
Relationship between hardening and damage structure in
austenitic stainless steel 316LN irradiated at low temperature

in the HFIR

N. Hashimoto a,*, E. Wakai b, J.P. Robertson a

a Metals and Ceramics Division, Oak Ridge National Laboratory (ORNL), P.O. Box 2008, Oak Ridge, TN 37831-6376, USA
b Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki-ken 319-11, Japan

Received 6 October 1998; accepted 9 December 1998

Abstract

An austenitic stainless steel 316LN irradiated to damage levels of about 3 dpa at irradiation temperatures of about

90°C and 250°C has been examined by transmission electron microscopy. The irradiation at 90°C and 250°C induced a

dislocation loop density of 3.5 ´ 1022 and 5.2 ´ 1022 mÿ3, and a black dot density of 2.2 ´ 1023 and 1.1 ´ 1023 mÿ3,

respectively, in the steel. A low density (<1 ´ 1019 mÿ3) of radiation-enhanced precipitates was observed in the matrix.

No cavities were observed. These features are correlated with the changes in tensile properties. It is concluded that the

dislocation loops and the black dots cause irradiation hardening and a decrease in the uniform elongation in the 316LN

steel irradiated at low temperatures. Ó 1999 Elsevier Science B.V. All rights reserved.

PACS: 61.72

1. Introduction

An austenitic stainless steel, 316LN is the ®rst wall

and shielding structural material proposed for the In-

ternational Thermonuclear Experimental Reactor

(ITER) [1]. The proposed operational temperature range

for the structure is 100±250°C, which is below the tem-

perature regimes for void swelling and for grain boun-

dary embrittlement. For austenitic stainless steels,

neutron irradiation at these temperatures increases the

yield strength and decreases the uniform elongation and

lowers the fracture toughness. As reported earlier, the

magnitude of these changes is both temperature and

dose dependent [2±4].

The objective of this study is to investigate the mi-

crostructure of 316LN austenitic stainless steel irradi-

ated at low temperatures up to 3 dpa in order to relate

the changes in mechanical properties to the micro-

structure.

2. Experimental procedure

The chemical composition of the 316LN used in this

study falls within the speci®cations for the ITER refer-

ence grade material (316LN-IG), as shown in Table 1.

Standard 3-mm diameter transmission electron micros-

copy (TEM) disks were punched from 0.25-mm thick

sheet stock, and then these disks were solution annealed.

They were irradiated in the High Flux Isotope Reactor

(HFIR) in the capsules HFIR-MFE-JP-17 and -JP-18 to

neutron ¯uences producing 3 dpa. The exposures for the

JP-17 and JP-18 were 3702 MWd, or approximately 43.6

days at 85 MW reactor power, and the capsule achieved

a peak ¯uence of 3 dpa. These capsules were designed

for irradiation temperatures of either 60±125°C (nomi-

nally 90°C) or 250±300°C (nominally 250°C) [5±7]. The

calculated helium concentration generated as a result of

transmutation of nickel was about 65 appm; this is

about a factor of two higher than that expected for the

ITER ®rst wall blanket and shield structure after a

neutron exposure that would produce 3 dpa.

The TEM specimens were thinned using an auto-

matic Tenupol electropolishing unit in a shielded glove
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box. TEM disks were examined using a JEM-2000FX

transmission electron microscope. The foil thicknesses

(�100 nm) were measured by thickness fringes, which

appear to be black or white depending on the thickness

of the specimen, in order to quantify defect density

values.

3. Results

3.1. Dislocations and dislocation loops

Fig. 1 shows dislocations or dislocation loops in

316LN before and after irradiation up to 3 dpa. The

electron micrographs were taken with beam direction B

close to [0 1 1]. Fig. 1(a) is a dark-®eld image in the

unirradiated specimen, and Fig. 1(b) and (c) are dark-

®eld images in the specimens irradiated at 90°C and

250°C, which are taken using streaks in the di�raction

pattern arising from the faulted loops. The loops ob-

served in specimens irradiated at 90°C or 250°C were

Frank type faulted loops on {1 1 1} planes, which were

identi®ed by re¯ection from stacking faults in weak-

beam dark-®eld image. The irradiation at 250°C induced

a slightly higher dislocation loop density compared with

the irradiation at 90°C. The line density, i.e. the faulted

loop line length per unit volume, is 1.4 ´ 1015 mÿ2 after

the irradiation at 250°C, which is about twice as high as

the faulted loop line length observed after the 90°C ir-

radiation. The dislocation density in the unirradiated

specimen and the faulted loop densities and sizes of the

irradiated specimens are shown in Table 2.

