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Effeets of Water Chemistry on [ntergranular Cracking of Irradiated Austenitic Stainless Steels*

[{. M. Chung, W. E. Ruther, J. E. Sanecki, A. Hins, and T. F. Kassner
Argonne National Laboratory
Argonne, [L 60439, U.S.A.

Abstract

To determine the effects of water chemistry on the susceptibility to irradiation-assisted
stress corrosion cracking (IASCC) in austenitic stainless steels, constant-extension-rate
tests were conducted in simulated BWR environments on several heats of high- and
commercial-purity (HP and CP) Type 304 SS specimens from BWR components irradiated
to fluences up to 2.4 x 102! ncm2 (E > 1 MeV). Effects of dissolved oxygen (DO) and
electrochemical potential (ECP) in 289°C water were investigated. Dependence of
susceptibility to intergranular stress corrosion cracking (IGSCC) on DO was somewhat
different for the two materials. Susceptibility of the HP heats. less influenced by DO and
ECP, was higher than that of CP material for all DO and fluence levels. Percent IGSCC in
the CP material was negligible for DO <0.01 ppm or ECP <-140 mV SHE. Results of
analysis by Auger electron spectroscopy indicated that the HP neutron absorber tubes were
characterized by relatively lower concentrations of Cr. Ni, and Li and relatively higher
concentrations of F and N on grain boundaries than those of the CP materials. It is
suggested that a synergism between irradiation-induced grain-boundary Cr depletion and
fabrication-related fluorine contamination plays an important role in the stress corrosion
cracking behavior of the HP neutron absorber tubes. :

Key terms: irradiation-assisted stress corrosion, austenitic stainless steel, water
Introduction

In recent years, failures of reactor-core internal components in both BWRs and PWRs have
increased after accumulation of relatively high fluence (>5 x 1020 n-cm2, E >1 MeV). The
general pattern of the observed failures indicates that as nuclear plants age and neutron
fluence increases, various apparently nonsensitized austenitic stainless steels (SSs) become
susceptible to intergranular failure. However, some components (e.g., BWR core shrouds
and control blade handles) are known to have cracked under minimal applied stress, low
fluence, and negligible thermal sensitization. Although most failed components can be
replaced, some safety-significant structural components (e.g., BWR top guides and core
plates) would be very difficult or impractical to replace. Therefore, the structural integrity
of these components has been a subject of concern, and extensive research has been

conducted to provide an understanding of this type of degradation, which is commonly
known as irradiation-assisted stress corrosion cracking (IASCC).1-14

In general, IASCC is known to be characterized by strong heat-to-heat variation in
susceptibility regardless of irradiation condition and material type and grade, even among
materials of virtually identical chemical compositions. This seems to cast serious doubt not
only on the role of grain-boundary segregation of usual impurities identified in the ASTM
specifications, but also on the premise that Cr depletion is the primary mechanism of
IASCC. One of the most important factors that has been considered by many investigators
to support the Cr-depletion mechanism is the observation that dependence on water
chemistry of IGSCC of nonirradiated thermally sensitized material and of IASCC of
irradiated solution-annealed material is similar (e.g.. see Ref. 1). However, data on the
effects of water chemistry of IASCC are limited, and only a few investigations have been
reported in the literature for BWR components.3.4.9 Results from these slow-strain-rate
tensile (SSRT) tests appear to indicate that the threshold electrochemical potential (ECP)
and dissolved oxygen (DO) necessary to protect against JASCC susceptibility Is <-140 mV
SHE and <0.01 ppm, respectively, for Type 304 SS components. Results consistent with
this have been reported also from uniaxial constant-load tests.!2 However, similar tests on
rod tensile specimens, fabricated from a number of commercial- and high-purity (CP and
HP) heats of Type 304 and 316 SS and irradiated in a BWR, indicated significant heat-to—
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heat variations not only in [ASCC susceptibility but also in response to water chemistry.?
We reported previously a similar behavior in BWR components fabricated from several HP
and CP heats of Type 304 SS for a fixed condition of water chemistry. i.e., DO of =0.3 ppm
and ECP of =60-150 mV SHE.5.6 [n this study. effects of water chemistry were
investigated for wider ranges of DO and ECP. The objective was twofold: (1) to better
define the effects of water chemistry on susceptibility of the HP and CP Type 304 SS BWR
components, thereby providing an independent confirmation of the protection potential,

and (2) to provide an insight as to the origin of the significant heat-to-heat variation in
susceptibility to [ASCC.

