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ABSTRACT

As nuclear plants age and accumulated fluences
of core structural components increase,
susceptibility of the components to irradiation-
assisted stress corrosion cracking (IASCC) is
also expected to increase. Irradiation-induced
sensitization, commonly associated with an
IASCC failure, was investigated in this study to
provide a better understanding of long-term
structural Integrily of safety-significant in-core
components. Irradiation-Induced sensitization
of high- and commercial-purity Type 304
stainless steels irradiated in BWRs was analyzed.

INTRODUCTION

In recent years, failures of reactor-core internal
components in both boiling- and pressurized-
water reactors (BWRs and PWRs) have increased
after accumulation of relatively high fluence (>5
x lO2^ n-cm-2, E > 1 MeV). The general
pattern of the observed failures indicates that as
nuclear plants age and the neutron fluence
increases, a wide variety of apparently >
nonsensitized austenitic materials become :

susceptible to lntergranular failure. Some of the
failures have been reported for components that
are subjected to a relatively low or negligible
level of stress, e.g., control blade sheaths and
handle and instrument dry tubes of BWRs. •
Although most failed components can be j
replaced, some safety-significant structural i
components, such as the BWR top guide, shroud, i
and core plate, would be very difficult or
impractical to replace. Therefore, Integrity of
these structural components after accumulation
of high fluence has been a subject of concern,
and extensive research has been conducted to
provide an understanding of this type of •
degradation process, commonly termed i
irradiation-assisted stress corrosion cracking I
(IASCCJ.l-7

Most of the safety-significant structural
components are fabricated from solution-
annealed austenitic stainless steels, primarily
Type 304 stainless steel (SS) in US BWRs.
Component fabrication procedures and reactor
operational parameters, such as neutron flux,
fluence. temperature, water chemistry, and
mechanical loads have been reported to
Influence susceptibility to IASCC. However,
results from research at several laboratories on
materials irradiated under a wide variety of
conditions are often inconsistent and conflicting
as to the influence of these parameters.7

Failures of austenitic SS after accumulation of
high fluence have been attributed to IASCC. in
which irradiation-Induced segregation or
depletion of elements such as Si. P. S. Ni. and
Cr at grain boundaries has been implicated. It is
generally believed that the nonequilibrium
process of radiation-induced segregation (RIS)
of impurity or alloying elements is strongly
Influenced by irradiation temperature and fast-
neutron dose rate. However, the identity of the
elements that segregate and the extent to which
RIS contributes to the enhanced susceptibility of
the core-internal components of LWRs to IASCC
are not clear, in particular for Type 304 SS
components. The objective of the Investigation
Is to determine comparative characteristics of
RIS in high- and commercial-purity heats of
Type 304 SS that occur during service In BWRs.
The mlcrostructural modifications in the steels
will be correlated with results of separate on-
going tests in which susceptibilities of the two
heats to stress corrosion cracking (SCC) are
being measured in simulated BWR water.

EXPERIMENTAL PROCEDURE

Type 304 SS was obtained from control blade
absorber rod tubes that were irradiated in two
BWRs. The absorber rods, containing B4C
absorber, were discharged from the reactors



after several years of service. Chemical
composition of nigh-purity (HP) heat of Type
304 SS from which the absorber tubes of BWR-B
were fabricated was (in wt.%); Cr 18.58, Ni 9.44.
Mn 1.22. C 0.017. N 0.037, B 0.0002. Si 0.02. P
0.002, and S 0.003. Commercial-purity (CP)
heat of Type 304 SS from which the absorber
tubes of BWR-Y were fabricated contained Cr
16.80. Ni 8.77. Mn 1.65, N 0.052. Si 1.55. and O
0.024. "Die neutron fluence of the HP and CP
heats was, respectively 1.4 xlO21 and 2.0 x 1021

n em-2 (E> 1 MeV).

