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The deformation behavior and initiation mechanisms of intergranular (IG) and transgranular (TG) cracks in irra-
diated 304L stainless steel were studied by slow-strain-rate tensile tests in inert gas and simulated BWR water envi-
ronments, followed by fractographic and microstructural examinations. Neutron irradiation was made in test reactors
to fluences of up to 6.2x10?° n/cm? (E>1MeV). Intergranular cracking occurred in water above a critical neutron
fluence of around 1x10%° n/cm?, based on the results of the SSRT tests and SEM fractography. That critical fluence
is mechanistically supported by irradiated, deformed microstructures exhibiting dislocation channeling at that fluence,
while radiation-induced Cr depletion at the grain boundaries was minor. Transgranular cracking of the irradiated ma-
terial occurred in water below the critical fluence, initiating in the non-uniformly strained surface region of the test bar
in the later stages of plastic deformation. The initiation of TG cracking is hypothesized to be related to a high density
of deformation twins. Intergranular cracking is proposed to have initiated where localized slip bands terminated at
grain boundaries, while TG cracking is inferred to have initiated at deformation twin boundaries. High stress and strain
concentrations at grain/twin boundaries would be the common cause of non-ductile crack initiation.

KEYWORDS: 304L stainless steel, neutron irradiation, intergranular cracking, transgranular cracking, plas-
tic deformation localization, dislocation channeling, deformation twins, grain boundary, twin boundary, stress

and strain concentration

1. Introduction

Low carbon stainless steels (SSs)—304L, 316L and
316NG SSs—have been used for vessel internals and piping
of BWR in the expectation that they should be more resistant
to intergranular stress corrosion cracking (IGSCC) in BWR
water environments.! This is only because IGSCC has been
ascribed to grain boundary Cr depletion produced during
cooling down of the welding process. Actually, the promise
of such L-grade SSs for SCC resistant materials was support-
ed by extensive pipe tests conducted in the late 70s>* and
further verified by slow-strain-rate tensile (SSRT) tests in
the late 90s.¥ Nevertheless, there have been an increasing
number of SCC incidents of the low carbon SSs in the vessel
internals and the pipes in BWR plants.

The 304L SS core shrouds of the US BWR plants exhib-
ited heat affected zone cracking extensively in the 90s. Mi-
crostructural examination of the cracked components re-
vealed significant strains adjacent to the weld fusion line,"
without showing grain boundary Cr carbide precipitations/
Cr depletions in the core environment. Characterization of
a cracked pipe bend made of 316NG SS also showed very
high residual strain close to the fusion line in the welded
regions without sensitization.” It was found that the strain
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was attributable to shrinkage strains from the welding proc-
ess. In both cases, residual strains were a dominant factor for
IG cracking without Cr depletion in BWR environment,
though cracked portions contain a significant amount of sur-
face cold work, or deformed grains with high dislocation
density. Other SCC incidents of the 316L SS core shrouds
and primary loop recirculation (PLR) pipes were found in
2002 in the Japanese BWR plants, in which transgranular
stress corrosion cracking (TGSCC) initiated in the surface
regions heavily cold worked by machining and highly strain-
ed by weld deformation, and the cracks then tended to prop-
agate in an IGSCC manner into highly hardened regions.®
Apparently the occurrences of non-ductile IGSCC and
TGSCC cracking on the surfaces of the 304L SS and 316L
SS core shrouds and 316NG SS pipes were not due to a cor-
rosion process related to the grain boundary Cr depletion,
because the microstructure in low carbon SSs were non-sen-
sitized, but due to mechanically-induced processes in water.

Even if vessel internals made of low carbon SSs have
no cold worked layers in the surface region, like the core
shroud, they have been subjected to neutron irradiation dur-
ing service, resulting in radiation induced segregation (RIS)
and radiation hardening. Although the amount of the RIS-in-
duced Cr depletion at grain boundaries in low carbon SSs is
not enough to cause irradiation assisted stress corrosion
cracking (IASCC), the irradiated low carbon SSs are not re-
sistant to IASCC in high temperature oxygenated water in
the laboratory tests.”” Therefore, it is still not certain
whether or not the RIS induced Cr depletion is really respon-
sible for the occurrence of IASCC.



Downloaded by [Ciemat] at 08:26 21 December 2017

852

T. ONCHI et al.

25 25
C [ ]
20 = o - 20
Ono ]
215 315
E =
S z A
10 10 A A A A
A
A
5 5
mCrA ANi A
oCrB ANiI B
O T T T O T T T
0 100 200 300 400 0 100 200 300 400
Distance from GB, nm Distance from GB, nm
(a) Cr (b) Ni
100
90
2 80
B
£
70 O ® > &
O o TS
60
eFe A
oFeB
50 T T T T
0 100 200 300 400

Distance from GB, nm
(c) Fe

Fig. 1 Concentration profiles of Cr, Ni and Fe at grain boundaries in the unirradiated, thermally treated 304L SS speci-
men. Analyses were made for two different grain boundaries, A and B.