Experimental Procedures
Materials and Irradiation

A description and procedures for hot-cell SSRT tests were given in a previous report.5
Cylindrical SSRT specimens 89 mm long were sectioned from top-. middle-, and bottom-
axial positions of the BWR neutron absorber rods listed in Table 1. Sheet tensile specimens
fabricated from BWR control blade sheaths were also tested. The fast neutron fluence and
chemical composition of the HP and CP heats of Type 304 SS are given in Table 1.

SSRT Test

SSRT tests were conducted in air (Table 2) and in simulated BWR water (Tables 3-5) at
289°C at a fixed strain rate of 1.65 x 10-7 s-1. SSRT tests in water were conducted at DO
concentrations of =8 ppm (Table 3), =0.3 ppm (Table 4), and =0.001 ppm (Table 5).
Dissolved oxygen content in water was controlled by purging with nitrogen gas and was
measured on the effluent side. Effluent ECP values were determined by sequential
measurements on working electrodes of Type 304 SS and platinum. When the stainless
steel ECP was stabilized, the SSRT test was initiated. During the test, ECP was measured
periodically until the specimen fractured. For each SSRT test conducted, the values of DO,
average ECP, conductivity, and pH of water are listed in Tables 3-5.

Table 1. Chemical composition (in wt.%) and Jluence of high- and commercial-purity
Type 304 SS BWR components.

Heat Source Service Fluence
ID No. Cr Ni Mn Cc N B Si P S Code Reactor (102! n/cm2)

HP304-A 1850 9.45 1.53 0.018 0.100 <0.001 <0.03 0.005 0.003 NAT2 BWR-B 0.2-1.4
HP304-B 1830 9.75 1.32 0.015 0.080 <0.001 0.05 0.005 0.005 NAT2 BWR-B 0.2-1.4
HP304-CD 18.58 9.44 1.22 0.017 0.037 0.001 0.02 0.002 0.003 NAT2 BWR-B 0.2-1.4
HP304-CD 1858 9.44 1.22 0.017 0.037 0.001 0.02 0.002 0.003 NAT2 BWR-QC 2.0

CP304-A 1680 877 1.65 0.08d 0.052 - 1.55 0.045b 0.030P NATC BWR-Y 0.2-2.0
CP304-B 1820 8-10.5 gggb o.o8b - - 1.00P 0.045P 0.030P cBsd BWR-LC  0.5-2.6
2High-purity neutron absorber tubes, OD = 4.78 mm, wall thickness = 0.63 mm, composition before irradiation.
Represents maximum value in the specification; actual value not measured.
cCommercia.l-purity absorber tubes, OD = 4.78 mm, wall thickness = 0.79 mm, composition after irradiation.
Commercial-purity control blade sheath, thickness 1.22 mm, actual composition not measured.

Post-Test Examination

The fracture surfaces of SSRT specimens were analyzed by scanning electron microscopy
(SEM) to determine quantitatively the fractions of transgranular and intergranular fracture
morphologies (%IGSCQC). Grain-boundary microchemistry was analyzed with a JEQL
Company JAMP-10 Model scanning Auger microscope (SAM) on sgecimens charged with
hydrogen and fractured in-situ in the ultrahigh vacuum of the SAM.5.6

Results

Total Flongation

On the basis of the data in Tables 3-5. %IGSCC determined from SEM fractography has
been plotted in Fig. 1 as a function of total elongation in water. The figure shows that
uniaxial duetility in water is an approximate measure of susceptibility to IGSCC (or vice
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versa) regardless of water chemistry. However. results of the present investigation indicate

that for a comparable ductility, susceptibility to intergranular cracking is somewhat lower .
than those obtained for BWR dry tubes.24.9

Intergranular fracture morphology was observed only in specimens fractured in water:
%IGSCC was always zero for SSRT tests in air (Table 2). Nonductile fracture surface
morphology resembling dislocation-channel-induced fracture was observed frequently in
thin layers beneath the surface oxide in both air or water. This type of fracture will
influence crack nucleation but is believed irrelevant to the key process of intergranular

cracking. This signifies the importance of the role of water as a corrosive environment in
sustaining the grain-boundary separation.
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Susceptibility to IGSCC