Analyses of grain boundary mlcrochemistry and
irradiation-Induced sensitization were
conducted by Auger electron spectroscopy (AES)
with a JEOL Company JAMP-10 Model scanning
Auger microscope (SAM). Notched specimens
(0.8 x 3.0 x 20 mm) were electropolished in a
solution of phosphoric-sulfuric acid (60:40 % by
volume). Hydrogen charging was then
conducted for 45 - 50 h in an electrolyte of 0.1N
sulfuric acid with 100 mg/l of arsenic pentoxide
or sodium arsenide, which act as a hydrogen
recombination poisons. Following the hydrogen
charging, most of the specimens were fractured
without plating of the surface. The hydrogen-
charged specimens were fractured at room
temperature in ultra-high vacuum (7 x 10-1° to 2
x 10'9 torr) of the SAM. The freshly fractured
surfaces were then examined without being
exposed to the atmosphere. Typically five to
eight spots were selected for spectral analysis
from regions of ductile and Intergranular
fracture. After the spectral analysis, depth
profiles of alloying and Impurity elements were
obtained as a function of sputter distance
beneath a selected region of intergranular
fracture.

RESULTS

Figure 1 shows the morphologies of the
intergranular fracture surfaces produced in the
specimens of HP and CP heats after hydrogen
charging and in-situ fracture in the ultra-high
vacuum of the SAM. Intergranular fracture was
relatively more difficult to produce In the HP
specimens than in the CP specimens. The
composition of local spots on fracture surfaces
was determined by AES. Auger electron spectrs
were obtained from a number of intergranular

, and ductile fracture regions. Auger spectra
characteristic of an intergranular and ductile
regions are shown in Fig. 2. Overall spectra, as

Zjm

Fig. 1. Morphologies of intergranular fracture
surfaces produced in high- (A) and
commercial-purity (B) Type 304 SS
absorber rod tubes after hydrogen
charging.

well as magnified plots of the low-energy regions
of the spectra, are shown in Figs. 2A (obtained
from Intergranular region) and 2B {ductile}, and
Figs. 2C (intergranular) and 2D (ductile),
respectively, where the latter two better
illustrate signals from impurity elements such as
Si, P, and S.

Comparison of spectra characteristic of
intergranular and ductile fracture surfaces, such
as those of Fig. 2, revealed the following: (1)
signals from O, C. and S are caused by
contamination from gases in the environment of
the Auger microscope and the contamination
was significantly greater on ductile fracture
surfaces than on Intergranular surfaces, and (2)
signals corresponding to NI, P, Si. and an
unidentified energy peak at 59 eV were
generally stronger for an intergranular fracture
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Fig. 2. "typical Auger spectra of (A) an intergranular fracture surface of CP
Type 304 SS: (B) ductile fracture surface: (C) and (D) expanded
spectra of A and B. respectively.

surface than tor a ductile surface. To show these
characteristics more quantitatively. Auger
signals from several spots on ductile and
Intergranular fracture regions were analyzed,
and peak-to-peak amplitudes of Ni, Cr. Si, P. and
the 59-eV peak were measured and normalized
with respect to the amplitude of the 701~eV
peak of Fe. These normalized amplitudes
correspond to the relative abundance of each
element compared to the population of Fe
atoms. In addition to the spectra obtained from
five ductile and five intergranular fracture
regions, three spectra were obtained from a
faceted fracture surface of uncertain
morphology. Although the latter morphology
indicated a nonducOle fracture of the local area,
it was not clear if it could be attributed to grain
boundary separation. However, the normalized
amplitudes from intergranular fracture regions
provide information on the relative
concentration of elements on grain boundaries.

The Auger peak near 90 eV is composed of
adjacent signals of Si {91 eV) and Fe (88 eV).
However, the contribution from 88-eV peak of
Fe is relatively small, probably less than 3-5%,*
which can be surmised from a comparison of the
peaks shown in Figs. 2C and 2D. Therefore, the
normalized amplitude denoted as Si+Fego-ev
should correspond primarily to Si concentration.
The peak at 59 eV could not be identified It is
possible that the 61-eV Ni peak could shift both
in energy and amplitude because of the
formation of a thin film of a Ni-Si compound on
the grain boundary. The 59-eV peak amplitude
was proportional to the amplitudes of Si peak
and was significant only on intergranular
fracture surfaces of the CP specimens.

