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Abstract

Plastically deformed microstructures in neutron-irradiated austenitic stainless steel were investigated by transmission

electron microscopy (TEM). Neutron irradiation at 60°C and 330°C to about 7 dpa induced a high number density of

faulted loops and black dots, which resulted in irradiation-induced hardening. In the specimen irradiated at 60°C and

tensile tested at 25°C at a strain rate of 4 ´ 10ÿ4 sÿ1, the deformation microstructure consisted of twins, elongated

faulted loops, and lath and twin martensite phase. In the specimens irradiated and tested at 330°C at a strain rate of

4 ´ 10ÿ4 and 4 ´ 10ÿ6 sÿ1, in addition to these features, dislocation channeling was also observed. The TEM examination

suggests that lath and twin martensite can form during tensile testing at both of these temperatures. Examination of the

specimens irradiated and tensile tested at 330°C indicated that twinning was the predominant deformation mode at

slower strain rate and dislocation channeling was favored at higher temperature. From the micrographs taken from the

{1 1 1} plane streak in a di�raction pattern, it is suggested that faulted loops could be the principal twin initiation site

during deformation. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.72

1. Introduction

An austenitic stainless steel was selected for the ®rst

wall and shielding structural material of the interna-

tional thermonuclear experimental reactor (ITER) [1],

because in addition to favorable strength, toughness,

and fabrication properties, there is an enormous reser-

voir of experience in fabricating and operating code-

quali®ed austenitic stainless steel components in nuclear

systems. In austenitic stainless steel, however, a drastic

loss of uniform elongation and work hardening capacity

are often observed in tensile tests after irradiation at

temperatures between 200°C and 350°C [2±4]. A general

tendency has been established in many alloy systems

that the defect microstructure evolution and increase in

strength could in¯uence intergranular cracking or irra-

diation-assisted stress corrosion cracking (IASCC) sus-

ceptibility, and the inhomogeneous deformation that

often occurs in hardened microstructures could promote

dislocation pileups and high local stresses. However, the

understanding of radiation hardening e�ects on the de-

formation of neutron-irradiated stainless steels is limit-

ed, and it is therefore important to clarify the

mechanisms of deformation in neutron-irradiated au-

stenitic stainless steels. The current work uses trans-

mission electron microscopy (TEM) to examine the

microstructure in neutron-irradiated austenitic stainless

steels and how it in¯uences hardening and plastic de-

formation.

2. Experimental procedure

A J316 austenitic stainless steel in a solution annealed

(SA) condition was irradiated to about 7 dpa in the Oak
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Ridge research reactor (ORR) in the dual-temperature

capsules designated ORR-MFE-6J (which operated at

60°C) and ORR-MFE-7J (which operated at 330°C).

The irradiation in the ORR produced approximately

75±100 appm He in the steel, giving a fusion-relevant

He/dpa ratio of about 11 appm/dpa [5±7]. The irradiated

tensile specimens were in the form of SS-1 ¯at tensile

specimens with an overall length of 44.45 mm. The gage

section of the specimen is 20.32 mm long by 1.52 mm

wide by 0.76 mm thick. Using an Instron universal

testing machine for the tensile testing, the specimens

irradiated at 60°C were tested at room temperature

(25°C) in air with a strain rate of 4 ´ 10ÿ4 sÿ1 and the

specimens irradiated at 330°C were tested at 330°C un-

der vacuum with strain rate of 4 ´ 10ÿ4 and 4 ´ 10ÿ6 sÿ1.

The 0.2% o�set yield strength (YS), ultimate tensile

strength (UTS), uniform elongation (EU), and total

elongation (Et) were calculated from the engineering

load-elongation curves. Some of these tensile property

data were already reported in a previous paper [2].

The chemical composition of the J316 used in this

study is given in Table 1. The TEM specimens were taken

from the deformed area of tensile specimens after testing.

Electron microscopy observations were performed with

the JEM-2000FX transmission electron microscope op-

erating 200 kV at Oak Ridge National Laboratory.

3. Results

3.1. Tensile properties of J316 irradiated at 330°C and

60°C

Fig. 1 shows the engineering stress±strain curves for

the specimens, which include some previous data for

comparison. Irradiation at 60°C results in an approxi-

mately threefold increase in yield stress. Following an

initial yield drop, the material exhibits a slight amount

of work hardening and elongates �20% before necking

and failure occur. The material work hardens after the

yield point but the UTS is less than 10% higher than the

YS. After irradiation and testing at 330°C, the defor-

mation behavior is signi®cantly di�erent. The increase in

yield stress is greater than that at 60°C by �200 MPa.