There is consensus that a threshold fluence for IASCC
in high carbon stainless steels is present at around 5x 10%°
n/cm? for solution-annealed austenitic SSs in BWR condi-
tions.!” Concerning the mechanistic process of IASCC, the
present authors suggest that IG cracking of the irradiated,
sensitized material is principally caused by radiation-in-
duced localization of plastic deformation leading to stress
and strain concentrations at the grain boundaries,!"'? which
is simply accelerated by the introduction of an aqueous en-
vironment. Occurrences of TGSCC as well as IASCC are
still a concern for the degradation of plant component mate-
rials, yet the neutron fluence dependent behaviors of IG and
TG cracking remain unresolved for the low carbon SSs.

Therefore, the purpose of the present work is to study IG
and TG cracking behavior for 304L SSs irradiated to fluen-
ces lower than those typically published for IASCC. In the
present work emphasis is placed on the mechanical aspects
of the crack initiation processes.

II. Experimental

The 304L SS tensile specimens used for this work were
fabricated from a plate having a thickness of 13 mm. The
specimen has a smooth and flat gauge section 16 mm long,
4mm wide and 1 mm thick. The chemical composition (in
wt%) of the material is: 0.012C, 0.50Si, 1.01Mn, 0.025P,
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Fig. 2 Stress-strain curves of the 304L SS specimens tested in inert gas and in water
Table 1 Mechanical properties and fracture modes in inert gas, and non-ductile crack initiation strains and IG and TG
cracking portions in water
Mechanical properties in inert gas SSRT tests in water
Tensile stresses Elongation Non-ductile crack Non-ductil i
Fluence (MPa) (%) Fracture DO initiation strain on-ducliie portion
(n/cm?) mode (ppm)
Yield Ultimate Uniform  Non-uniform (%) IG TG ductile
Unirrad. 168 405 49 5 ductile 8 None 0 0 100
7.5x10" 256 421 40 4 ductile 8 35 0 26 74
1.1x10%° 296 427 37 6 ductile 8 25 2 42 56
6.2x10%° 368 520 28 10 ductile 8 9 30 31 39

0.018S, 9.93Ni, 18.66Cr, <0.01Co and balance Fe. The
specimens were solution annealed, and then thermally treat-
ed at 750°C for 100 min followed by 500°C for 24h. Al-
though the thermal treatment conditions were designed to
simulate heat treatments in a welding process, and induced
thermal sensitization of high carbon stainless steels,'” they
did not produce any significant gradients in the grain boun-
dary concentration profiles for the principal alloying ele-
ments, as shown in Fig. 1.

The thermally treated 304L tensile specimens were encap-

VOL. 43, NO. 8, AUGUST 2006

sulated with He gas and then neutron irradiated to 7.5x
10" n/em? (E>1MeV) at 190°C and to 1.1x10%° n/cm?
at 185°C in Japan Material Test Reactor (JMTR), and to
6.2x10?° n/cm? at 290°C in Halden Reactor. Neutron fluxes
at JMTR and Halden Reactor were 5x10'® and 3x10'3 n/
cm?/s, respectively.

A slow-strain-rate tensile (SSRT) technique was applied
for the tests at 290°C in inert gas and in water containing
8 ppm dissolved oxygen (DO), at the CIEMAT hot cell fa-
cility. An average strain rate of 3.5x1077s™! (a cross head
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speed of 0.33 um/min) was used. The DO concentrations
were maintained during the tests without measurements of
corrosion potential. The water conductivity at the inlet and
outlet of the test section was less than 0.1 uS/cm. Mechani-
cal properties of the specimen material were determined
from the chart recording during the SSRT tests.

Scanning electron microscopy (SEM) was used to exam-
ine detailed fractographic aspects of the fractured specimens
tested in inert gas and in water environment. Prior to the
SEM, the fractured specimens were ultrasonically cleaned.

Transmission electron microscopy (TEM) observations
and grain boundary composition profile analyses of the
specimens fractured in inert gas were made at the VIT hot
cell facility. TEM foils were extracted from the locations
in the grip region, uniformly elongated gauge region, and/
or necked region of the fractured SSRT halves. The pieces
were first wet-ground to a thickness of 0.1 mm, and then ei-
ther 1 or 3 mm diameter disks were punched from them. The
1 mm disks were subsequently embedded in 3 mm diameter
disks of non-irradiated SS. The disks were further ground
to a thickness of about 80 um, and then thinned to electron
transparency with a Tenupol Twin-jet electropolisher, using
a solution of 30% HNOj3 in methanol at —30°C and a voltage
of +7.5V D.C. The perforated slices were examined with a
Philips CM200 field emission gun scanning and transmission
electron microscope (FEGSTEM) operating at 200 kV. Com-
positional analyses were carried out utilizing a Noran Voy-
ager energy dispersive X-ray analyzer.

