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Abstract

Thermally sensitized 304 stainless steels, irradiated up to 1.2 · 1021 n/cm2 (E > 1 MeV), were slow-strain-rate-tensile

tested in 290 �C water containing 0.2 ppm dissolved oxygen (DO), followed by scanning and transmission electron

microscopic examinations, to study mechanism of irradiation-assisted-stress-corrosion-crack (IASCC) initiation. Inter-

granular (IG) cracking behaviors changed at a border fluence (around 1 · 1020 n/cm2), above which deformation twin-

ning were predominant and deformation localization occurred earlier with increasing fluence. The crack initiation sites

tended to link to the deformation bands, indicating that the crack initiation may be brought about by the deformation

bands interacted with grain boundaries. Thus the border fluence is equivalent to the IASCC threshold fluence for the

sensitized material, although the terminology of IASCC is originally given to the non-sensitized materials without

microstructural definition. The IASCC threshold fluence was found to change with irradiation conditions. Changes

in IASCC susceptibility and IASCC threshold fluence with fluence and DO were further discussed.

� 2005 Elsevier B.V. All rights reserved.

PACS: 61.72.Lk; 61.72.Mm; 61.72.Nn; 61.80.HG; 61.82.Bg; 62.20.Fe; 68.37.Hk; 68.37.Lp
1. Introduction

Austenitic stainless steels (SSs) used for the light water

reactor components tend to suffer from degradation in

the environment of radiation and high temperature water

during long-term service. Two kinds of material degrada-

tion phenomena, namely, irradiation assisted stress cor-

rosion cracking (IASCC) and intergranular stress

corrosion cracking (IGSCC) for the irradiated, non-sen-
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sitized SSs and the non-irradiated, thermally sensitized

SSs, respectively in water environment are known,

although their behaviors are similar to each other. Their

primary cause has been attributed to the grain boundary

chromium (Cr) depletion, produced either by welding

during fabrication for IGSCC [1], or by radiation induced

segregation (RIS) during service for IASCC [2]. The Cr

depletion theory however is nowadays uncertain due to

the facts that austenitic 304L and/or 316L SSs having

no grain boundary Cr depletion are unable to prevent

IGSCC in the BWR water environment [3]. Although

premature failure by intergranular environmental crack-

ing of materials exposed to ionizing irradiation has orig-

inally termed as IASCC [2] and many metallurgical
ed.
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Fig. 1. Shape and dimension of the tensile specimen.
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factors such as radiation hardening, ductility loss, RIS of

alloying elements of Cr and Ni and residual elements at

grain boundaries and radiation induced microstructural

evolutions appear to be influential, it is essential for

mechanistic understanding of IASCC to identify what

the mechanism of intergranular (IG) crack initiation,

and how metallurgical factors noted above affect IG

crack initiation. In this regards, a recent work of Busby

et al. [4] on post-irradiation annealing of proton-irradi-

ated austenitic SSs showed that the IG cracking suscepti-

bility in BWR water changed while leaving RIS virtually

unchanged, indicating that Cr depletion is not the pri-

mary determinator for IASCC. On the contrary Fukuya

et al. [5] more recently insisted that grain boundary segre-

gation, probably Cr depletion, was sufficient to cause

IASCC in oxygenated water, based on microstructural

observation, grain boundary compositional analyses

and slow strain rate tensile (SSRT) tests in 561K oxygen-

ated water for solution annealed SUS 304L, 316 and

316LSSs irradiated to 0.8 dpa in a material test reactor.

The above two works apparently suggests that the role

of Cr depletion on the mechanistic process of IASCC

has not decisively been proved.

Presence of neutron fluence threshold for IASCC at

about 5 · 1020 n/cm2, corresponding to about 0.7 dpa,

for the solution annealed austenitic SSs in BWR condi-

tion has been a consensus in the IASCC study commu-

nity [6]. This threshold fluence has been determined

phenomenologically from post-irradiation laboratory

tests that exhibit a characteristic rise in susceptibility,

in addition to from field experiences, without consider-

ing mechanistic IG crack initiation process of the irradi-

ated austenitic stainless steels. It is unsuccessful to

ascribe the presence of the threshold fluence for IASCC

to the RIS-induced chromium depletion. It is still uncer-

tain what the IASCC threshold fluence actually implies,

and what the mechanistic process of IASCC initiation is.

Therefore the objective of this work is to identify mech-

anistic meanings of the fluence threshold for IASCC by

examining tensile properties, IG cracking responses,

fractographic and microstructural features as a function

of neutron fluence. Attention is focused on mechanical

aspects of IG crack initiation in oxygenated water, since

it has been proved that IG cracking can occur without

involvement of water environment on the surface region

of the irradiated, thermally sensitized 304 SS [7,8]. The

presence of mechanism mechanically causing IG crack-

ing in inert gas in the irradiated, thermally sensitized

304 SS suggests that even if IG cracking occurs during

SSRT tests in water environment, water itself is not

absolutely effective for nucleating and initiating IG

cracks. Based on mechanistic consideration of IG crack

initiation process in inert gas, we hypothesize that high

stress and strain concentrations at grain boundaries

are more essential than the water environment for IG

crack initiation [8].
2. Experimental

The tensile specimens were fabricated from a solu-

tion annealed 304 SS tube having an outer diameter

of 10 mm and a thickness of 1 mm. The shape and

dimension of the specimen are shown in Fig. 1. The

gauge section of the tensile specimen is 16 mm long

and 3 mm wide, and one side of the specimen is convex

and the other concave. The chemical composition of the

unirradiated 304 SSs sample is shown in Table 1. The

solution annealed 304 SS specimens were further heat-

treated in two steps: at 750 �C for 100 min and then

at 500 �C for 24 h. These heat treatments produced

thermally sensitized microstructures, that is, a large

variety of chromium carbide precipitate at grain bound-

aries in the 304 SSs, resulting in large changes in chem-

ical compositions, especially Cr depletion at the grain

boundary. The concentrations of major alloying ele-

ments at grain boundaries of the thermally sensitized

material, measured by field emission typed transmission

electron microscopy, were Cr: 11.0, Ni: 12.0 and Fe:

75.2 wt%.