Shortly after yielding, the material does not exhibit any

work hardening capacity. The uniform elongation is less

than 0.5% and failure occurs after only �3% total

elongation. The tensile data of the specimen tested at the

slower strain rate shows approximately the same trend

to that tested at the faster strain rate.

3.2. Microstructure of tensile-tested J316 stainless steel

after neutron irradiation

3.2.1. Microstructure of J316 irradiated and tensile-tested

at 60°C

Fig. 2 shows faulted loops on {1 1 1} planes (Frank

loops) and small defect clusters (black dots) in J316

stainless steel after irradiation at 60°C to 6.9 dpa and

tensile testing at 25°C with a strain rate of 4 ´ 10ÿ4 sÿ1.

The small defect clusters are probably dislocation loops

and/or stacking fault tetrahedra (SFT) [8], but they are

too small to determine their morphology or crystallog-

raphy from the images. Figs. 3±5 show the deformation

microstructures of J316 irradiated at 60°C and tensile

tested at 25°C with a strain rate of 4 ´ 10ÿ4 sÿ1. Twins

and extended stacking faults were observed in the matrix

as shown in Fig. 3. Furthermore, lath and lens marten-

site structures, which were identi®ed by di�raction pat-

tern analysis, were found in the matrix as shown in Figs.

4 and 5. Twins and lens martensites were observed on

{1 1 1} planes. Distinction between twins and lens mar-

tensites could be made by di�erence of distribution. The

distribution of twins was homogeneous in the matrix,

while lens martensites localized in bands or islands.

3.2.2. Microstructure of J316 irradiated and tensile-tested

at 330°C

Fig. 6 shows the microstructure of J316 stainless steel

tensile tested at 330°C with a strain rate of 4 ´ 10ÿ4 sÿ1

after irradiation at 330°C to 7.4 dpa. The irradiation at

330°C induced a slightly higher Frank loop density

Table 1

Chemical composition of the J316 used in this experiment (wt%)

Fe Cr Ni Mo Mn Si C S P

J316 Bal. 16.75 13.52 2.46 1.80 0.61 0.058 0.003 0.028

Fig. 1. The engineering stress±strain curve for the specimen

irradiated and tested at 330°C with 4 ´ 10ÿ6 sÿ1 strain rate.

Some previous data are shown as a comparison.
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Fig. 2. Micrographs of (a) faulted loops on {1 1 1} plane (Frank loops) and (b) small defect clusters (black dots) in J316 stainless steel

after irradiation at 60°C to 6.9 dpa. The micrographs were taken with beam direction B close to [0 1 1]. (a) is a dark-®eld image taken

using streaks in the di�raction pattern arising from the faulted loops, and (b) is a weak-beam dark-®eld image, which was obtained on

the di�raction conditions: B� [0 1 1], g� 200, (g, 5g).

Fig. 3. Deformation twins and elongated loops in J316 irradiated at 60°C to 6.9 dpa and tensile tested at 25°C with faster strain rate of

4 ´ 10ÿ4 sÿ1. (a) is a bright-®eld image and (b) is a dark-®eld image taken using 111 streaks in the di�raction pattern.
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compared with the irradiation at 60°C, while the number

density of black dots in the specimen irradiated at 60°C

is higher than that at 330°C. A summary of the defects

observed in neutron-irradiated J316 is given in Table 2.

In this irradiation and tensile testing condition, dislo-

cation channels as indicated by cleared paths through

the defect structure were also observed in the matrix as

shown in Fig. 6. Twins, extended stacking faults and lath

martensite structure were also found in the matrix.

In the specimen tensile tested at 330°C with the

slower strain rate of 4 ´ 10ÿ6 sÿ1 after irradiation at

330°C to 7.4 dpa, dislocation channels were observed in

the matrix, similar to what was observed at 330°C for

the faster strain rate. Lath and lens martensite were also

found in this specimen, while twins were not observed

compared with martensites.

4. Discussion

The ORR irradiation up to about 7 dpa induced

faulted dislocation loops and resolvable but unidenti®-

able `black dot' defect clusters. The faulted loops formed

at 60°C and 330°C were identi®ed as Frank type loops

lying on {1 1 1} planes with Burgers vectors of type

b� (1/3)a0h111i. The dislocation loop density at 330°C

is higher than that at 60°C. Previous studies have shown

that both the nature and number density of defects

formed in type 316 austenitic stainless steel during

neutron irradiation are strongly dependent on irradia-

tion temperature [9±11]. Previous work [12,13] has

characterized a low temperature regime as extending

Fig. 5. Lath martensite in J316 irradiated at 60°C to 6.9 dpa and tensile tested at 25°C with faster strain rate of 4 ´ 10ÿ4 sÿ1.