II1I. Results

1. SSRT Tests

Stress-strain curves of the same fluence materials tested in
inert gas and in oxygenated water were superimposed, as
shown in Fig. 2. It is evident that strain to fracture is lower
in water than in inert gas, increasingly so with increasing flu-
ence, particularly above 1.1x10?° n/cm?. The curves for the
tests in water also deviated from the ones for the tests in inert
gas, suggesting the occurrence of non-ductile fracture in the
tests in water. As described later, it was confirmed that non-
ductile fracture in the oxygenated water consisted of either
IG cracking, TG cracking, or a mixture of those modes.
Thus, the strain to the deviation is assumed to be the strain
to non-ductile crack initiation from an engineering view-
point. Although the curve in inert gas at 6.2x10% n/cm?
is noticeably irregular in the uniform strain region, it is not
discernible at present whether or not the anomalous change
in the curve is meaningful in the deformation behavior of the
irradiated 304L SS. Further work is required to confirm the
irregularity.

Table 1 lists the mechanical properties determined from
the SSRT test curves for both the inert gas and oxygenated
water environments. The tensile properties of the materials
tested in inert gas are plotted in Fig. 3 as a function of neu-
tron fluence. They show that the yield and ultimate tensile
strength increase with increasing fluence (Fig. 3(a)), while
the uniform elongation decreases and non-uniform elonga-
tion increases with fluence (Fig. 3(b)). Although all of those
test bars fractured in a ductile manner, the fluence-dependent
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Fig. 3 Tensile properties of the 304L SS specimens as a function
of fluence: (a) Yield and ultimate tensile stresses, and (b) Uni-
form and Non-uniform elongation

changes in ductility were appreciable, especially above
about 1x10%° n/cm?.

Figure 4 shows the fracture surfaces of the materials test-
ed in water. It is apparent that the fracture surfaces of all of
the irradiated materials show non-ductile fracture modes,
consisted of either IG cracking, TG cracking, or a mixture
of both (Figs. 4(b), (c) and (d)), while the unirradiated one
fractured in a purely ductile manner (Fig. 4(a)). The portions
of IG cracking and TG cracking estimated from the results of
fractographic examination were included in Table 1.

The portions of IG cracking and TG cracking in the total
amount of non-ductile cracking are plotted as a function of
neutron fluence in Fig. 5. It shows that the total amount of
non-ductile fracture (IG+TG) increases with increasing
fluence. The portion of IG cracking is very small at around
1x10%° n/cm?, but above this fluence it increases rapidly
with fluence, even though no IG cracking was observed
in the lower fluence or unirradiated materials (Fig. 5(a)).
Thus, the fluence of around 1x 10%° n/cm2 would seem to
be a critical fluence for fracture in an IG manner. Mean-
while, TG cracking is observed to occur at a fluence as
low as 7.5x 10" n/cm?. The amount of TG cracking increas-
es with fluence, reaching a maximum at about 1x 10%0
n/cm?, beyond which the IG mode becomes increasingly
dominant.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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Fig. 4 Fracture surfaces of the 304L SS specimens in water

2. SEM Fractographic Examination

More detailed SEM fractographic examinations were car-
ried out to further investigate the mechanisms of non-ductile
cracking that occurred in the irradiated materials tested in
water.

At 7.5x10" n/cm? the non-ductile fracture surface was
composed solely of 26%TG cracking (see Fig. 4(b)). Details
of the appearance of the specimen fractured in water are
shown in Fig. 6. It can be seen that several possible crack
initiation sites are present on the surface region close to frac-
ture face, marked with white circles in Fig. 6(a), and that the
fracture surface correspondingly shows a TG cracking mode
(Fig. 6(b)). Such features in the surface regions, shown more
closely in Figs. 6(c) and (d), were most likely produced by
plastic strain localization, which could promote the TG crack
initiation.

Figure 7 presents the fracture surface of the specimen ex-
hibiting 2%IG and 42%TG cracking at 1.1x10?° n/cm? (see
Fig. 4(c)). Only a small region of IG fracture surrounded by
TG cracking was identified. The IG fracture, corresponding
to approximately only one grain, does not exhibit a clear
IG crack shape on the whole, but that is probably because
the mechanism of IG cracking is not yet very dominant at
the critical fluence.

