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ABSTRACT

Austenitic stainless steels (SSs), because of their relatively high ductility, fracture toughness and moderate
strength are used extensively as structural alloys in the internal components of light water reactor (LWR) pressure
vessels. However, the LWR internal components exposure to neutron irradiation for extended periods degrades the
materials properties such as the fracture toughness.

This paper summarizes some of the results of the existing open literature data (on 1ASCC, and void
swelling) that have been published by the United States Nuclear Regulatory Commission (USNRC), industry,
academia, and other research agencies. The paper also identifies potential deficiencies or knowledge gaps in the
existing experimental data with respect to defining the threshold neutron dose/fluence levels above which irradiation
begins to affect material properties.

INTRODUCTION

Austenitic stainless steels (SSs) are used extensively as structural alloys in the internal components of light
water reactor (LWR) pressure vessels. It is because these steels have relatively high strength, ductility, and fracture
toughness [1, 3]. The austenitic stainless steels fracture by stable tearing at stresses well above the yield stress, and
the tearing instabilities require extensive plastic deformation. It was shown that a continued exposure to neutron
irradiation for extended periods changes the microstructure (radiation damaging [4]) and microchemistry (radiation-
induced segregation or RIS), and degrades the fracture properties of the steels [5-6]. In addition, irradiation changes
the water chemistry (radiolysis). For example, in boiling water reactors (BWRs), the irradiation results in an
increase in corrosion potential, whereas it has no effect in pressurized water reactors (PWRs) because hydrogen
scavenges the radiolysis products and the corrosion potential remains low [7-9]. Loss of fracture toughness due to
radiation embrittlement was not considered in the design of LWR core internal components constructed of austenitic
SSs, but it has to be considered in addressing nuclear plant aging and license renewal issues. In addition, elevated
cracking susceptibility due to irradiation-assisted stress corrosion cracking (IASCC), change in dimensions due to
void swelling [10], and stress relaxation due to radiation creep (11), are other aging degradation process that affect
LWR core internal components exposed to fast neutron radiation, and need to be considered in addressing plant
aging issues.

The United States Nuclear Regulatory Commission (US NRC) is actively conducting confirmatory research
to determine (a) the threshold neutron dose (fluence) for the irradiation assisted stress corrosion cracking (IASCC)
and (b) the disposition curves for SCC growth rates for irradiated SSs in LWR environments. The objective of this
paper is to address some of the concerns arising from irradiation-induced materials issues. The ultimate goal is to
help assure the structural and functional integrity of reactor core internals.

IASCC Susceptibility

IASCC enhanced cracking susceptibility of austenitic stainless steels is a major concern for maintaining the
structural and functional integrity of core internal components. Several incidents of IASCC have occurred since the
mid 1970s in BWR control blade handles and instrumentation tubes, and since the 1990s in BWR core shroud and
PWR baffle bolts. The neutron irradiation increases the IASCC susceptibility of austenitic SSs by changing the
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material microstructure due to radiation damage [12] and also the material microchemistry due to RIS. The IASCC
susceptibility of austenitic SSs has been investigated by conducting slow-strain-rate-tensile (SSRT) tests, crack
growth rate (CGR) tests, and crack initiation tests on irradiated material in simulated LWR environments and the
results indicate that the extent of inter-granular stress corrosion cracking (IGSCC) increases with fluence. In
addition, both the plant and laboratory data showed that the neutron fluence, flux, and energy spectrum, cold work,
material composition, corrosion potential, water purity, temperature, and loading conditions also significantly
influence the IASCC susceptibility of reactor core internal materials.

A review of the existing data on IASCC susceptibility has identified the following key material and
environmental parameters that influence the susceptibility of LWR core internals materials to IASCC.

(i).  the production, annihilation, and migration of the point defects lead to changes in the microstructure and
microchemistry of the material.

(if).  the changes in the microstructure and microchemistry of the material due to radiation induced segregation
(RIS).

(iii)  the radiation-induced precipitate (second phase) formation.