Fig. 4. Lens martensite in J316 irradiated at 60°C to 6.9 dpa

and tensile tested at 25°C with faster strain rate of 4 ´ 10ÿ4 sÿ1.

(a) is a bright-®eld image and (b) is a dark-®eld image taken

using 1 1 1 streaks in the di�raction pattern.
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from the onset of vacancy motion up to the temperature

where vacancy clusters created in the displacement cas-

cade become thermally unstable. The number densities

of faulted Frank loops reported here are consistent with

the values of previous reports for irradiation at low

temperature [8,14,15].

The TEM examination of tensile tested J316 stainless

steel shows not only radiation-induced defects but also

stress-induced transformations. Twins were observed in

the specimens tensile tested at the faster strain rate, but

not at the slower strain rate at 330°C. According to a

study of ion bombarded 304 stainless steel [16], defor-

mation by twinning is the favored mode at faster strain

rates and at lower temperatures. In the present experi-

ment, however, twinning was observed in the specimens

tensile tested not only at the lower temperature (60°C)

but also at the higher temperature (330°C). The nature

of the speci®c microstructural defect will determine its

e�ectiveness in blocking dislocation motion and pro-

moting radiation hardening. Frank loops formed during

irradiation increase the stress required for dislocation

slip above that for twin nucleation. Previous studies of

plastic deformation of irradiated stainless steel [17,18]

showed an increase of twinning at Frank loop sites.

These microstructural variations can be assisted by the

interaction of glide dislocations with Frank loops. In-

tersection of moving dislocations with a single Frank

loop may occur in parallel glide planes of the same slip

system, particularly with large faulted loops observed in

low stacking fault energy (SFE) materials irradiated at

Fig. 6. Microstructure of J316 stainless steel tensile tested at 330°C with faster strain rate of 4 ´ 10ÿ4 sÿ1 after irradiation at 330°C to

7.4 dpa. The electron micrographs were taken with beam direction B close to [0 1 1]. (a) is a bright-®eld image, (b) is a weak-beam dark-

®eld image obtained on the di�raction conditions: B� [0 1 1], g� 200, (g, 5g), and (c) is a dark-®eld image taken using 1 1 1 streaks in

the di�raction pattern arising from the faulted loops. Dislocation channels are indicated by cleared paths through the defect structure

were observed in matrix.

Table 2

Summary of defects in neutron-irradiated J316

Condition Black dot Faulted loop

Number density (mÿ3) Mean size (nm) Number density (mÿ3) Mean size (nm)

Irradiation at 60°C 2.2 ´ 1023 1.2 3.5 ´ 1022 7.6

Irradiation at 330°C 1.1 ´ 1023 1.2 5.5 ´ 1022 8.0
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elevated temperatures. Once the partial dislocation di-

poles break up with the assistance of thermal activation

or local stress concentration, like partials will move in a

common direction in accordance with the local shear

stress, which could lead to the formation of a twin.

According to Song et al. [19], the partial perfect

dislocation loops resulting from unfaulting of Frank

loops are expected to be elongated during subsequent

plastic deformation [19]. Elongated loops and dipoles

have also been reported in irradiated Cu after tensile

testing [20]. However, elongated loops could not be

observed in this experiment. On the other hand, ex-

tended stacking faults on {1 1 1} planes were observed in

the specimens tensile tested at 60°C and 330°C. The

direction of the local shear stress near the Frank loops

determines primarily whether unfaulting or stacking

fault extension occurs in low stacking SFE materials,

and unfaulting is more likely to occur than stacking fault

extension because of the extra stress requirement for

o�setting the SFE [19]. However, stacking fault exten-

sion is expected to occur after su�cient stress has been

accumulated.