The thermally sensitized 304 SS tensile specimens

were irradiated to neutron fluences ranging from

7.5 · 1019 to 1.2 · 1021 n/cm2 (E > 1 MeV) in test reac-

tors. Table 2 summarizes the irradiation conditions of

the specimen. All the specimens were irradiated in the

capsules filled with helium gas, except for those of the

highest fluence, which were irradiated in an environment

of oxygenated pure water. Neutron irradiation in water

apparently formed thicker specimen surface oxides films

than that in inert gas did. There is however no clear evi-

dence for the irradiation environment of oxygenated

water to have affected the occurrences of IG cracking

in this work. It has been demonstrated that neutron irra-

diation to around 1021 n/cm2 causes a reduction in grain

boundary chromium concentration by only a few % for

the thermally sensitized 304 SS [9].

A SSRT technique was applied for the tensile tests of

the unirradiated and irradiated specimens at 290 �C in

inert gas and in oxygenated water containing 0.2 ppm

dissolved oxygen (DO) at the CIEMAT hot cell facility.



Table 1

Chemical composition of the unirradiated, thermally sensitized 304 SS (wt%)

Chemical elements C Si Mn P S Ni Cr Co Fe

304 SS 0.05 0.61 0.88 0.022 0.014 9.4 18.6 0.002 Bal.

Table 2

Irradiation conditions of the tensile specimen

Neutron fluence

(n/cm2, E > 1 MeV)

Irradiation temperature

(�C)
Irradiation

environment

Neutron flux

(n/cm2/s, E > 1 MeV)

Irradiation

reactor

7.5 · 1019 190 Helium gas 5 · 1013 JMTR

1.1 · 1020 185 Helium gas 5 · 1013 JMTR

6.2 · 1020 290 Helium gas 2 · 1013 Halden reactor

1.2 · 1021 290 Pure water 4 · 1013 Halden reactor
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An average strain rate of 3.5 · 10�7 s�1 (a cross head

speed of 0.33 lm/min) was used. The DO concentration

was maintained during the tests though no measure-

ments of corrosion potential were made. The water con-

ductivity at the inlet and outlet of the test section was

less than 0.1 lS/cm. Mechanical properties of the unirra-

diated and irradiated specimens were determined from

the chart recording during the SSRT in inert gas.

Scanning electron microscopy (SEM) was used to

examine detailed fractographic aspects of all the frac-

tured specimens. Prior to the SEM, the fractured speci-

mens were ultrasonically cleaned. Some specimens

fractured in 0.2 ppmDO water were further electrically

cleaned in a solution of 12 wt%NaCN and 5.7 mol/

lNaOH to remove corrosion product deposits on the

fracture surface and the specimen surface.

Transmission electron microscopy (TEM) observa-

tions of the fractured specimens were made at the BNFL

hot facility. The TEM foils were prepared from the

gauge length to obtain slices parallel to fracture face.

A slice for the TEM was taken from the un-necked por-

tion away from the fracture face, where secondary IG

cracks were present in the specimen surface region.

The slice of approximately 100 lm was electropolished

in a solution of 5% perchloric acid in butoxyethanol,

using a Tenupol-2 polishing unit operating at approxi-

mately 20 �C and a voltage of 30 V DC. The perforated

slice was examined with a 300 kV Jeol 3010 transmission

electron microscope.
3. Results

3.1. SSRT tests

In this work, we selected three different parameters;

the strain to IG crack initiation, the number of IG

cracking zones and the IG cracking ratio to quantify
the SSRT test results. The strain to IG crack initiation

was estimated from the stress–strain curves. Typical

curves during the SSRT tests in inert gas as well as in

oxygenated water are shown in Fig. 2, at different neu-

tron fluences and the unirradiated condition. The curve

in water deviates from the one in inert gas when both

curves are superposed. It is seen that the strain to frac-

ture in oxygenated water is smaller than that in inert

gas, due to occurrences of non-ductile fracture. The

strain to the deviating point was assumed to be the

strain to which non-ductile cracks initiate during

the SSRT tests in oxygenated water. Since all the speci-

mens tested in oxygenated water were more or less of IG

cracking mode on the periphery of the fracture surface

by SEM observations, the non-ductile cracks were virtu-

ally identical to IG cracks. Thus we define the strain to

IG crack initiation to be strain to the deviating point

from an engineering viewpoint.

The number of IG cracking zones and the IG crack-

ing ratio on the fracture surface were measured by the

SEM fractographic examinations, even though the IG

cracking ratio as a quantitative IASCC susceptibility

indicator is erroneous and misleading [10].