(iv)  the radiation hardening,

(v)  the changes in the tensile properties, and

(vi) the void swelling

Under LWR conditions, the material microstructure produced by irradiation seems to change significantly
for irradiation temperatures above 300°C. The production, annihilation, and migration of the point defects lead to
changes in the microstructure and microchemistry of the material. At LWR operating temperatures (i.e., 275-
300°C), the defect structure primarily consists of small “black spot” defect clusters and large dislocation loops. The
small defect clusters are less than 4 nm in diameter and consist mostly of interstitial loops and vacancy clusters,
which are created from the collapse of damage cascade during irradiation. At higher temperatures (> 3000C) the
microstructure contains large faulted loops, network dislocations, and cavities/voids (clusters of vacancies and/or
gas bubbles). The large dislocation loops are 4-20 nm in diameter and are primarily faulted interstitial Frank loops
that are created from the clustering of self-interstitial atoms. The size of the interstitial loops increases with
increasing irradiation dose as more interstitials are absorbed than vacancies. These loops stop growing when
vacancies and interstitials are absorbed at the same rate. The data on the microstructural evolution in reactor core
internal materials irradiated to doses above 10 dpa and at temperatures of 300-350°C are rather limited. The
available data indicate that under LWR irradiation conditions at 275-300°C the Frank loop microstructures in Type
304 and 316 SS are similar, and both the Frank loop density and loop size reach a saturation value at 5 dpa
(Figure 1) [10].

Neutron irradiation also changes the microchemistry of the material due to RIS. The migration of
vacancies and self-interstitial atoms to sinks such as grain boundaries, dislocations, or precipitate surfaces leads to
local compositional changes. Elements such as Si, P, and Ni that are believed to migrate by interstitial mechanisms
are enriched near regions that act as sinks for the point defects, while elements such as Cr, Mo, and Fe that exchange
more rapidly with vacancies are depleted near sinks. The extent of segregation or depletion depends on the rate of
generation and recombination of point defects (i.e., it depends on irradiation temperature and dose rate). It was
reported that RIS in LWRs is greater at lower dose rate. At temperatures (275-300°C), significant RIS is observed
at irradiation doses as low as 0.1 to 5 dpa. The extent of segregation/depletion at grain boundaries is decreased, and
the width of the profile is increased with an increase in irradiation temperature. In low-C Type 316 SS, pre-
segregation of Cr and Mo to grain boundaries in mill-annealed materials (without sensitization) promotes the
formation of W-shaped profiles. Most of the steels show a rapid decrease in Cr at grain boundaries to about 13 wt.%
at dose up to 5 dpa. The data at dose levels above 10 dpa are limited, but they indicate that Cr content can decrease
to 8-10 wt.% at grain boundaries in some materials.
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Figure 1. Results from the BOR-60 irradiation experiment with the data for austenitic stainless steels irradiated in a
BWR [Ref. 10].

The radiation-induced precipitates are similar to those that form during thermal aging and depend on
material composition, thermo-mechanical treatment, and radiation conditions (neutron dose, temperature, and
spectrum). Radiation can either enhance or retard the formation of some phases (e.g., Laves, ¢ and y intermetallics
and MC, M23C6, and M6C carbides) and modify the composition of M6C and Laves phases. The radiation-induced
phases include y’ silicide (Ni3Si), phosphides (M2P and M3P), and G phase (M6Ni16Si7). However, most of these
observations are based on fast reactor irradiations at temperatures above 350°C, and data obtained on materials
irradiated under LWR irradiation conditions at 320-350°C are limited. The existing data suggest that radiation-
induced precipitation is not a concern for LWRs at temperatures below 350°C. Metal carbides are the primary
stable precipitate phase in 300-series stainless steels under LWR operating conditions, although RIS of Ni and Si to
sinks in the matrix and grain boundaries may lead to the formation of y” and G phases.

The point defect clusters and precipitates produced by irradiation, to some extent hinder the free motion of
the dislocations resulting in an increase in tensile strength and a reduction in ductility and fracture toughness of the
material. In general, cavities (or voids) are strong barriers, large faulted Frank loops are intermediate barriers, and
small loops and bubbles are weak barriers. The yield strength of irradiated SSs can increase up to five times that of
the non-irradiated material after a neutron dose of about 5 dpa. The yield and ultimate stresses increase and ductility
decreases with irradiation. Figure 2 shows a typical plot of the yield stress versus neutron dose plot obtained for
irradiated 304 L materials.