VOL. 43, NO. 8, AUGUST 2006

Figure 8 shows details of the fracture behavior of the
6.2x10%° n/cm? material tested in water, which showed
30%IG and 31%TG cracking (See Fig. 4(d)). Fracture occur-
red at two different sites transversely to the specimen gauge
section (Fig. 8(a)). IG crack facets are mostly decorated with
deformation step markings (Figs. 8(b) and (c)), though cov-
ered with thick corrosion product depositions. Localized de-
formation band traces (Fig. 8(d)) and small secondary cracks
(Fig. 8(e)) are revealed on the specimen surface close to the
fracture face, suggesting that IG cracks initiated at the inter-
section of localized deformation bands, linked to each other
and grew until final ductile failure (Fig. 8(f)).

3. TEM Microstructural and Microchemical Examina-
tion

Grain boundary chemistry analyses and characterization
of the undeformed and deformed microstructures were made
by FEG-STEM examination of the different materials de-
formed to fracture in inert gas environment.

Typical unirradiated, deformed microstructures are shown
in Fig. 9. The bulk of the microstructure in the uniformly
strained region is composed of two principal features—a cel-
lularized structure of a high density of dislocations structure,
and a sparse distribution of long bands having a slightly dif-
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ferent crystal orientation from that of the surrounding mate-
rial (Fig. 9(a)). Selected-area diffraction (SAD) analysis
showed the bands to be hexagonal close-packed (hcp) epsi-
lon martensite, brought about by the accumulation of stack-
ing-faults on every other close-packed plane in the austenite,
indicative of planar slip. In the non-uniformly deformed re-
gion closer to the fracture face the microstructures were ba-
sically similar to those in the uniformly strained region, ex-
cept that some particular, isolated regions also contained
some shorter, small bands shown by SAD analysis to be hex-
agonal close-packed (hcp) epsilon martensite (marked with
white circle in Fig. 9(b)) and face centered-cubic deforma-
tion twins (marked with black circle in Fig. 9(b)). On the
whole though, the deformation in the unirradiated material
occurred overwhelmingly by classic uniform dislocation
movement.

At 7.5%x10" n/cm?, where 26%TG cracking but no IG
cracking were observed in the tests carried out in water
(Fig. 4(b)), radiation damage defects were invisible yet.
Figure 10 shows microstructures in the non-uniformly
deformed region close to fracture face, predominantly con-
sisting of a high density of dislocations segregating to some
particular bands (Fig. 10(a)), with a broader, twin-looking
band that was populated by many, very distinct microtwins
(Fig. 10(b)). Close inspection of regions of high dislocation

T. ONCHI et al.

density also revealed a dense population of nano-/micro-
twins. Bands of epsilon martensite were also occasionally
observed, symptomatic of the planar slip.

At 1.1x10%° n/cm?, a small percent of IG fracture and
large percent of TG cracking occurred in the tests conducted
in water (Fig. 4(c)). As shown in Fig. 11, the mildly-de-
formed material from the grip portion of the test-bar frac-
tured in inert gas exhibited clear dislocation channel struc-
tures among the radiation-induced “black-spots.” Disloca-
tion tangles are also evident at the intersections of the chan-
nels. Visible lower in the image are steps which have been
induced in some channels upon being intersected by another
channel (Fig. 11(a)). Closer inspection of the channels
shows the presence of some larger irradiation defects still
remaining within the bands (Fig. 11(b)).

Figure 12 shows the highly deformed microstructure
close to fracture face of that 1.1x10% n/cm? specimen.
The dislocation-dominant microstuctures show signs of seg-
regation of dislocations to particular bands (Fig. 12(a)). On
the other hand, some micro-/nanotwins are also evident, in
addition to many irradiation-induced “black-spots™ still re-
maining (Fig. 12(b)). The twinning most likely occurred
due to the higher critical resolved shear stress (CRSS)
achieved at that location, in part due to the greater strain ac-
cumulation present near the fracture face and in part due to
the irradiation-induced defect population remaining in the
material.

At 6.2x10% n/cm?, a large amount of IG cracking togeth-
er with TG cracking occurred in water (Fig. 4(d)). Typical
deformed microstructures in the uniformly strained region
of the sample tested in inert gas are shown in Fig. 13. The
microstructures were primarily dislocation-dominant, show-
ing clear signs of segregation of dislocations to particular
bands within grains (Fig. 13(a)). Waviness in the contrasts,
corresponding to local alterations in the crystal lattice orien-
tation, was visible in the regions adjacent to the grain boun-
daries (Fig. 13(b)). That waviness suggests strain concentra-
tions in the grain boundary areas, brought about by the inho-
mogeneous planarized slip deformation.