3.1.1. Tensile behaviors in inert gas

Table 3 lists mechanical properties of the unirradi-

ated and irradiated, thermally sensitized 304 SS in inert

gas, which were determined from the stress–strain curves

for various fluences. Fig. 3 shows tensile properties as a

function of fluence. Yield and ultimate tensile stresses in-

crease steadily with fluence (Fig. 3(a)), and uniform

elongation decreases with fluence, except for at

1.1 · 1020 n/cm2 where the value unsteadily changes (or

slightly rises) (Fig. 3(b)). The irregular change in uni-

form elongation at this fluence seems to be due to a

change in deformed microstructure. Thus TEM exami-

nation of deformed microstructures is required for iden-

tifying the cause of the irregular change at this fluence.
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Fig. 2. Typical stress–strain curves of the thermally sensitized 304 SS during the SSRT tests in inert gas and in water containing

0.2 ppmDO at different neutron fluences: (a) unirradiated, (b) 7.5 · 1019 n/cm2, (c) 1.1 · 1020 n/cm2, (d) 6.2 · 102 n/cm2, and (e)

1.2 · 1021 n/cm2.
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SEM observations of fracture surface showed that the

1.2 · 1021 n/cm2 specimen only revealed IG cracking

among all the specimens tested in inert gas. The fracture

surface in inert gas at 1.2 · 1021 n/cm2 has totally 11 IG

cracking zones on the periphery, resulting in the IG

cracking ratio of 8%, as shown in Fig. 4.
3.1.2. IG cracking response in oxygenated water

Table 4 summarizes the strain to crack initiation, the

number of IG cracking zones and the IG cracking ratio

for all the specimens tested in oxygenated water. The

strain to crack initiation is defined above. The number

of IG cracking zones and the IG cracking ratio were esti-
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Fig. 3. Tensile properties as a function of fluence for the

unirradiated and irradiated, thermally sensitized 304 SS: (a)

yield and ultimate tensile stresses, and (b) uniform and non-

uniform elongations.

Table 3

Mechanical properties of the unirradiated and irradiated, thermally sensitized 304 SS, tested by SSRT in inert gas

Fluence (n/cm2) Tensile stress (MPa) Elongation (%) Fracture mode

Yield stress Ultimate stress Uniform Non-uniform

Unirrad. 144 504 48 3 Ductile

7.5 · 1019 344 562 34 3 Ductile

1.1 · 1020 406 608 36 4 Ductile

6.2 · 1020 463 602 22 3 Ductile

1.2 · 1021 608 656 16 2 IG fracture (8%)

Fig. 4. Fracture surface of the thermally sensitized 304 SS

irradiated to 1.2 · 1021 n/cm2 and tested by SSRT in inert gas.

IG cracking zones are present on the periphery.

Table 4

Summary of the strain to IG crack initiation, the number of IG

cracking zones, and the IG cracking ratio for all the specimens

tested by SSRT in oxygenated water

Fluence

(n/cm2)

The strain to

IG crack

initiation (%)

The number of

IG cracking

zones

The ratio of

IG cracking

(%)

Unirrad. 24 2 12

Unirrad. 22 4 10

7.5 · 1019 12.5 3 16

1.1 · 1020 15.5 1 4

1.1 · 1020 23 2 1

6.2 · 1020 9.5 2 7

1.16 · 1021 0.5 3 31

1.22 · 1021 0 6 33
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mated from the SEM examination of fracture surface.

Examples of fracture surface in oxygenated water are

shown in Fig. 5 at 1.2 · 1021 and 1.1 · 1020 n/cm2, and

the unirradiated condition. The 1.2 · 1021 n/cm2 speci-

men has IG cracking of 33%, consisting of 6 IG cracking

zones (Fig. 5(a)) extending deeper than those in inert

gas. With neutron fluence lowering, the IG cracking

ratio and the number of IG cracking zones on the fracture

surface reduced to 1% and only one IG cracking zone,

respectively, for 1.1 · 1020 n/cm2 (Fig. 5(b)) and then

again they increased to 10% and four zones, respectively,

for the unirradiated condition (Fig. 5(c)).
Fig. 6 shows strain to IG crack initiation in water,

along with uniform elongation in inert gas, as a function

of neutron fluence. The strain to IG crack initiation de-

creases steadily with fluence of up to 7.5 · 1019 n/cm2



Fig. 5. Fracture surface of the thermally sensitized 304 SS irradiated to different neutron fluences and tested by SSRT in oxygenated

water: (a) 1.2 · 1021 n/cm2, (b) 1.1 · 102 n/cm2 and (c) unirradiated condition.
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with a slight rise at 1.1 · 1020 n/cm2, followed by rapid

reduction above this fluence. It is found that the change
in strain to IG crack initiation with fluence is analogous

to that for the uniform elongation and that the anoma-

lous rise in IG crack initiation strain at 1.1 · 1020 n/cm2

is also similar to each other, although the IG crack ini-

tiation strain is smaller than uniform elongation due to

non-ductile failure of the material in oxygenated water.

However the difference between uniform elongation

and the IG crack initiation strain became smaller with

fluence above 1.1 · 1020 n/cm2 in particular, indicating

that the initiation of IG cracks becomes earlier with flu-

ence above 1.1 · 1020 n/cm2.

Fig. 7 shows a plot of the IG cracking ratio and the

number of IG cracking zones in water as a function of

neutron fluence. The IG cracking ratio of 10–15% at

the unirradiated condition and a lower fluence of 7.5 ·
1019 n/cm2 reduced down to only a few % at 1.1 ·
1020 n/cm2 and then increased with fluence, particularly

at 1.2 · 1021 n/cm2. The change in the number of IG

cracking zones with fluence is also similar to that for

the IG cracking ratio despite of only a small number

of the specimens examined. Apparently the irradiated,

thermally sensitized material revealed an anomalous IG
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Fig. 7. The IG cracking ratio and the number of IG cracking

zones as a function of neutron fluence for the unirradiated and

irradiated, thermally sensitized 304 SS tested by SSRT in

oxygenated water.