The tensile properties data have been obtained on solution-annealed and cold-worked Type 304, 304L, 316,
316L, and 347 SSs, including weld HAZ material, Type 308 and 309 material, and CF-8 cast austenitic SSs,
irradiated at temperatures of 300-400°C (572-752°F) in fast reactors and LWRs. The 0.2% yield strength, ultimate
tensile strength, uniform elongation, and total elongation at elevated temperatures were plotted as a function of
neutron dose. Data on LWR-irradiated materials are limited, in particular, at high neutron dose. Figure 3 shows
typical plot of the ultimate tensile strength and total elongation obtained for solution annealed Type 304, 304L and
347 stainless steel irradiated to different neutron doses and at different elevated temperatures in the range 270-
380°C.
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Figure 2. Typical yield strength versus neutron dose plots obtained from 300-series stainless steels, irradiated and
tested at about 300°C [Ref. 3].

The results on tensile property data were then applied as a data input on the Materials Reliability Program
(MRP)-developed correlations [13] for estimating the tensile properties as a function of neutron dose. The 0.2%
yield strength, ultimate tensile strength, uniform elongation, and total elongation data at 330°C were fitted to an
exponential equation of the form:

Property = Ag +A1 (1-exp (-d/dg)), 1)

Where d is the neutron dose in dpa and the coefficients Ao, Al, and do for the irradiated material property
equations are listed in Tables 1-3. The baseline reference tensile properties of non-irradiated materials are
represented by a fourth-order polynomial [13] of the form:

Property = Cg + C1T + CoT2 + C3T3 + C4T4, 2

Where T is the temperature (°C); and Cg, C1, C2, C3, and Cg are the coefficients for the different tensile
property equations.

Although the detailed analysis of the tensile properties is given elsewhere [1], the final conclusion of the
analyzed tensile test data suggest that the tensile properties reach saturation at 5-20 dpa and do not change
significantly at higher dose levels. Also, although the data on materials irradiated in LWRs are limited, the yield
and ultimate strengths of the LWR-irradiated materials are consistently higher, and the uniform and total elongations
are consistently lower than those for materials irradiated in fast reactors. The uniform elongation of some SSs can
decrease to 0.1% at neutron dose levels of 5-10 dpa. The MRP correlations are primarily based on the fast reactor
data and predict a saturated yield and ultimate strength value of 800 MPa for solution-annealed Type 304 SS and of
970 and 980 MPa, respectively, for CW Type 316 SS. However, most of the data for yield and ultimate strength of
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LWR-irradiated materials are above the MRP curve. Similarly, most of the data for uniform and total elongation of
LWR-irradiated materials are below the MRP curve. Consequently, calculations of the tensile properties of
irradiated austenitic SSs based on the MRP correlations underestimate irradiation hardening and loss of ductility in
LWR conditions.
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Figure 3. Change in (A) ultimate tensile strength and (B) total elongation as a function of neutron dose for solution
annealed Type 304, 304L and 347 stainless steel samples at elevated temperatures (270-380°C) [Ref. 14-16]
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Additional data on austenitic SSs irradiated in LWRs to dose levels above 20 dpa are needed to better
define the correlations for estimating tensile properties of these materials for LWR operating conditions. Also, the
contribution of voids in these materials to irradiation hardening and loss of ductility should be investigated. The
presence of voids is likely to degrade the ductility of irradiated SSs to the extent that a brittle fracture at room
temperature may be a significant concern. The effect of voids on the tensile properties of SSs should be examined at
LWR operating temperatures as well as at room temperature.

Void swelling refers to the volume change of materials under neutron irradiations. The voids form in the
material when vacancies produced by the displacements migrate and accumulate to form small cavities. These
cavities eventually grow to large sizes and transform into voids. The fundamental driving force of void growth is
the excess vacancy flux towards the vacancy clusters. Most of the void swelling data have been obtained from
materials irradiated in fast breeder reactors at temperature above 385°C (725°F) and at dose rates that are orders of
magnitude higher than those in PWRs. Therefore, caution should be exercised in extrapolation of the fast reactor
data to estimate the void swelling behavior for PWR end-of-life or extended life conditions.