In Fig. 2, effects of DO on %IGSCC vs. fluence are shown for the HP (HP304-A, B, and CD)
and CP neutron absorber tubes tested in this study. Susceptibility of the control blade
sheath (fabricated from another CP-grade heat) to IGSCC was negligible for all fluence
levels; therefore, no tests were conducted to investigate the effect of DO levels other than
=0.3 ppm. Percent IGSCC vs. DO (in the range of 0.02 to 32 ppm) for CP Type 304 SS dry
tubes, reported by Kodama et al.,3:4 is also shown in the figure for comparison. The strong

effects of DO on the susceptibilities of the CP Type 304 SS BWR neutron absorber and dry
tubes appear to be quite similar.

However, DO dependence of the neutron absorber tubes fabricated from the HP heats
appears to be different in several ways from those of the tubes fabricated from the CP
material: for comparable fluence levels, susceptibility of the former materials to IGSCC
seems to be less dependent on DO than is the latter material; furthermore, some degree of
susceptibility to IGSCC was observed in the HP materials even at the very low DO of =O.901
ppm. Susceptibility of the HP materials was significantly higher than that of (;P mgtenals
regardless of either DO or fluence. A similar trend is also obvious from Fig. 3. in Wthh. the
effect of ECP on %IGSCC is shown. In the figure, results obtained for CP 304 SS by Indig et
al.3 agree well with those from the present investigation, whereas HP tubes exhibit distinct
cracking behavior less sensitive to ECP than the CP materials.

Crack Growth Rate

Approximate intergranular crack growth rate (IGCGR) was estimated from SSRT data by a
procedure similar to that of Jenssen and Ljungberg.? In the present study, CGR was
estimated only for specimens in which through-wall IG crack had been confirmed by SEM
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fractography. For such specimens, the depth and time of IG cracking can be determined
fairly accurately from the fracture-surface map and load-elongation curve, respectively.
The estimated CGRs determined in this way are plotted as a function of ECP in Fig. 4. Also
shown in the figure are similar results reported by Jenssen and Ljungberg? and CGRs
calculated from the SSRT and constant-load test data reported by Kodama et al.4.9 and
Katsura et al.,12 respectively.

Results in Fig. 4 indicate that IGCGRs determined from SSRT and constant-load tests on
actual BWR components are similar for similar range of fluence and ECP. However, these
rates obtained from BWR components are significantly higher than those obtained from the
rod—-shaped SSRT specimens of Jenssen and Ljungberg.? Strain rate was significantly
different in these tests, ranging from 5 x 10-8 s-I t0 2.5 x 10-7 s~1. It is not clear if crack
growth rates determined from actual reactor components are influenced significantly by
the component fabrication variables and differences in irradiation conditions.. However,
test parameters such as stress intensity and strain rate should influence CGR significantly.
Stress intensity is not likely to have been comparable for the SSRT and constant-load tests
examined in Fig. 4. A more accurate comparison would be possible if CGRs were measured
under conditions of constant stress intensity.
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Figure 4. Intergranular crack growth rate vs. ECP
determined from constant-extension-rate and
constant-load tests on BWR tube components
and rod-tensile specimens irradiated in BWR.

Discussion

Threshold ECP. Although the threshold ECP of <~140 mV SHE to suppress IASCC in the
CP materials was confirmed to agree well with that reported by Indig et al.,3 the
contrasting dependence of susceptibility to intergranular stress corrosion cracking (IGSCQC)
of the HP and CP materials on water chemistry (DO and ECP) was unexpected. To obtain a
better understanding of the peculiar behavior of the HP tubes, grain-boundary
microchemistry has been analyzed by Auger electron spectroscopy (AES). The results,
some of which have been reported elsewhere,5.6.14 are summarized in Fig. 5.