Fig. 8. Typical IG facet patterns of the fracture surface in inert

gas for the thermally sensitized 304 SS irradiated to 1.2 · 1021 n/

cm2: (a) rough and smooth facet pattern at the near surface

region, and (b) deformation step marking on an IG facet away

from the surface region.
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cracking responses represented with IG cracking ratio

as a function of fluence, and that this trend of IG crack-

ing ratio is consistent with that for the number of IG

cracking zones. This implies that the anomalous change

in % IG cracking with fluence originated from that for

the number of IG cracking sites in water. However the

trend of IG cracking response is quite different from

the one for strain to IG crack initiation as shown in

Fig. 6. Thus the fluence dependent change in IG crack-

ing ratio is not brought about by an earlier onset of

IG cracking but by the fluence dependent change in

the number of IG crack initiation sites. It is also notice-

able that a border fluence is present, discriminating the

IG cracking response between above and below

1.1 · 1020 n/cm2. The presence of the border fluence of

around 1 · 1020 n/cm2 is common to the three parame-

ters – the uniform elongation, the strain to IG crack ini-

tiation and the IG cracking ratio as a function of

neutron fluence.

3.2. Detailed fractographic examinations

3.2.1. Fracture surface

The 1.2 · 1021 n/cm2 specimen revealed IG fracture in

inert gas. Typical IG facet patterns of the fracture sur-

face at the near surface region of the specimen are shown

in Fig. 8. The rough and smooth patterns are presented,

corresponding to carbides precipitated and carbides free

grain boundaries and/or annealing twin boundaries (Fig.

8(a)), indicating that the IG facets were generated in the

early stage of plastic deformation. Some of the rough

facet patterns indicate clear and dense deformation step

markings running in parallel with each other in the inte-

rior of the IG cracks (Fig. 8(b)). The planar steps must
have been induced by plastic deformation localization

during the SSRT in inert gas. The characteristic defor-

mation step marking on the IG facets is an important

evidence for the mechanically induced IG cracking.

More detailed morphologies have been presented else-

where [8].

A typical IG facet of the 1.2 · 1021 n/cm2 specimen

generated in oxygenated water is shown in Fig. 9. The

IG facet is covered with oxides or corrosion product

deposition on the fracture surface (Fig. 9(a)). A careful

examination indicates that some of the IG facet surface

have deformation step marking under the corrosion

product deposition (Fig. 9(b)). It is interesting to note

that the deformation step marking identified beneath

the corrosion product deposition is likely to be caused

by plastic deformation localization during the SSRT

tests. Thus the IG cracking may have occurred in the

mechanically induced process in the same manner as

that in inert gas (Fig. 8(b)).



Fig. 9. A typical IG facet in oxygenated water for the thermally

sensitized 304 SS irradiated to 1.2 · 1021 n/cm2; (a) IG facet

covered with corrosion product deposition and (b) deformation

step marking under corrosion product deposition.
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3.2.2. Specimen surface

Surface appearances of the 1.2 · 1021 n/cm2 specimen

fractured intergranularly in inert gas were shown in Fig.

10. It is seen that numerous small IG cracks are present

on the concave surface and on the side surface as well,

which are linked to localized plastic deformation bans

(Fig. 10(a)). It is also found that a few large IG cracks

in nature are present, which are linked to possible local-

ized deformation bands lying at 45� to the gauge length

on the convex surface (Fig. 10(b)), although the presence

of the thick oxide layer on the specimen surface pre-

vented a detailed examination of these features. The

IG cracking sites and the deformation banding are

apparently linked together to each other.

The specimen surface of the samples tested in water

containing 0.2 ppmDO was heavily contaminated with

corrosion product deposition, which prevented from

identifying characteristic of detailed fractographic fea-

tures. Nevertheless careful examinations before and

after removal of oxide and corrosion product deposition

showed important evidences of mechanically induced

cracking in water environment. Fig. 11 represents sur-
face appearances of the 1.2 · 1021 n/cm2 material inter-

granularly fractured in water. The concave surface

appearance showed a few secondary cracks before re-

moval of the oxide layer (Fig. 11(a)). After removal of

the oxide films more cracks are identified on the concave

surface (Fig. 11(b)), and the linkage of the secondary

cracks and plastic deformation localization is observed

more clearly on the side surface after removal of the

oxide layer (Fig. 11(c)).

Specimen surface observation was also made for the

two 1.1 · 1020 n/cm2 samples that have IG cracking ra-

tios of only a few % in oxygenated water. One of the

two specimen had only 1% IG cracking (a grain) on frac-

ture surface without any apparent IG cracks on the spec-

imen surface region. After removal of the corrosion

product deposition and oxide film, however, two small

IG cracks were detected on the concave surface, as

exhibited in Fig. 12. The IG cracks resemble those gen-

erated on the specimen surface of the 1.2 · 1021 n/cm2

specimen in inert gas as indicated in Fig. 10(b), in such

way that the IG cracks along the grain boundary are

closely connected to localized plastic deformation

bands. This proves that the process of radiation induced

plastic deformation localization is a primary factor for

causing IG cracking in oxygenated water for the 304

SS specimens irradiated to fluences of more than

1.1 · 1020 n/cm2.

At the lower fluences below 1.1 · 1020 n/cm2, where

plastic deformation localization is not discernible by

SEM observation, it is still uncertain what process is

applicable for the IG crack initiation process. However,

the unirradiated 304 SS sample fractured in mixed

modes of IG and TG cracking in oxygenated water. Sur-

face appearance is found to be heavily deformed and a

secondary crack of TG cracking mode in addition to

IG cracking appears to be induced by a homogeneous

deformation process but not by a corrosion process, as

shown in Fig. 13.

3.3. Microstructural examinations

Comprehensive TEM microstructures of the ther-

mally sensitized 304 SSs irradiated to different fluences

and deformed to fracture in inert gas were examined,

and their results were summarized in Table 5.