Segregations of major alloy elements at the grain bounda-
ries, particularly the Cr concentration gradient, were exam-
ined by FEG-STEM analyses on the samples irradiated to
different fluences. Figure 14 shows Cr, Ni and P concentra-
tion profiles at different fluences. It is seen that the concen-
tration gradients of these chemical elements across the grain
boundary are unchanged at the unirradiated condition and
7.5%x10" and 1.1x10% n/cm?, whereas they are significant-
ly different at 6.2x10?° n/cm?, namely, Cr depletion and
Ni enrichment occurred with a narrow peak of P segregation.
Although a slight RIS-induced Cr depletion was detected, a
high level of Cr concentration was still maintained at the
grain boundaries. However, direct comparisons of absolute
Cr concentrations between different fluences are difficult
with a great degree of confidence, since the exact electropo-
lishing procedure employed for each foil can result in a
different chrome oxide layer thickness, and therefore affect
the absolute level of Cr measured. That does not, however,
affect the particular profile measured at the grain boundary.

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY
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Fig. 6 Fractographic appearances of the 7.5x 10! n/cm? specimen in water; (a) general surface view, (b) TG crack sur-

face, and (c) and (d) TG crack initiation sites

IV. Discussion

1. Non-ductile Cracking Behaviors in Water

The results of SSRT tests in water and fracture surface ob-
servations showed that a very small IG fracture occurred at
around 1x10% n/cmz, and above that fluence the amount
of IG cracking increased with increasing fluence (Fig. 5(a)
and Fig. 7). This indicates that a critical neutron fluence
above which IG cracking occurs in water is present at around
1x10?° n/cm?. TG cracking occurred at a lower fluence, as
low as 7.5x10'° n/cm?. The amount of TG cracking reached
a maximum at the critical fluence, and then tended to reduce
at a higher fluence as the contribution of IG cracking became
more dominant (Fig. 5(b)).

The results of TEM examination on material tested in in-
ert gas revealed that below the critical fluence radiation dam-
age defects were invisible yet, and deformed microstructures
were primarily of cellularlized dislocations with some ten-
dency towards planarized slip. At around the critical fluence,
however, dislocation channeling structures were evident
along with clearly visible radiation damage defects in mild-
ly-deformed region (Fig. 11(a)) and in more highly de-
formed regions the dislocations were more strongly segre-
gated to particular bands (Fig. 12(a)). Thus the critical flu-
ence would appear to mark a transition towards more inho-
mogeneous plastic deformation, by dislocation slip prefer-
entially occurring along prior channels. Meanwhile, the re-

VOL. 43, NO. 8, AUGUST 2006

sults of FEGSTEM analyses indicated that Cr and Ni con-
centration gradients at grain boundaries remained essentially
the same from the unirradiated condition up to lower fluen-
ces of 1.1x10% n/cm?, whereas Cr depletion and Ni enrich-
ment occurred at 6.2x10%° n/cm? (Figs. 1 and 14). There-
fore the critical fluence of around 1x10%°n/cm? for IG
cracking in the irradiated 304L SS is supported in both an
engineering capacity by the SSRT tests in water and the
SEM fractography, and mechanistically by the TEM microg-
raphy of specimens tested in inert gas.

The critical fluence of around 1x10?° n/cm? for IG crack-
ing of the irradiated 304L SS is the same as that for the ir-
radiated, thermally-sensitized 304 SS'V that were irradiated
in the same capsules and tested in the same test loop with the
SSRT machine. It should be noted that the threshold fluence
of about 5x10?° n/cm? for IASCC in the BWR-irradiated
austenitic SSs'? is a consensus from an engineering view-
point. The threshold fluence for the solution-annealed 304
SS material is based on the results of the SSRT tests in water
and the SEM examination, in contrast to the critical fluence
for onset of channel deformation observed for the 304L SS
in the present work. In other words, although the threshold
fluence for the 304 SS has not been confirmed mechanistical-
ly by examination of the irradiated, deformed microstructure
or microchemistry profiles at grain boundaries, it is never-
theless likely that the critical fluence for IG cracking in
the irradiated 304L SS is consistent with the mechanism un-
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TG cracking
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: IG fracture
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Fig. 7 Fractographic appearances of the 1.1x10%n/cm? speci-
men in water, consisting of a small amount of IG fracture area
surrounded by TG cracking

derlying the threshold fluence for IASCC in other irradiated
austenitic SSs.

2. Mechanism of IG Crack Initiation

The superimposed stress-strain curves in inert gas and in
water above the critical fluence suggest that IG cracking ini-
tiates in the early stage of slip deformation during straining
to maximum stress (Figs. 2(c) and (d)). Figure 15 depicts
engineering strain to non-ductile crack initiation in water
as a function of neutron fluence, compared with uniform
elongation. Although engineering strain to non-ductile crack
initiation and uniform elongation decrease with increasing
fluence, the difference between them becomes larger, in par-
ticular above the critical fluence. This indicates that the ini-
tiation of IG cracking comes earlier with increasing fluence.