The normalized amplitudes, obtained for Ni. Si.
P. and the unidentified 59-eV peak from two CP
specimens, are plotted in Figs. 3 and 4. From
these figures, the relative segregation of each
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Fig. 3. Normalized peak-to-peak amplitude of Ni (A), Si (B). p (C), and

unidentified element or compound (denoted as X5g.ev in Fig. 2) (D)
obtained from ductile (denoted by letter D). intergranular (I), and
uncertain faceted (U) fracture surfaces of a CP absorber tube
specimen.
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element can be determined. Both figures show
that the Ni intensity tends to be higher on
intergranular than on ductile fracture surfaces.
Therefore, it can be concluded that Ni atoms
segregate to grain boundaries. Silicon also
became enriched at grain boundaries. Likewise,
phosphorus also segregated to grain boundaries
where the levels are as much as nine times
higher than the bulk concentration (e.g.. Fig. 3).
Although the 59-eV peak could not be identified
at this time. Figs. 3 and 4 strongly indicates that
intergranular fracture is associated with high
intensity of this peak.

Results similar to those of Figs. 3 and 4 but
obtained for a HP specimen are plotted in Fig. 5.
In distinct contrast to those of CP specimens,
the results of Fig. 5 show no evidence of
segregation of Si. P, or the unidentified 59-eV
peak. Intensities of signals from S. C, and O
were relatively higher in HP than in CP
specimens, indicating relatively more
contamination by adsorbed gases on cleaner
intergranular surfaces of the HP specimen.
Thus, it was clear that no significant segregation
of impurity elements occurred during irradiation
of the HP specimens.

However, grain-boundary segregation of Ni was
more pronounced in the HP than in the CP
specimens. This is shown in Fig. 6.

In general, the intensity of the S peak was
stronger in a specimen that was fractured
following the hydrogen-charging and Cu-platlng
procedure than a specimen fractured without
the Cu-plaOng step. Apparently, higher sulphur
contamination occurred during Cu plating
because a sulphur-containing solution was used
in the Cu-plating process.

The distribution of Fe, Cr, and Ni on or near a
grain boundary could be characterized better by
the depth-profile technique. As expected, the
grain boundaries in both CP and HP specimens
were depleted of Fe and Cr and enriched in Ni.
The Cr distributions in Fig. 7 were obtained by
sputtering intergranular fracture surfaces of the
CP specimens. The extent of Cr depletion
(depletion ratio 0.75-0.87) was not significant in
the CP specimens.

Cr depletion profiles, similar to Fig. 7 but
obtained from two specimens of the HP heat, are
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Fig. 5. Normalized amplitudes similar to Fig. 3 obtained from a HP absorber
tube specimen.
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shown in Fig. 8. It indicates that Cr depletion
(depletion ratio 0.40-0.52) Is more pronounced
iri the HP than In the CP heat.

DISCUSSION

Irradiation-induced grain boundary segregation
and depletion of alloying and Impurity elements
have been associated with irradiation-assisted
stress corrosion cracking (IASCC) of the steel.1"7

The analyses of Type 304 stainless steel of BWR
absorber rod tubes by AES show that undersize
atoms, namely. Si. P. and Ni, segregate to grain
boundaries, whereas oversized atoms, namely Cr,
diffuse away from grain boundaries. This Is
consistent with theory and experimental
observations that have been reported
previously.4-^ Origin of the P segregation (i.e..
Irradiation-induced during service or thermally
driven during fabrication) is, however, not clear
at this time. To clarify the nature of the P
segregation, similar analyses on low- and
medium-fluence specimens of commercial-
purity (CP) absorber tubes are being conducted.

Although grain boundary segregation of SI In
Type 348 SS specimens has been well
established from analyses by fleld-emlsslon-gun
scanning transmission electron microscopy
(FEG-STEM),5"6 a previous AES* study on Type
304 SS irradiated in the Advanced Test Reactor
(ATR) indicated that S was the major element
that segregated to grain boundaries Instead of Si
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Fig. 7. Comparison of grain-boundary profiles
of Cr obtained underneath three
intergranular-fracture surfaces of the
CP absorber tube specimens.

or P. The latter elements were considered
secondary impurities that segregated on
intergranular fracture surfaces of the ATR-
Irradlated Type 304 SS. This is in direct
contrast to the present results from the CP
specimens, in which Si and P were the primary
impurities that segregated. No evidence of S
segregation was observed in the present study,
although S, C, and O signals were attributed to
contamination. For example, S (as well as C and
O) intensities were consistently higher on
ductile fracture surfaces than on intergranular
fracture surfaces. A small peak corresponding to
Cl (181 eV) and B (179 eV) was observed and
showed similar characteristics, indicating that
the peak was due primarily to Cl contamination.
Sulfur should be detected by FEG-STEM;
however, no evidence of S segr .gation has
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been reported from such investigations on BWR-
irradiated Type 348 or 304 SS. In view of this,
occurrence of S segregation and a role of S in
IASCC of Type 304 SS in BWR environments are
considered unlikely.