Typical deformation microstructures were presented

in Fig. 14 at the unirradiated condition, and at fluences

of 7.5 · 1019, 1.1 · 1020 and 1.2 · 1021 n/cm2. At the

unirradiated condition, the dislocation cellular struc-

tures are predominant. The cell boundaries consisted

of a random array of dislocations with very few disloca-

tions present in the cell interiors, and also with presence

of occasional planar defects, typically microtwins (Fig.

14(a)). At 7.5 · 1019 n/cm2, deformation occurred by dis-

location generation, movement and interaction, forming

a cellular line. Dislocation structures formed are seen,



Fig. 10. Surface appearances of the 1.2 · 1021 n/cm2 thermally sensitized 304 SS specimen fractured intergranularly in inert gas: (a)

concave and side surfaces, and (b) convex surface.

T. Onchi et al. / Journal of Nuclear Materials 340 (2005) 219–236 227
with limited linear features/deformation twinning (upper

right in the figure of Fig. 14(b)). Dislocation loops pro-

duced by irradiation were not obvious in the microstruc-

ture, although yield stress increased at this fluence.

Radiation induced defects invisible may have brought

about a significant hardening effect, leading to a ten-

dency for the material to deform by twinning rather than

dislocation generation and movement at least at low

strains. In some regions a cellular line dislocation struc-

ture is seen to be forming.

At 1.1 · 1020 n/cm2, the general deformation micro-

structure is primarily of dislocations forming a cellular

structure. In some regions the cellular network was well

developed. Radiation induced dislocation loops were

not readily observed. Within the dislocation structure

a population of linear features/deformation twins can

be observed, lying on the fcc [111] type planes (Fig.

14(c)). At 1.2 · 1021 n/cm2, microstructures are domi-

nated by large numbers of linear features/deformation
twins present on all variants of the [111] type planes

(Fig. 14(d)). The number and spacing of deformation

twins varied from region to region, depending on the

grain orientation. A high number density of radiation

induced dislocation loops is present away from deforma-

tion twins and grain boundaries. There were no regions

containing line dislocation, even at high magnification

examination.

Fig. 15 shows typical deformation microstructures in

the surface region at unirradiated condition and

1.2 · 1021 n/cm2. The unirradiated deformation micro-

structures also consist of dislocation cell structures in

grain matrices, and carbide precipitates at the grain

boundary (Fig. 15(a)). In addition to grain boundaries,

annealing twin boundaries are occasionally observed

free of carbide precipitation. Since the annealing twin

boundaries are formed during re-crystallization heat

treatment processes, they are common features in unir-

radiated and irradiated materials. The deformation



Fig. 11. Surface appearances of the 1.2 · 1021 n/cm2 thermally

sensitized 304 SS specimen intergranularly fractured in oxy-

genated water: (a) concave surface before removal of oxide

layer, (b) concave surface after removal of oxide layer, and (c)

convex and side surfaces after removal of corrosion product

deposition.
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microstructures at 1.2 · 1021 n/cm2 are characteristic of

linear features and microtwins in grain matrices, and
carbide precipitates at the grain boundary (Fig. 15(b)).

The selected area diffraction pattern identified the linear

features to consist of deformation twins and not of dis-

location lines in the channel shaped pattern, although

such inhomogeneous deformation microstructures in

irradiated materials are generally termed as dislocation

channel. The microtwins in the grain matrices are emit-

ted from the grain boundary and the carbide precipitates

at the grain boundary. The high density of microtwins is

an important evidence for high stress and strain concen-

tration at the grain boundary. More detailed TEM

examination results have been presented separately [8].
4. Discussion

The results of the SSRT test in oxygenated water on

the thermally sensitized 304 SSs have shown that the IG

crack initiation behaviors as a function of neutron flu-

ence change at a boarder fluence of around 1 · 1020 n/

cm2. Neutron fluence dependent uniform elongation

and ultimate tensile stress also irregularly changes at

the same fluence. SEM examinations have shown that

IG crack initiation sites tend to link to localized plastic

deformation bands. Typical TEM deformation micro-

structures at around the boarder fluence are in the tran-

sition from homogeneous dislocation microstructure to

inhomogeneous deformation microstructure. Appar-

ently these results suggest that the boarder fluence has

specific meanings related to mechanism of IG crack ini-

tiation in the irradiated, thermally sensitized 304 SSs

under environment of oxygenated water. The anomalous

IG cracking responses at the boarder fluence are unable

to interpret in terms of the grain boundary Cr depletion

theory at all, due to the fact that IG cracking occurrences

reduced extremely at this fluence, as seen in Fig. 7, with-

out regard to further Cr depletion predictable due to RIS

at grain boundaries. The neutron fluence dependent IG

crack initiation behaviors of the materials deformed

and fractured in oxygenated water are obviously associ-

ated with fractographic and microstructural features

examined. Thus we have to comprehensively discuss

the results of the SSRT tests, SEM fractographic mor-

phologies and TEM deformed microstructures, to find

the actual meanings of the border fluence and to identify

mechanism of irradiation assisted stress corrosion crack

initiation for the thermally sensitized 304 SSs.

The strain to IG crack initiation, the IG cracking

ratio and the number of IG crack initiation sites in oxy-

genated water as a function of neutron fluence are

distinguished between above and below the border flu-

ence of around 1 · 1020 n/cm2, as demonstrated in Figs.

6 and 7. The presence of the border fluence is also seen in

neutron fluence dependent uniform elongation that is

determined by the SSRT in inert gas environment, as

shown in Fig. 3. Similarly, the irradiated thermally trea-



Fig. 12. Surface appearances of the 1.1 · 1021 n/cm2 thermally sensitized 304 SS specimen intergranularly fractured in oxygenated

water (after removal of the oxide layer).

