. Temperature boundaries between the various components of
the dislocation microstructure observed in austenitic stainless steels
irradiated to fluences producing 12 dpa or lower.



OPEN SYMBOL - BLACK DOTS ONLY
RIGHT FILLED - FRANK LOOPS + 8LACK DOTS
FILLED - FRANK LOOPS + NETWORK
LEFT FILLED - NETWORK ONLY

ORNLOWG 82 17688

A CW316 (REF) O PCA

V CW 316 IDOl 0 SA304

3 CW316 INLOTI Q P-7

EBR-II

HFIR

ORR
0

1

0

1

o
01

0
u A

1

•

0
•

1

V

•
T

•
A

V

•

•

V

•
V •

•

*
1

V V

D

V

1
100 200 300 400 500

IRRADIATION TEMPERATURE (°C)

600 700

Fig. 15. Observations at fluences producing 12 dpa or lower that

define the lower temperature limit for cavity formation in austenitic

stainless steel.