Role of Cr Depletion. The HP-grade neutron absorber tubes are characterized by more
pronounced grain-boundary Cr depletion than that in the CP-grade absorber tubes or
sheath. This is shown in Fig. 5A, in which %IGSCC of the three types of BWR components
irradiated to a comparable fluence level of 1.4 x 102! n cm2 to 2.4 x 102! n cm-2 has been
plotted as a function of grain-boundary Cr concentration. The lower grain-boundary Cr
concentration in the HP materials is believed to be associated with the relatively higher
susceptibility of the materials to IASCC. However, it is difficult to explain the contrasting
behavior of the HP and CP materials to water chemistry solely on the basis of grain—
boundary Cr depletion. Likewise, it is also difficult to explain some of the important and
well-known characteristics of IASCC on the basis of a premise that grain-boundary
depletion of Cr plays a primary role, e.g., strong heat-to-heat variation in susceptibility
among heats of virtually identical chemical compositionl0 and the significant cracking
susceptibility observed after irradiation at such low temperatures as =5013 and =200°C.8

Role of Ni. Higher Ni concentration on grain boundaries appears to be cor.lduci-ve. to
suppression of IASCC susceptibility (Fig. 5B). This is qualitatively consistent with similar




observation reported by Cookson et al.8 It seems that lower Ni concentration tends to
increase metastability of grain boundaries in austenitic stainless steels.

Role of Li and B. The results in Fig. 5C show that %IGSCC correlates well with intensities
of Auger electrons that give rise to a characteristic peak at 58 eV (i.e., secondary peaks of
Ni and Li). The origin of the peak, which exhibited a characteristic shape similar to that of
Li but different from that of Ni, was examined extensively in a previous report.6 From the
examination, it was concluded that at least some portion of the peak height was produced
as a result of Li impurity contained in the irradiated BWR components. Therefore, the

results of Figs. 5B and 5C indicate that higher concentrations of Ni and Li, and hence B, are
beneficial in suppressing IASCC.
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Figure 5. Percent IGSCC vs. grain-boundary concentration of Cr (A) and Ni (B); and
us. relative intensities of Auger electrons with characteristic energies of
(C) 58-eV (Ni plus Li) and (D) 625-eV (F), measured on grain boundaries
in the BWR components that were irradiated to 1.4 to 2.4 x 1021 n em-2.

Relative Intensity of 58-eV (Ni and Li)
Peak from Grain Boundaries

Role of N We have reported evidence of grain-boundary segregation of N in neutron
absorber tubes fabricated from two heats of the HP material (i.e., HP304-A and -CD) that
were tested in this study.® Therefore, a higher concentration of N on grain boundaries

seems to be deleterious to resistance to IASCC, a finding consistent to that reported by
Kasahara et al.11

Role of F. The results shown in Fig. 5D indicate that a relatively higher level of F on
grain boundaries in HP absorber tubes (higher than in the CP tubes or sheath) is associated
with higher susceptibilities to IASCC.14 Inadvertent contamination of reactor components
by fluorine is believed to be associated primarily with pickling (in a solution containing HF)
in the case of tubular components, and with the use of F—containing weld flux in ﬂil-? case of
large welded components such as BWR core shrouds and certain older top guides.

The results in Fig. 5D on the effect of F appears to be consistent with the ;f:fect of F ions
dissolved in water on the stress corrosion cracking of nonirradiated sensitized stainless




-9~

steel, which was reported by Ward et al.15 [n that study, F ions as low as < | ppm in water
produced intergranular cracking to varying degrees in sensitized Type 304, 316, and 348
SS. Besides thermal sensitization, at least one of the following conditions were found to be
prerequisite for the intergranular attack in the nonirradiated materials: (1) tensile stress
(applied or residual). (2) cold work, (3) a crevice, or (4) visible oxide film.

depletion and absence of F. On the other hand, the IASCC-susceptible HP absorber tubes
were characterized by significant grain-boundary Cr depletion and relatively high level of F
(Figs. 5A and 5D). [t appears very likely that a small amount of F contamination in the HP
absorber tubes is sufficient to accelerate cracking along grain boundaries significantly
depleted of Cr. Similar to the dependences of the HP neutron absorber tubes to DO and
ECP observed in the present investigation, Ward et al. reported that F-assisted IGSCC was
less sensitive to DO than was classical IGSCC of thermally sensitized F-free specimens.15
However, a mechanistic understanding of the F-assisted intergranular cracking and the
strong influence of grain-boundary Cr depletion (via either thermal sensitization or
irradiation-induced process) have remained unexplained.