Fig. 13. Surface appearances of the unirradiated thermally sensitized 304 SS specimen intergranularly and transgranularly fractured in

oxygenated water (after removal of the oxide layer).
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ted 304LSSs that were tested by the SSRT in water con-

taining 8 ppmDO, together with the thermally sensitized

304 SSs in this work, have an occurrence of IG cracking

at the border fluence of around 1 · 1020 n/cm2 [11],

above which the IG cracking ratio characteristically

rises. This indicates that the 304LSS has phenomenolog-

ically an IASCC threshold fluence of around 1 · 1020 n/
cm2, and that the border fluence for the thermally sensi-

tized 304 SS and the IASCC threshold fluence for the

thermal treated 304LSS are identical to each other. Since

the two materials were irradiated at the same time in the

same irradiation capsules and reactor, and tested by the

SSRT at the same conditions in the same test facilities,

the border fluence and the IASCC threshold fluence



Table 5

Summary of TEM deformed microstructures for the unirradiated and irradiated, thermally sensitized 304 SS

Fluence

(n/cm2)

Deformation level

(distance from

fracture face)

Radiation induced

dislocation loops

Other dislocation forms Planar defects (or Microtwins) Linear

feature/deformation

twins

Unirrad. Undeformed No Low number density No No

Low (12 mm) No Primary slip and start

of cellular formation

Large number of

defects in grain interior

and boundary regions

No

Medium No Increased interaction

forming sub-structure

of cells

Reduction in number density No

High (1 mm) No Complete cellular

structure with refined

cell walls

Only occasionally observed No

7.5 · 1019 Medium Not readily observed Start of cellular formation Large number of defects in

grain interior and

boundary regions

Yes, simple mode

1.1 · 1020 Low – – – –

Medium (8 mm) Not readily observed;

small loop, low

number density

Dislocations on primary

slip planes and initial

cellular formation

Small nuclei only Limited

deformation twins

in partial regions

High (1.3 mm) The same Dislocations on primary

slip planes and advanced

cellular formation

The same Limited deformation twins

1.2 · 1021 Un deformed Loop size = 6.3 nm, number

density = 3.1 · 10 m

No line dislocation No No

Low (12 mm) The same The same No Yes

Medium The same The same Small number of nuclei in grain

interior and boundary regions

Deformation twinning on all

[111] plane variants

High (1 mm) The same The same Small number of nuclei in grain

interior and boundary regions

Frequency of twins increased
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Fig. 14. Typical deformation microstructures of the thermally sensitized 304 SS irradiated to different neutron fluences and tested by

SSRT in inert gas: (a) unirradiated, (b) 7.5 · 1019 n/cm2, (c) 1.1 · 1020 n/cm2, and (d) 1.2 · 1021 n/cm2.
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for the two materials may have a common mechanistic

basis at around 1 · 1020 n/cm2, though no specific role

of sensitized microstructures on the IG crack initiation

of the thermally sensitized material is confirmed by de-

tailed fractographic and microstructural examinations

yet.

The TEM deformation microstructures at the border

fluence are in the transition from dislocation structures

to deformation twinning structures, although radiation

induced dislocation loops are not readily observed yet,

as noted in Table 5. This implies that radiation induced

defects, even invisible yet, contributing to radiation

hardening are significantly important for the evolu-

tions of inhomogeneous deformation twinning. At

1.2 · 1021 n/cm2, the deformation microstructures were

typical of linear features/deformation twinning, with

radiation induced dislocation loops visible with a size

of 6.3 nm and a density of 3.1 · 1022 m�1 as shown in

Table 5. This characterization of radiation damage de-

fects is consistent with the literature data [6] regardless

of the thermally, sensitized material. Although degrada-
tion of mechanical properties in irradiated materials,

typically reduction in uniform elongation, is primarily

ascribable macroscopically to radiation induced local-

ized plastic deformation bands and microscopically to

dislocation channeling [12] in general, the TEM defor-

mation microstructures of the irradiated, thermally sen-

sitized 304 SS were not characteristic of dislocation

channeling in this work. Alternatively the presence of

deformation twins without dislocation lines, named lin-

ear features/deformation twinning, in the irradiated

deformation microstructures was confirmed by the se-

lected area diffraction analyses [8]. Thus the predomi-

nant deformation microstructures above the border

fluence were of linear features/deformation twins,

whereas those below the boarder fluence and at the unir-

radiated condition were of prevailing homogeneous dis-

location structures, as shown in Fig. 14.

The IG crack initiation sites tended to link to local-

ized plastic deformation bands on the surface of the

fractured, thermally sensitized 304 SS specimen in oxy-

genated water. The linkage of IG crack initiation sites



Fig. 15. Typical deformation microstructures in the surface

region of the thermally sensitized 304 SS tested by SSRT in

inert gas: (a) unirradiated condition, and (b) 1.2 · 1021 n/cm2.
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to localized plastic deformation bands was further veri-

fied at earlier stages of deformation by the interrupted

SSRT tests in oxygenated water. Fig. 16 shows an exam-

ple of IG crack initiation site on the 6.2 · 1020 n/cm2

sample strained up to about 4% in water containing

0.2 ppmDO [13]. It is seen that some small IG cavities

on the specimen surface are linked to a localized plastic

deformation band (Fig. 16(a)), and some are surrounded

with slightly deformed matrix even though the linkage to

the deformation localization is unclear yet (Fig. 16(b)).

It should be noted that all of the sites for IG crack ini-

tiation do not readily grow, even though numerous

small IG cracks are formed in the early stage of defor-
mation, but only few IG cracks initiated may be able

to grow to fracture in the lower DO water. Therefore

the IG crack initiation of the irradiated, thermally sensi-

tized 304 SS in oxygenated water above the border flu-

ence is caused by radiation induced deformation twins

interacted with grain boundaries in the same way as

the IG crack initiation in inert gas for the 1.2 · 1021 n/

cm2 specimen. In another words, radiation induced

changes in plastic deformation microstructures from

homogeneous dislocation structures to inhomogeneous

deformation twinnings are the mechanistic basis of the

border fluence, and neither radiation induced disloca-

tion loops visible nor radiation induced chromium

depletion at grain boundaries are.