Irradiation at either temperature also induced small

defect clusters (black dots) in the matrix, Table 2 and

Fig. 2. These images were obtained on the di�raction

conditions: B � [0 1 1], g� 200, (g, 6g). The number

density and the mean diameter of black dots at 90°C and

250°C were 2.2 ´ 1023 mÿ3 and 1.2 nm, and 1.1 ´ 1023

mÿ3 and 1.2 nm, respectively. In the present work, the

black dot density and the mean diameter were measured

in relatively thin foils (t � 100 nm).

Fig. 3 shows another dark-®eld image in the speci-

men irradiated at 250°C, which was obtained on the

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

defects observed as edge-on loops were unfaulted dis-

location loops on {1 1 0} planes. The loops on {1 1 0}

planes were observed only in the specimen irradiated at

250°C. The number densities and the mean diameter of

these loops were 1.2 ´ 1021 mÿ3 and 10 nm, respectively.

3.2. Precipitate evolution

As shown in Fig. 4, precipitates were observed in the

matrix irradiated at 90°C and 250°C but not on grain

boundaries. They were identi®ed as M23C6 carbides

from the spacing of the Moir�e fringes. The measured

Fig. 1. Dislocations or dislocation loops in 316LN before and after HFIR irradiation up to 3 dpa. Micrographs were taken with beam

direction B close to á1 1 0ñ. (a) is a dark-®eld image in the unirradiated specimen, (b) and (c) are dark-®eld images taken using streaks

arising from faulted loops in the specimens irradiated at 90°C and 250°C.

Table 1

Chemical compositions of 316LN and 316LN-IG (wt%)

Steel Fe Cr Ni Mo Mn Si C N

316LN Bal. 17.4 12.3 2.3 1.8 0.46 0.024 0.06

316LN-IG (min) Bal. 17.0 12.0 2.3 1.6 0.50 0.015 0.06

316LN-IG (max) 18.0 12.5 2.7 2.0 0.030 0.08
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spacings (1.5 and 1.7 nm) correspond to the spacing of

the Moir�e fringes of M23C6 for g� 200, which were

identi®ed as {1 1 5} and {5 3 3} planes in M23C6, re-

spectively. The number density and the mean diameter

of M23C6 at 90°C and 250°C are nearly equal, and the

values are less than 1 ´ 1019 mÿ3 and 14 nm, respec-

tively. There is no clear di�erence in the precipitate

densities between irradiation temperatures. These data

are summarized in Table 3.

Table 3

Precipitate M23C6 in 316LN before and after irradiation to

3 dpa at 90°C and 250°C

Condition Number density

(mÿ3)

Mean diameter

(nm)

Before irradiation ÿ ÿ
Irr. at 90°C <1 ´ 1019 13

Irr. at 250°C <1 ´ 1019 14

Table 2

Summary of dislocation, dislocation loop, and black dot density of 316LN irradiated to 3 dpa (the average thickness of the measured

area is less than 100 nm)

Condition Black dot Faulted loop Unfaulted loop on {1 1 0} Total line

density (mÿ2)

Number

density

(mÿ3)

Mean diameter

(nm)

Number

density

(mÿ3)

Mean diameter

(nm)

Number

density

(mÿ3)

Mean diameter

(nm)

Before irradiation ÿ ÿ ÿ ÿ ÿ ÿ 1 ´ 1014

Irr. at 90°C 2.2 ´ 1023 1.2 3.5 ´ 1022 7.6 ÿ ÿ 8.3 ´ 1014

Irr. at 250°C 1.1 ´ 1023 1.2 5.5 ´ 1022 8.0 1.2 ´ 1021 10 1.4 ´ 1015

Fig. 2. Black dot defects in 316LN after HFIR irradiation up to

3 dpa. The micrographs are dark-®eld images in the specimens

irradiated at: (a) 90°C and (b) 250°C. The average foil thickness

is about 100 nm.

Fig. 4. M23C6 carbides in 316LN after HFIR irradiation up to 3

dpa. The micrographs are bright-®eld images in the specimens

irradiated at: (a) 90°C and (b) 250°C.