In contrast, intergranular fracture surfaces
produced in the high-fluence CP specimens of
Type 304 SS seem to be associated with
significant segregation of Si, P. and the
unidentified element or compound that gives
rise to the 59-eV peak. This is particularly true
in view of the insignificant Cr depletion in the
CP specimens (Fig. 7). A synergistic interaction
between Si and Ni enrichment on grain
boundaries, which may lead to formation of a
thin film of G-phase (a phase rich in Ni and Si)
or another. Ni-Si compound, cannot be ruled out.
A significant weakening of grain boundaries may
occur as a result of such thin-film formation.

The absence of any significant segregation of
impurity elements on grain boundaries of the
high-purity Type 304 SS specimens is obviously
a result of the very low impurity content.
However, despite negligible impurity
segregation, Cr depletion and Ni segregation
were more pronounced in the HP specimen
than in the CP material for a similar fluence .
level. This suggests that there may be a
synergism between Cr depletion and impurity
segregation (i.e., less Cr depletion accompanying
a pronounced impurity segregation, or more Cr
depletion in absence of impurity segregation).
The two groups of oversized (Cr) and undersized

(Si. Ni. and possibly P) atoms diffuse in opposite
directions, i.e.. away from and toward a grain
boundary sink, respectively. In this
simultaneous process. Cr diffusion may be
perturbed by the opposite flux of Si (and possibly
P) atoms, which thereby suppresses Cr
depletion (e.g.. in the CP material).

It seems interesting to correlate relative
susceptibility of the CP and HP materials to SCC
with the characteristics of the irradiation-
induced sensitization. If Cr depletion is the
primary mechanism that controls SCC, HP
specimens would be expected to exhibit a
greater susceptibility to SCC than CP materials.
If impurity segregation Is the primary
mechanism, an opposite result Is expected. To
clarify these contrasting alternatives to the
IASCC process, slow-strain-rate tensile tests are
being conducted in a hot-cell facility on
specimens from the two heats of Type 304 SS in
simulated BWR water.

Most of top guides In US BWRs have been
fabricated out of commercial-purity Type 304
SS. Estimates of current peak fluence levels for
the BWR top guides range from 2 x 1021 to 6 x
1021 n cnr2 (E> 1 MeV). with end-of-life
maximum cumulative fluence (e.g.. at bottom
center) on the order of 1 x 1O52 ncnr2. End-of-
life fluence in other locations of a top guide Is
estimated to be an order-of-magnitude lower
than that of the bottom center. However, on the
basis of present results obtained for a fluence of
2 x 1021 n cm-2 (E> 1 MeV), some degree of
irradiation-induced sensitization appears to be
Inevitable in the top guide structures that are
fabricated out of commercial-purity Type 304
SS. In comparison with relatively small loads on
the top guide structure during normal operation,
the absorber rod tubes are subjected to relatively
larger hoop stress during irradiation because of
swelling of the B*C absorber. Effect of stress on
Irradiation-induced sensitization is. however,
unknown at this time.

CONCLUSIONS

1. Irradiation-induced sensitization In high-
and commercial-purity Type 304 SS control
blade absorber tubes, irradiated in two BWRs to
fluence of 1.4 to 2.0 x 1021 n-cm-2 (E > 1 MeV).
has been characterized. Irradiation-induced
segregation of Si. P. Ni, and an unidentified
element or compound that gives rise to an Auger
energy peak at 59 eV was observed on grain
boundaries of commercial-purity Type 304 SS.
Such segregation was negligible in high-purity
material, except for Ni. No evidence of S
segregation was observed in either high- or



commercial-purity Type 304 SS material.

2. Cr depletion from and Ni segregation to
grain boundaries were more pronounced in the
high-purity than in the commercial-purity
material. This observation, coupled with the
previous conclusion, suggests that a synergism
occurs between impurity segregation and Cr
depletion. Stress corrosion cracking tests on
the high- and commercial-purity steels are In
progress to determine the relative importance
of Impurities segregation and Cr depletion on
susceptibility to intergranular fracture in
simulated BWR water.
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