The border fluence of around 1 · 1020 n/cm2 discrim-

inates the IG cracking process specific to the irradiated

material from the conventional IGSCC process,

although IG cracking in oxygenated water occurred at

all the fluences tested and the unirradiated condition.

In the IG cracking process above the border fluence,

the IG cracking ratio increased rapidly with increasing

fluence. Correspondingly onsets of localized deforma-

tion became earlier, resulting in an increase in the num-

ber of macroscopic localized deformation bands and/or

in the population density of microscopic deformation

twins with increasing fluence. This may lead to an in-

crease in the number of IG crack initiation sites in oxy-

genated water, because the deformation twins act as the

source of high stress concentration at the interaction

with grain boundaries [14]. In the IGSCC process below

the border fluence, the thermally sensitized 304 SSs un-

irradiated and irradiated to the lower fluences deform

primarily by dislocation generation and movement as

described in Table 4. Nevertheless the concept of local

stress and strain concentrations at the grain boundaries

may be probable as well as in the case of above the bor-

der fluence. The most conspicuous and detrimental fea-

tures at grain boundaries may be the presence of Cr

carbides precipitate as a source of stress and strain con-

centration. The grain boundary carbides precipitation is

shown in Fig. 17 for the 7.5 · 1019 n/cm2 thermally sen-

sitized 304 SS deformed to fracture. Apparently

microtwins in the near-grain boundary regions running

up to carbide precipitates, indicate that carbide precipi-

tates at grain boundaries are associated to the early

stage of deformation twinning. The grain boundary car-

bide precipitates may behave similarly in the unirradi-

ated thermally sensitized 304 SS as well. A general

observation of deformation microstructures for the un-

irradiated material is that structure, distribution and

density of both dislocations and planar defects (stacking

faults or microtwins) vary depending on deformation

level and at high deformation level, complete cellular

structures evolve with refined cell walls, with only occa-

sional microtwins. More TEM examinations of defor-

mation microstructure are required to determine the



Fig. 16. An example of IG crack initiation site at a strain of about 4% on the surface of the 6.2 · 102 n/cm2 thermally sensitized 304 SS.

The specimen was tested by the interrupted SSRT in oxygenated water: (a) a localized plastic deformation band with IG crack

nucleation and initiation, and (b) a small IG cavity with surrounding edges and matrix deformed slightly.
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role of carbide precipitates on the IGSCC initiation pro-

cess. Therefore we conclude that the specific IG cracking

above the border fluence indicates IASCC and the bor-

der fluence is equivalent to an IASCC threshold fluence

for the irradiated, thermally, sensitized 304 SS, despite

the fact that the terminology of IASCC is originally

given to the non-sensitized austenitic steels without

microstructural definition.
The IASCC threshold fluence of around 1 · 1020 n/

cm2 for the thermally sensitized 304 SS in this work is

apparently lower than the IASCC threshold fluence of

about 5 · 1020 n/cm2 that has been admitted for the

solution annealed 304 SS. This is not due to sensitized

microstructures characteristic of the thermally sensitized

material, since the IASCC threshold fluence for the

thermally sensitized 304 SS is identical to that for the



Fig. 17. Grain boundary carbides precipitate in the

7.5 · 1019 n/cm2 thermally sensitized 304 SS tested by SSRT

in inert gas. Microtwins are running up to carbides precipitate

in the near grain boundary region.
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304LSS as discussed previously. Alternatively it is noted

that the lower IASCC threshold fluence was determined

for the test reactor irradiated materials and for the tests

in the 0.2 ppmDO water environment in this work, in

comparison to that for the BWR irradiated materials

and for the tests in the 32 ppmDO water environment

in the literature. Such a water environment as low as

0.2 ppmDO may not be attributable to the lower IASCC

fluence, as will be discussed later. Resolution is needed

why and how the test reactor irradiation conditions af-

fected the lower IASCC threshold fluence value. In the

present work, neutron irradiation was made in the

JMTR up to 1.1 · 1020 n/cm2 at higher neutron fluxes

and at lower irradiation temperatures than in the

BWR, as seen in Table 2. The neutron fluxes of the order

of 1013 n/cm2 in the JMTR were one to two orders of

magnitude larger than those in the BWR. Although data

available for evaluating neutron flux effect are few, we

can estimate the neutron flux effect on the IASCC

threshold fluence, based on mechanical properties

changes with neutron flux for type 304 SSs irradiated

in the BWR. It has been recognized that yield stress in-

creases with increasing neutron flux at fluxes of 5 · 1012–

1 · 1013 n/cm2/s in the fluence range of the order of

1020 n/cm2 [15]. Such neutron flux effect on mechanical

properties may be brought about by the larger radiation

damage rate and higher damage defects accumulated.

The higher neutron fluxes in the JMTR may tend to pro-

duce more damage defects accumulated even in the same

fluence level, resulting in lowering the IASCC threshold

fluence. Moreover, the lower irradiation temperatures in

this work by about 100 �C would have affected IASCC

fluence threshold for the materials more considerably

than we expected. This is because diffusivity of damage
defects and thermal stability of defect clusters tend to

become lower at the lower irradiation temperature than

at the higher temperature, resulting in retarding recom-

bination of vacancies and interstitials produced by neu-

tron irradiation, in general. In this way the higher

neutron flux and lower irradiation temperature in the

JMTR irradiation should have been effective for produc-

ing more damage defects than the lower flux and higher

temperature in BWR. Thus the irradiation conditions,

especially irradiation temperature, in the JMTR may

have brought about the lower IASCC threshold fluence

for the material. Therefore the lower IASCC threshold

fluence for the thermally sensitized 304 SS should be

ascribable to the lower irradiation temperature and

higher neutron flux in the test reactor irradiation. This

means that the IASCC threshold fluence for the ther-

mally sensitized material would be consistent with that

for the solution annealed one, if the same irradiation

conditions were applied for the two materials.