To examine processes of IG crack initiation in the uniform
strain region, interrupted SSRT tests were carried out. A
6.4x10%° n/cm? specimen was strained to about 4% (a total
strain of 7%) in water and unloaded, followed by detailed
specimen surface observations. Several small incipient
cracks were revealed on both sides of the specimen gauge
section. The specimen was then loaded and strained to about
9% (a total strain of 13%) in water. More cracks were pres-
ent on both sides of the specimen, as shown in Fig. 16. The

T. ONCHI et al.

localized
~"deformation

Fig. 8 Fractographic appearances of the 6.2x10% n/cm? speci-
men in water; (a) general surface view, (b) and (c) IG crack fac-
ets, and (d), (e) and (f) specimen surface cracks

cracks were distributed from one end to the other over the
entire specimen gauge length (Fig. 16(a)). All the cracks
grew transversely to the tensile direction (Figs. 16(b), (c)
and (d)). A large crack extended from one edge to the middle
of the gauge width near the grip (Fig. 16(e)), exhibiting IG
crack facets (Fig. 16(f)). It is noted that not only did the
cracks identified at 4% strain grow during the test to 9%
strain, but that a few new, additional cracks were also detect-
ed at 9% strain. This indicates that both the number of 1G
crack initiation sites in the uniform strain region and the size
of the IG cracks increased with increasing strain.

The classical mechanism of IG crack initiation in oxygen-
ated water for the irradiated austenitic SSs has been ex-
plained in terms of the RIS-induced Cr depletion at grain
boundaries in the same way as that for the thermally sensi-
tized 304 SS. Nowadays, however, the role of the Cr deple-
tion on TASCC initiation is disputable. For instance, Busby
et al."® insist that the Cr depletion is not the primary deter-
minator for IASCC susceptibility in oxygenated water,
whereas Fukuya et al.'? indicate that the grain boundary
segregation, probably Cr depletion, was sufficient to cause
IASCC in oxygenated water. In the present work there was
no appreciable Cr depletion at grain boundaries of the
304L SS in the unirradiated condition or at fluences of up
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Fig. 9 Typical unirradiated, deformed microstructures; (a) cellu-
larized dislocation structure in a uniformely-deformed region,
and (b) two kinds of long, narrow deformation induced bands
(in the rectangle) in-non-uniformly deformed region.

to around the critical fluence, while only a small amount of
Cr depletion was detected at 6.2x 10?° n/cm?. Nevertheless,
IG cracking occurred above around 1x10%° n/cm?, indicat-
ing that the RIS-induced Cr depletion is not responsible
for the IG crack initiation in oxygenated water. Therefore,
it is evident that Cr depletion at the grain boundary was
not a primary factor for crack initiation in oxygenated water.

Radiation induced, inhomogeneous plastic deformation
would be an alternative to Cr depletion for IG crack initia-
tion in water. Uniform elongation of the 304L SS is signifi-
cantly smaller at 6.2x10?° n/cm? than at the lower fluences
(Fig. 3(b)). The reduction in uniform elongation due to neu-
tron irradiation is ascribable to dislocation channeling struc-
tures,'” in general. Thus we have to pay attention to the phe-
nomenon of dislocation channeling in the irradiated material.
Apparently, the occurrence of inhomogeneous slip deforma-
tion typified by dislocation channeling is a key step to ini-
tiate IG cracking of the irradiated 304L SS in water, because
the critical fluence for IG cracking is equivalent to that for
dislocation channeling in the irradiated 304L SS, as dis-
cussed above.

Dislocation channeling structures in irradiated 304L SSs

VOL. 43, NO. 8, AUGUST 2006

Fig. 10 Typical deformed microstructures of the 7.5x10'° n/cm?
material; (a) segregated dislocation band structure and (b) defor-
mation twins

have been observed by several workers. For examples, Vic-
toria et al.'® showed TEM images of dislocation channels
in 304L SS neutron-irradiated to 1.5dpa and deformed at
550 K. Cole et al.'” reported to have observed both disloca-
tion channeling and deformation twinning in 304L SS heavy
ion-irradiated up to 5Sdpa and deformed at 288°C. Carter
et al.'"® also found dislocation channels in 304L SS pro-
ton-irradiated to 1 dpa and deformed at 288°C. In the present
work, it is around 1x10% n/cm? (~0.16dpa) that disloca-
tion channeling structures were identified in the irradiated
304L SS. This fluence level is the lowest among those re-
ported in the literatures and corresponds to the critical flu-
ence for IG fracture in water.