Model of F-Assisted Cracking. The catalytic role of halide impurities in accelerating
aqueous corrosion of Fe and Fe-based alloys is known to be strongly influenced b
concentration of Cr ions in water.16 The corrosion acceleration has been attributed to the
orders-of-magnitude faster rate of formation of a ligand complex between Fe-halide (i.e.,
halide anion chemisorbed on Fe adsorbent) and HoO molecules than the rate of formation
of a similar ligand complex between halide-free Fe atom and Ho0 molecules.16 A similar
effect can be postulated for relative reaction rates to form F-containing and F-free ligand
complexes of FeF(H20)5 and Fe(H20)g, respectively. Halide atom is released from the labile
ligand complex [e.g., FeF(H20)s] dissolved in water when HgO replaces the halide atom in
the complex, thus leading to a classical catalytic role by halides. However, this reaction
chain is broken when the concentration of Cr ions in water is high (e.g., in the crack tip at
grain boundaries of relatively insignificant Cr depletion), because the Cr-halide-Hs0O ligand
complex [e.g., CrF(Ho0)s] is formed rapidly but remains inert in water, thereby preventing
a catalytic role of the halide atoms (e.g.. F atoms) According to this model, key factors that
influence susceptibility to IASCC will be (1) concentration of free (i.e., not trapped by stable
precipitatesl4 or compounds) halide atoms (e.g., F) available on grain boundaries, (2)
concentration of Cr ions in the crack tip, and (3) lability of the 1‘«‘5:1*‘,((H20)y complex under
irradiation in LWR water.

The above model seems consistent with not only the behaviors of HP-grade neutron-
absorber tubes (high susceptibility) and CP-grade control blade sheath (negligible
susceptibility) observed in this work, but also with the increased susceptibility to IGSCC of
F-contaminated welds of either nonirradiated or irradiated Type 304 SS. The model also
predicts that, in the absence of an appreciable concentration of Cr ions in water (at very
low ECP), a low concentration of F in steels can sustain the catalytic role in the stagnant
environment of the slowly advancing crack tip. Fractographic examination of the cracked
HP absorber tubes by stereo SEM revealed that rugged fracture surfaces have a depth as
great as =20 grains in some regions in the direction perpendicular to the crack
propagation. At such a rugged crack tip, in which surface-to-volume ratio (of water) i§ very
high, it is more likely that F ions in water will exist in concentrations sulfficiently high to
sustain the catalytic reaction.

Conclusions

(1) Effects of dissolved oxygen (DO) and electrochemical potential (ECP} on susceptibility
of commercial-purity (CP) Type 304 stainless steel (SS) BWR neutron absorber tubes
to IASCC. determined from slow-strain-rate tensile tests in simulated BWR water at
289°C, were similar to those of other CP-grade Type 304 SS BWR components
reported in a previous investigation. Threshold ECP and DO to protect the CP-grade
materials against susceptibility to IASCC were confirmed to be. respectively,
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<=140 mV SHE and <0.01 ppm. For fluence >1.3 x 102! n cm-2, susceptibility to
IASCC seems to be determined primarily by DO or ECP, indicating the dominant effect
of water chemistry and the secondary effect of fluence.

(2) Dependence of IASCC susceptibility of BWR components fabricated from high-purity
(HP) heats of Type 304 SS differed from those of the components fabricated from CP
materials. In comparison to the CP heats, susceptibility of the HP heats was less
dependent on water chemistry (DO and ECP) and was significantly higher regardless of
water chemistry and fluence.

(3) The HP-grade neutron absorber tubes, significantly more susceptible to IASCC than
were the CP tubes or sheaths, were characterized by lower concentrations of Cr, Ni,
and Li and higher concentrations of F and N on grain boundaries than those of the CP-
grade components, indicating that higher levels of Cr, Ni, and B and lower levels of F
and N in steels are beneficial in suppressing IASCC. Although it is not clear at this
time as to the specific culprit elements and the exact metallurgical processes that play
the most important role, the higher susceptibility and its dependence on water
chemistry of the HP tubes can be explained well by a model based on a synergism
between grain-boundary Cr depletion and F contamination (most likely associated with

component fabrication) in which F atoms play a catalytic role leading to accelerated
IGSCC.

(4) Intergranular crack growth rates estimated from the present SSRT and constant-load
tests conducted on BWR components in other laboratories are similar but significantly
higher than those estimated from the SSRT data reported for BWR-irradiated test
specimens. Origin of the discrepancy is not clear at this time, although factors such as
stress intensity and strain rate are suspected.
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