Concerning theDOdependence on the IASCC suscep-

tibility, it has been believed that the IASCC susceptibility

decreases and the IASCC threshold fluence increases with

decreasing DO. These opinions have been established

from the results of the SSRT tests on the solution annealed

austenitic stainless steels irradiated in BWR, based on the

RIS induced chromium depletion theory. For example,

Kodama et al. [16,17] reported that IASCC susceptibility

increased markedly for fluences exceeding 1021 n/cm2 at

32 ppmDO, and low DO water could effectively mitigate

IASCCinrelativelyhighfluenceregionsandthat radiation

induced chromium depletion may have been one of the

dominant factors affecting IASCC resistance. Nowadays,

however, it is quite erroneous to interpret their data in the

manner that the reduction in %IGSCC with decreasing

DO is brought about by preventing and/or retarding IG

crack initiation. Attention should be paid to both contri-

butions of IG crack initiation and growth processes to

%IGSCC as an IASCC susceptibility indicator, when

interpreting data of the fluence and DO dependent

%IGSCC. According to the current understanding of

SCC susceptibility, as a matter of fact, crack growth rate

measurements are considered to be the most reproducible

and statistically significant [18], and SCC crack growth

rates are strongly influenced by water quality in addition

to other factors [19]. When the SSRT tests are conducted

at higherDOconcentrations, IG cracking sites are usually

connected to each other by larger crack growth rates.

Based on themechanism of IASCC initiation investigated

in the present work, the IG crack initiation is caused by

stress and strain concentrations at the grain boundaries

interacted with radiation induced deformation twins,

and the increase in %IGSCC with increasing neutron flu-

ence is brought about by the increase in the number of

IGcrack initiation sites.The currentknowledgeof IASCC

crack initiationandgrowth rate is useful to re-interpret the

above data of Kodama et al., in that the larger %IGSCC
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forfluences exceeding1021 n/cm2at 32 ppmDOmayprob-

ably be due to either large IG crack growth rates, IG crack

initiation sites connected, or both. Kodama et al. also in-

sisted effective mitigation of IASCC in relatively high flu-

ence regions at lower DO, while we re-interpret their data

in termsof relatively smaller number of IGcrack initiation

sites and a lower IG crack growth rate. Therefore it is con-

cluded that the IASCC threshold fluence will remain un-

changed with DO because the IG crack initiation is

caused by the deformation localization, though IASCC

susceptibility appears to increase with DO.

It should be kept in mind that the IASCC threshold

fluence of about 5 · 1020 n/cm2 for the BWR irradiated

solution annealed 304 SSs was determined from the

SSRT tests in 32 ppmDO water, without detailed fracto-

graphic and microstructural examinations. Such an ex-

tremely high DO water as 32 ppmDO may probably

be injurious to search mechanistic traces, because the

fracture surface and specimen surface are heavily con-

taminated with corrosion products deposition. Contam-

inated fracture surface and specimens surface enables us

to prevent detailed SEM examinations. More impor-

tantly, IG cracks, once initiated, grow rapidly in higher

DO water without leaving clear evidences for deforma-

tion markings on the IG facets. If the SSRT tests were

performed in water containing higher DO in this work,

no significant mechanical traces would be detected on

the fracture surface and specimen surface. Thus the

lower DO water environment is preferable to mechanis-

tic investigation of IASCC initiation process.
5. Conclusions

(1) Neutron fluence dependent IG cracking behaviors
of the thermally sensitized 304 SS in oxygenated

water changed at a border fluence (around 1 ·
1020 n/cm2). Above the fluence deformation twin-

ning specific to the irradiated material was predom-

inant in the deformation microstructures, and

localized deformation banding occurred earlier

with increasing fluence. The crack initiation sites

tended to link to the localized deformation bands.

Thus the crack initiation was caused by the defor-

mation bands interacted with grain boundaries.

(2) The border fluence discriminates the IG cracking

process specific to the irradiated material from

the conventional IGSCC process, though the IG

cracking in oxygenated water occurred at all the

fluences tested and the unirradiated condition.

Thus the specific IG cracking indicates IASCC

and the border fluence is equivalent to the IASCC

threshold fluence for the irradiated, thermally sen-

sitized 304 SS, despite the fact that the terminology

of IASCC is originally given to the non-sensitized

materials without microstructural definition.
(3) Above the IASCC threshold fluence, the number

of IG cracking sites and the IG cracking ratio

increased with increasing fluence in water contain-

ing as low as 0.2 ppmDO. This indicates that the

increase in IASCC susceptibility with increasing

fluence is due to the increase in the number of

IG crack initiation sites. However, the IASCC

threshold fluence will remain unchanged, though

the IASCC susceptibility appears to increase, with

increasing DO because the IG crack initiation is

caused by the deformation localization.

(4) The IASCC threshold fluence for the thermally

sensitized material was lower than the IASCC

threshold fluence of about 5 · 1020 n/cm2 admit-

ted for the solution annealed one. This may be

due to higher neutron fluxes and lower irradiation

temperatures at the test reactor irradiation condi-

tion and not due to the sensitized microstructure,

suggesting that the IASCC threshold fluence for

the thermally sensitized material would be consis-

tent with that for the solution annealed one, if the

same irradiation conditions were applied for the

two materials.
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