A more careful investigation of the dislocation channel
structures was made to gain mechanistic insights into the
IG crack initiation process in the irradiated 304L SS. The
geometrical pattern of dislocation channel structure shows
steps that have been induced in some channels upon being
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Fig. 11 Clear dislocation channeling structure of the mildly-deformed region of the 1.1x10%° n/cm? material; (a) low

magnification image, and (b) high magnification image

intersected by another channel (circled in Fig. 11(a)). In IG
facets of the fracture surface of the 6.2x10%° n/cm? materi-
al, deformation step markings are identified, though covered
with corrosion products deposition, as was shown in
Figs. 8(b) and (c). Such deformation step markings were
more clearly observed in the IG facets of fracture surface
in inert gas and in water for the irradiated, thermally-sensi-
tized 304 SSs irradiated to higher fluences.!"'> The step
markings in dislocation channeling structures as identified
in irradiated, deformed microstructures correspond to those
fractographically observed in the irradiated austenitic stain-
less steels. Thus, such slip deformation step markings in
the irradiated, deformed microstructures and fractographic
IG facets are important mechanistic evidence supporting a
mechanically-induced process of IG crack initiation in the ir-
radiated material.

Figure 17 represents a high magnification image of the
intersecting points of dislocation channels, showing a very

significant dislocations pile-up. It is suggested from this im-
age that such high dislocation densities at the intersecting
point of the channels would promote local stress and strain
concentration at the intersecting points. Further, when such
dislocation channels and/or localized deformation bands im-
pinged against grain boundaries, it can be reasoned by anal-
ogy that a sufficiently high level of stress concentrations
would be generated at the grain boundaries of the irradiated
material. The initiation of IG cracks in water would occur so
as to relieve stress and strain concentrations at grain bounda-
ries. In the interrupted SSRT tests, as presented earlier, small
IG cracks initiated at the grain boundaries at about 4% strain
and then grew to larger cracks after straining to about 9%,
with new cracks also initiated during the straining. This in-
dicates that the earlier onsets of localized plastic deforma-
tion and subsequent interaction with grain boundaries in lo-
cal regions would lead to the earlier initiation of IG cracks
and their wider distribution over the entire gauge section
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Fig. 12 Highly-deformed microstructures of the 1.1x10%° n/cm?
material; (a) segregated dislocation band structures, and (b) irra-
diation-induced “black-spots” and micro-/nanotwins

with increasing strain. Therefore, stress and strain concentra-
tions at grain boundaries as a mechanically induced process
is the alternative to the Cr depletion mechanism, causing IG
crack initiation above the critical fluence due to the intersec-
tion between dislocation channels and/or segregated disloca-
tion bands and grain boundaries. IG cracks would then be in-
itiated at grain boundaries in order to releasing very high
stresses accumulated there.

3. Mechanism of TG Crack Initiation

Crack initiation mechanism of TG cracking in the irradi-
ated 304L SS is another concern that should be clarified, be-
cause once TG cracking occurs on the surface region of the
material it may possibly trigger IG cracking, as noted in the
Introduction. A classical concept of TG crack initiation was
proposed by Pugh,'® who insisted that TGSCC occurred by
environmentally induced cleavage and propagated by dis-
continuous brittle fracture (cleavage), though the manner

VOL. 43, NO. 8, AUGUST 2006

Fig. 13 Deformed microstructures of the 6.2x10%° n/cm? materi-
al; (a) inhomogeneouly segregated dislocation band structures,
and (b) grain boundary microstructures of wavy contrasts

in which the environment induces cleavage in normally duc-
tile alloys has not been determined. This may be true when
water contains a certain amount of chemical agents like
chlorine and ammonia.

In the present work, TG cracking occurred at a fluence be-
low the critical fluence for IG, at the surface region of the
irradiated material (Fig. 4(b)). That should be differentiated
from the other type of TG cracking that happens in the inte-
rior of the material during the SSRT tests, reviewed by
Szklarska-Smialowska, et al.’” They noted that after the in-
itial IG cracks penetrated into the metal deeply enough, a
transition from IG to TG crack propagation was often ob-
served. The process was explained in terms of higher strain
rate that is more favorable to induce twin deformation than
slip deformation at the IG crack front. In the present discus-
sion, we deal with TG cracking on the surface regions of the
material below the critical fluence.