One can attribute two regimes for the void swelling: a transient regime followed by a steady-state swelling
rate. A review of the existing void swelling data on austenitic stainless steels irradiated in fast reactors and in PWR
indicates that all materials can reach a steady-state swelling rate of ~1%/s. However, the time to reach the steady-
state rate (i.e., the transient regime) depends on the material composition, and thermo-mechanical condition, stress
state, neutron flux and spectrum, and irradiation temperature (above 300°C). The existing data were reviewed to
assess void swelling in PWR core internal components and to evaluate the effects of key material and environmental
parameters. Figure 4 illustrates typical void swelling data for PWR internals plotted as a function of dose, while the
same data represented as a function of irradiation temperature is shown in Figure 5.
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Figure 4. Void swelling of PWR materials plotted as a function of neutron dose [Ref.10]

Although, it may not be clear from the data shown in Figures 4 and 5, from the evaluation of number of test data on
void swelling, we arrived at the conclusion that the void swelling in the 300-series austenitic SSs is typically
observed at irradiation temperatures above 340°C (644°F), and the void swelling has a strong dependence on
temperature. The void swelling decreases with increasing Ni content. The void swelling also decreases with an
increase in Si and P concentration of the steels. Thus, under similar thermal-mechanical conditions, Type 304 SS
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typically swells more than Type 316 SS. However, radiation-induced precipitation of second phase particles can
remove Ni, P, and Si from the alloy matrix, and thereby increase void swelling. In addition, cold work prolongs the
transient regime for void swelling in austenitic SSs. The high dislocation density produced by the cold work
provides additional recombination sites for vacancies and interstitials, thereby decreasing super saturation of
vacancies in the material, which retards void nucleation. From the available void swelling data obtained in fast
reactors at 373-444°C and displacement rates of 0.3-10.0 x 10-7 dpa/s; it was found that under comparable
irradiation temperatures and neutron dose levels; PWR internals may suffer certain amount of void swelling in high
dose and high temperature regions. Although it can be suggested that the lower displacement rates (that are typical
of PWR reactors) have no effect on the extent of void swelling in PWR internals, additional studies are required to
unequivocally establish this conclusion.

Typically, austenitic SSs irradiated at<400°C to neutron dose levels to produce >10% void swelling suffer
from severe embrittlement, particularly at room temperature. This behavior has been attributed to a second-order
process, which involves stress concentration between voids, Ni segregation at void surfaces, and a resultant
tendency toward martensite phase formation when the steel is deformed at room temperature. At room temperature,
the austenite/martensite boundaries provide a low-energy crack propagation path, resulting in a brittle quasi-
cleavage fracture. At higher temperatures, the effect of Ni segregation on stacking fault energy (SFE) is much less
pronounced, and failure occurs along flow localization path, referred to as channel fracture. However, few
quantitative data correlate void swelling with fracture toughness of the material. A heat of SS irradiated in the Fast
Flux Test Facility (FFTF - a sodium-cooled fast reactor in Hanford, Washington) at 390°C (734°F) to 114 dpa
showed Klc of 30 MPa.Vm at 410°C. This value is slightly lower than the saturation Kic of 38 MPa.Vm for several
SSs irradiated in BWRs to 5-8 dpa. However, these results suggest that the fracture toughness of PWR core internal
SS components could be lower than the saturation value of Klc (38 MPa.Ym) proposed by MRP. The
embrittlement of austenitic SSs due to void swelling under PWR irradiation conditions should be further
investigated.
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Figure 5. Irradiation temperature and neutron dose for the void swelling data shown in Figure 4.

CONCLUSION

The existing data on the effect of neutron irradiation on LWR core internal materials have been reviewed to
evaluate the susceptibility of structural materials to irradiation effects such as the IASCC and void swelling. The
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results are used to define (a) the threshold fluence for irradiation effects and (b) to assess the significance of void
swelling on the structural and functional integrity of the reactor core internals. The conclusion is that most of the
present available data is limited to low fluence levels and there exists a need to understand the materials
susceptibility to IASCC and the void swelling under high neutron fluence levels. This additional information under
high dose conditions is important to (i) support the evaluation of the acceptability of reactor internals aging
management programs in license renewal applications for PWRs and (ii) identify the issues related to long-term
operation in nuclear power plants.
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