Fig. 3. Dark-®eld image formed using a streak observed in the

di�raction pattern in the specimen irradiated at 250°C in HFIR.

Loops on {1 1 0} are observed.
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4. Discussion

4.1. Microstructures

HFIR irradiation up to 3 dpa induced faulted dis-

location loops. The faulted loops formed at 90°C and

250°C were identi®ed as Frank type loops lying on

{1 1 1} planes with Burgers vectors of type b� (1/3)ao

á1 1 1ñ. The dislocation loop density at 250°C is slightly

higher than that at 90°C. Previous studies have shown

that both the nature and number density of defects

formed in type 316 austenitic stainless steel during

neutron irradiation is strongly dependent on irradiation

temperature [8±10]. Corbett et al. [11,12] characterized

a low temperature regime as extending from the onset

of vacancy motion up to the temperature where va-

cancy clusters created in the displacement cascade be-

come thermally unstable. The current study is within

this low temperature regime. The number densities of

faulted Frank loops reported here are consistent with

the values reported by Maziasz for irradiation at 60°C

to 1±2 dpa [13] and by Tanaka for irradiation at 300°C

to 10 dpa [14] or Horiki for low irradiation dose at

300°C [15].

At these low temperatures, the total dislocation

density is dominated by faulted loops [16,17], and the

total dislocation densities were calculated from the dis-

location loop density and the mean diameter as

8.3 ´ 1014 and 1.4 ´ 1015 mÿ2 at 90°C and 250°C, re-

spectively. These values are consistent with the results of

previous analyses of austenitic stainless steels irradiated

in the HFIR [18].

In other work at higher irradiation temperatures

(>450°C), Frank loops tend to unfault to form the

perfect loop con®guration with b� (1/2)ao á1 1 0ñ
Burgers vectors, which can glide to interact and form

network dislocations [8]. In the present experiment,

unfaulted dislocation loops on {1 1 0} planes with mean

size of �10 nm were observed after irradiation at 250°C.

It seems that there is su�cient probability for the un-

faulting reaction at 250°C, which can be triggered by

physical impingement of adjoining Frank loops as a

result of loop growth [19], because a distance between

segments of loops is small due to high number density

and large mean size. About 4% of the Frank loop

population were converted.

The irradiation also induced small defect clusters

(black dots) in the matrix. The visibility of very small

clusters depends on the foil thickness, with the visible

cluster density in very thin foils being higher than that

found in thick foils [20]. In the present work, the black

dot density and the mean diameter were measured in

relatively thin foils (t � 100 nm). The small defect

clusters are probably dislocation loops and/or stacking

fault tetrahedra (SFT) [15], but they are too small to

determine their morphology or crystallography from the

images. In order to determine the Burger's vector, de-

tailed analysis with di�erent di�raction vector g is de-

sired.

Others [8,21] have seen no evidence of ®ne precipi-

tation in 316 type stainless steels after neutron irradi-

ation at 55±250°C at doses of >1±2 dpa in the HFIR.

The present irradiation at 90°C and 250°C, however,

induced a low number density of particles, identi®ed as

M23C6 from a spacing of the Moir�e fringe and/or dif-

fraction pattern. They occurred in the matrix but not

on grain boundaries. M23C6 is a radiation-retarded

thermal phase, but when radiation-induced solute seg-

regation (RIS) is suppressed at low radiation tempera-

ture, the phase could be enhanced during neutron

irradiation [8].

4.2. Relation between microstructures and mechanical

properties

Load±elongation curves for the SS-3 ¯at tensile

specimens of 316LN irradiated in the same capsules and

tested as part of this experiment are shown in Fig. 5(a)

and (b), and the corresponding tensile data are shown

in Table 4 Ref. [4]. The radiation-induced changes in

Fig. 5. Load±elongation curves for SS-3 tensile specimens of

316LN irradiated and tested at: (a) 90°C and (b) 250°C.
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tensile properties are more severe at 250°C than at 90°C.