It was found from the superimposed stress-strain curves at
7.5x10" n/cm? (Fig. 2(b)) and the results of fractographic
examination (Fig. 6) that the TG cracking on the surface
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Fig. 14 Typical Cr, Ni, and P concentration profiles at grain boundaries of the irradiated samples

by FEGSTEM analyses

of the irradiated material initiated and grew in the non-uni-
form strain region during the SSRT test. The fractographic
appearance of the TG cracking resembles that for pseudo-
cleavage fracture in fcc metal. Obviously the fracture in a
cleavage manner under water environment was brought
about by irradiation hardening of the material, since the yield
stress at 7.5x10'° n/cm? was 1.5 times higher than at the
unirradiated condition (Fig. 3(a)). The higher yield strength
of the radiation-hardened material is more favorable to de-
formation twinning, particularly in the non-uniformly de-
formed region closer to the fracture surface where the CRSS
would be allowed to rise even higher with the reduction in

cross-section, as well as within constrained areas such as
the annealing twin band that was shown in Fig. 10(b).

A significant difference in the deformed microstructures
between the unirradiated and irradiated materials is the pres-
ence of numerous deformation-induced microtwins that re-
side extensively in the areas of a high density of dislocations.
Such a high population of deformation twins results in a high
frequency of intersections, further constraining dislocation
movement, and promoting micro-crack nucleation and initia-
tion. It is likely that the occurrence of a large population of
deformation twins is related to the initiation of TG cracking.
Therefore we can hypothesize that such a high density of de-

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



Downloaded by [Ciemat] at 08:26 21 December 2017

Crack Initiation Mechanism in Non-ductile Cracking of Irradiated 304L Stainless Steels under BWR Water Environment 863

60
A Engineering strain to non-
ductile crack initiation

50 (3 O Uniform elongation

40 |
L
S30
©
=
[

20

10 |

0
Unirrad. 1.0E+19 1.0E+20 1.0E+21 1.0E+22

Neutron fluence (n/cm?)

Fig. 15 Engineering strain to non-ductile crack initiation in water
as a function of fluence, comparing with uniform elongation
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Fig. 17 Intersection of dislocation channels in a grain in the early
stage of slip deformation at 1.1x10% n/cm?

Fig. 16 Surface appearances of cracks on the 6.2x10% n/cm? specimen at a plastic strain of about 9% in an interrupted
SSRT test in water
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formation twins are related to TG cracking in the irradiated
material.

In most metallic materials slip generally occurs first and
then twins are nucleated when the stress concentrations at
dislocation pile-ups exceed the CRSS for twinning.?" Evi-
dence from fractographic examination show very high stress
and strain concentrations happened by an externally applied
force in the vicinity of the fracture face, as seen in Fig. 6(b).
The relationship between deformation twins, local stress and
strain concentrations at twin boundaries and TG crack initia-
tion has been discussed with theoretical calculations and on
the bases of experimental observations, suggesting that twin
boundaries will become TG crack initiation sites and propa-
gation paths when deformation twins can act as the source of
high stress concentration,?>?3 in particular at the intersection
of twin deformation bands. Very high stress and strain con-
centrations will occur at both twin boundaries and grain
boundaries into which localized plastic deformation bands
terminate. This means that whether or not non-ductile cracks
initiate in water is strongly dependent upon the particular
stress and strain concentrations at grain boundaries and twin
boundaries. Intergranular cracks in the radiation-hardened
material can initiate at grain boundaries loaded by the local-
ized plastic deformation bands, while TG cracks can initiate
when externally-applied stresses and strains are concentrated
at the deformation twin boundaries in the surface regions of
strain-hardened grain matrixes. Further work is still required
to adequately prove the role of deformation twinning on TG
crack initiation though.

V. Conclusion

(1) Intergranular cracking occurred in water above a critical
neutron fluence of around 1x10%° n/cm? which was de-
termined from the results of SSRT test and SEM frac-
tography. The critical fluence is mechanistically sup-
ported by the observation of dislocation channeling in
the irradiated, deformed microstructure at that fluence,
in the absence of Cr depletion at the grain boundaries.

(2) Above the critical fluence, IG cracking initiated in the
early stage of inhomogeneous slip deformation. The in-
itiation of IG cracking came earlier with increasing flu-
ence due to earlier onsets of dislocation channeling, and
the distribution of IG cracking became wider over the
entire surface region of the material with increasing
strain.

(3) Below the critical fluence, TG cracking occurred in wa-
ter on the non-uniformly-strained surface region and in
the later stage of plastic deformation of the irradiated
material. It is hypothesized that the initiation of TG
cracking is related to a high density of deformation
twins in the grain matrixes of the irradiated material.

(4) Intergranular cracking in water initiated at grain boun-
daries inhomogeneously loaded by localized deforma-
tion, while TG cracking is inferred to have initiated at
the deformation twin boundaries in the irradiated,
strain-hardened material. The stress and strain concen-
trations at grain/ twin boundaries would be the common
cause for the non-ductile crack initiation.

T. ONCHI et al.
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