In the specimens irradiated and tensile tested at

330°C (which showed the loss of work hardening ca-

pacity), dislocation channels were observed in the ma-

trix. In the channeling process, the movile dislocations

cut, annihilate, and/or combine with the defects on the

slip plane during glide. Subsequent dislocations will tend

to glide along this same path, clearing out additional

defects resulting in a channel free of defects. The in-

creased slip band spacing that results from dislocation

channeling reduces macroscopic displacement over a

®xed dimension and hence reduces bulk ductility. Such

channels have been seen in a wide variety of materials

[21,22]. In this experiment, neutron-irradiation at the

higher temperature induced a quite high density of

Frank loops in the matrix, resulting in severe reduction

of work hardening capacity and a decrease in uniform

elongation. Additional loss of work hardening capacity

was associated with dislocation channeling. It was pre-

viously reported that dislocation channeling in irradi-

ated stainless steel is favored at higher temperature and

at slower strain rates [16]. In the present experiment,

dislocation channels were observed in the specimens at

330°C at both fast and slow strain rate. These observa-

tions would suggest that dislocation channeling is much

more detrimental to ductility than mechanical twinning

and martensite formation at the higher temperature for

strain rates up to at least 4 ´ 10ÿ4 sÿ1. The e�ect of very

high strain rates (e.g. >0.1 sÿ1) on dislocation channeling

still needs to be investigated.

As mentioned in section 3.2, The TEM examination

showed the transformation of lath and lens martensite

phases occurred in neutron-irradiated J316 stainless steel

during deformation. Loss of work hardening and hence

uniform elongation is generally attributed to the nature

of the interactions between dislocations and the irradi-

ated microstructure. Dislocation interaction with ob-

stacles in unirradiated material leads to dislocation

multiplication and, in some austenitics, to plasticity-in-

duced martensite formation [23]; both of these lead to

substantial work hardening of the material. Bressanelli

and Moskowitz [24] studied the e�ects of composition,

test temperature, and deformation rate on the tensile

properties of type 301 stainless steel and clearly dem-

onstrated the bene®cial e�ect of a speci®c amount of

martensite formation on tensile elongation. Tensile

tested Fe±19%Cr±11%Ni austenitic stainless steel

showed the deformation-induced martensite formation

between the Ms and Md temperatures (Ms: )70°C, Md:

130°C) [25]. In general, the formation of martensite can

be induced by elastic [26,27] and/or plastic [28±31] de-

formation between the Ms and Md temperatures. At

temperatures near Ms the stress required for slip in the

austenitic matrix exceeds that necessary for the mar-

tensitic transformation. Conversely, as the temperature

increases toward the Md temperature, the stress required

for martensite formation increases to a level above that

required for slip in the austenite. Since the martensite

transformation is a di�usionless shear transformation

aided by positive normal stresses [26,27], basically it can

be made to occur during deformation of the austenite at

temperatures above Ms, while no deformation-induced

transformation is possible above a certain temperature,

Md. In neutron-irradiated J316 stainless steel, however,

deformation-induced transformation of martensite oc-

curred not only at lower temperature (25°C) but also at

higher temperature (330°C). Neutron irradiation in-

duced a high density of faulted loops (Frank loops) and

black dots (dislocation loops or SFTs). As mentioned

above, it could be possible for planar defects to be nu-

cleation sites of twins during deformation. According to

previous papers [28,31], strain induced stacking faults

may be the nucleation sites of the martensite. Therefore,

it would suggest that the irradiation-induced planar

defects (Frank loops) could play a role in the formation

of martensite via nucleation of twins. Furthermore,

small amounts of plastic deformation tend to promote

the formation of martensite in ferrous alloys with a low

stacking fault energy [32].

5. Conclusions

Tensile-tested specimens of an annealed austenitic

stainless steel J316 irradiated at 60°C and 330°C have

been investigated by transmission electron microscopy.

The irradiations introduced Frank loops and black dots

in the matrix. The TEM examination of tensile tested

J316 stainless steel shows not only radiation-induced

defect formation but also twinning, stacking fault ex-
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tension, dislocation channeling, and deformation-in-

duced martensite transformation.

1. A strong temperature dependence of twinning was

not observed in this experiment, although there was

a tendency for reduced twinning at lower tempera-

tures at higher strain rates. From the analysis of mi-

crostructure, it would suggest that Frank loops could

be the principal twin sources.

2. Dislocation channels were observed only in the spec-

imens which showed the most dramatic loss of work

hardening capacity (330°C irradiation). Dislocation

channeling could be the dominant deformation mech-

anism at the higher temperature. An e�ect of strain

rate on dislocation channeling could not be detected

in this experiment.

3. TEM examination showed the deformation-induced

transformation of martensite occurred in neutron-ir-

radiated J316 stainless steel. It is suggested that radi-

ation-induced planar defects may be nucleation sites

for twins during deformation and strain induced

stacking faults may be the nucleation sites of the mar-

tensite.
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