Irradiation at 90°C increased the yield strength from

about 285 MPa up to about 600 MPa, and resulted in a

modest reduction in both the strain hardening rate and

the uniform elongation. A larger increase in yield

strength occurred for the irradiation at 250°C. Follow-

ing an initial yield drop, the engineering stress to the

onset of necking exceeded 10%. These data are plotted in

Fig. 6(a) and the corresponding number density data for

dislocation loops, black dots and precipitates are shown

in Fig. 6(b). While the density of precipitates is nearly

constant, the density of dislocation loops and black dots

increase and decrease, respectively, with irradiation

temperature.

According to the theory of dispersed barrier hard-

ening [22,23], an increase in yield stress, Dry, is related

to the increase in applied stress required to move a

dislocation through a ®eld of obstacles of strength a
such that

Dry � Malb�Nd�1=2
; �1�

where M, a, l, b, N and d are the Taylor [22] factor,

barrier strength of obstacles, the shear modulus of the

matrix, the Burger's vector of moving dislocation, the

density of obstacles and the mean diameter of obstacles,

respectively. In the present study, perfect loops and

precipitates have only a small e�ect on the increase in

applied stress due to their small number densities, and

are therefore neglected in this calculation. Assuming the

obstacles to be Frank loops and black dots, their con-

tributions to hardening are as follows:

�Dry�2 � �DrFrank loop�2 � �DrBlack dot�2: �2�
With a Taylor factor of 3.06 [24], a shear modulus of

58 ´ 103 MPa and a value of aBlack dot� 0.146 [25],

values of aFrank loop� 0.5 was obtained for 90°C and

250°C. This value is in good agreement with the data of

Odette and Frey [26] and of Garner et al. [27] and is

much lower than the Orowan value for impenetrable

obstacles, indicating that these defects may be sheared

or assimilated by mobile dislocations during deforma-

tion. The presence of shearable obstacles is consistent

with the observed decrease in strain hardening capacity

in austenitic stainless steel irradiated at 90°C and

250°C. Although the number densities of defect clusters

Fig. 6. Dependence of: (a) the yield strength and the uniform

elongation, and (b) the dislocation loop density, the black dot

density and the precipitate density on irradiation temperature.

Table 4

Tensile properties of solution annealed 316LN

Dose Irr. temp. Test temp. YS UTS Eu Et

(dpa) (°C) (°C) (MPa) (MPa) (%) (%)

0 ÿ 25 298 582 62.0 68.5

0 ÿ 90 285 516 50.2 57.2

0 ÿ 250 214 451 40.8 51.3

2.9 83±101 90 610 674 37.7 45.0

2.9 83±101 90 605 677 37.0 46.1

3.0 250±300 250 760 764 11.7 18.8

3.0 250±300 250 724 735 12.7 20.8
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and Frank loops change only slightly between 90°C and

250°C, there is signi®cantly less strain hardening ca-

pacity at the higher temperature. This suggests that

there is a tendency for dislocation channeling to occur

at 250°C and for deformation to be more homogeneous

at 90°C.

The relationships between the loop microstructure

and dislocation channeling have been discussed recently

[28], and a detailed model of the intersection and elim-

ination of Frank loops by glide has been proposed [29].

We suggest that the increased hardening and more se-

vere loss of strain-hardening capacity (SHC) observed

here at 250°C compared to 90°C (Fig. 5) are related to

the dislocation channeling and the increased number

density of Frank loops developed at the higher temper-

ature and the deformation to be more homogeneous at

the lower temperature.

5. Conclusions

Specimens of an annealed austenitic stainless steel

316LN irradiated at about 90°C and about 250°C have

been investigated by transmission electron microscopy.

The irradiations introduced Frank loops and black

dots, and a low density of radiation-enhanced precipi-

tates in the matrix. Additionally, at 250°C, some un-

faulted loops were seen. By expressing the yield

strength change as due to Frank loops and black dots,

the barrier strengths of Frank loops at 90°C or 250°C

was determined to be 0.5. This represents reasonable

values for the barrier strength of small obstacles in

neutron-irradiated austenitic stainless steels. The pres-

ence of shearable obstacles, especially faulted loops

which have the higher barrier strength, is consistent

with the observed decrease in strain hardening capacity

in austenitic stainless steel irradiated at 90°C and

250°C. Although the number densities of defect clusters

and Frank loops change only slightly between 90°C

and 250°C, there is signi®cantly less strain hardening

capacity at the higher temperature. This suggests that

there is a tendency for dislocation channeling to occur

at 250°C and for deformation to be more homogeneous

at 90°C.
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