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PREFACE

This document is one in a series of topical reports written in support of the U.S. Department of
Energy’s (DOE’s) Program Acquisition Strategy for Obtaining Mixed-Oxide Fuel Fabrication and Reactor
Irradiation Services (PAS) [formerly Procurement Implementation Plan for Acquisition of Mixed-Oxide
Fuel Fabrication Services and Reactor Irradiation Services (PIP)]. This series of topical reports is intended
to increase access to available information for parties interested in responding to the PAS and the sub-
sequent request for proposal. These topical reports address subjects relevant to DOE’s strategy concerning
disposition of surplus plutonium by irradiating mixed-oxide (MOX) fuel in existing, domestic commercial
reactors. This report addresses possible structural integrity issues related to converting light-water reactors
from low-enriched uranium fuel to MOX fuel.
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IMPACT OF CONVERSION TO MIXED-OXIDE FUELS ON REACTOR
STRUCTURAL COMPONENTS

G. T. Yahr

ABSTRACT

The use of mixed-oxide (MOX) fuel to replace conventional uranium fuel in commercial light-water
power reactors will result in an increase in the neutron flux. The impact of the higher flux on the structural
integrity of reactor structural components must be evaluated. This report briefly reviews the effects of
radiation on the mechanical properties of metals. Aging degradation studies and reactor operating experi-
ence provide a basis for determining the areas where conversion to MOX fuel has the potential to impact
the structural integrity of reactor components.

1.  INTRODUCTION

Using plutonium as fuel in commercial power reactors is a way to dispose of the material formerly
used in nuclear weapons. It is important that the structural integrity of the reactors not be compromised by
the use of weapons-grade MOX fuels. Use of MOX fuels will result in an increase in the neutron flux and
heating rates.1 The fission spectra for 235U and 239Pu and the neutrons per fission for each are shown in
Fig. 1 for equal power densities. Because each 239Pu fission produces an average of 19% more neutrons
than a 235U fission and because of the slightly higher energy neutrons produced by 239Pu fission, a MOX
core could result in up to 20% higher fast flux. A combination of MOX fuel and conventional fuel would
result in a somewhat smaller increase in the fast flux.

Fig. 1.  Plutonium systems showing higher fast flux than 235U at equal power densities.
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Because nuclear radiation changes the properties of metals, it is important to make sure that the
higher neutron flux associated with the use of MOX fuel will not cause changes that will compromise the
structural integrity of the reactors in which it is used. The effects of neutron radiation on the properties of
structural metals is discussed in Sect. 2.

Although the only reference to the impact of conversion to MOX fuel on reactor structural compo-
nents found during this study was a note in a paper by J. Van Vyve2 that “the fast fluence on the pressure
vessel is not increased with the MOX fuel core management,” it should not be assumed that adverse struc-
tural aspects will not occur for the U.S. reactors (Ref. 2 is an attachment to this report). Detailed analysis is
recommended to ensure that the structural effects are correctly anticipated. Consideration of recent studies
of pressure vessel embrittlement3–8 and reactor internals aging degradation in commercial power
reactors9–15 is recommended as the best way to identify the most likely areas to be impacted by conversion
to MOX fuels. This work is discussed in Sect. 3.

2.  RADIATION EFFECTS IN METALS

Radiation damage is primarily a result of displacement of atoms in the structural metals being
knocked out of their location in the crystal lattice by collision with fast neutrons.16–22 There are other
mechanisms that cause displacement of atoms. For example, one of the isotopes of nickel has a high cross
section for thermal neutrons that ultimately results in 340-keV iron atoms and 4.7-MeV alpha particles that
are just as damaging as extremely fast neutrons.17, 19

Much of the data on radiation effects are given in terms of the total neutron fluence for neutrons with
an energy level above 1 MeV or above some other energy level. A more refined way of presenting radiation
effects data is in terms of the number of displacements per atom (dpa), which is an estimate of how many
times each atom is moved from its lattice position.

The displacement of atoms in the crystal lattice can induce swelling in metals and can increase the
creep and stress relaxation rate.23 This can cause distortion, including bowing of fuel and control rods
when the neutron fluence varies across the diameter. It may also reduce the preload in bolts and springs.
Irradiation enhances stress corrosion cracking in some metals, especially austenitic stainless steels.24–28

Tensile strength is generally increased by irradiation, but ductility and fracture toughness are gener-
ally decreased. There is a transition temperature below which the toughness of ferritic steels decreases
markedly. The effect of temperature on the fracture toughness of ferritic pressure vessel steels29 is shown
in Fig. 2. The transition temperature is raised by irradiation. There is also some evidence that the toughness

Fig. 2.  Effect of temperature on fracture toughness of pressure vessel steel.
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below the transition temperature is further decreased by irradiation. Other metals such as zircaloy and
austenitic steels do not undergo a ductile-brittle transition as the temperature decreases. However, their
fracture toughness is decreased by irradiation, as shown in Fig. 3 for 304 and 316 stainless steel.30

Fig. 3.  Fracture toughness of 304 and 316 austenitic steels neutron irradiated and tested at tem-
peratures shown.

3.  COMPONENTS THAT MAY BE CHALLENGED
BY A CHANGE TO MOX FUEL

Increased neutron flux levels and gamma and neutron heating rates that may result from use of MOX
fuels may adversely affect some components, including the reactor pressure vessel and the internal compo-
nents. Aging degradation studies for reactors using conventional fuel are suggested to be used as the start-
ing point for evaluating the potential impact of converting to MOX fuels.

3.1 REACTOR VESSEL

The effects of radiation on reactor pressure vessels have received considerable attention because of
the catastrophic consequences of a brittle fracture. Several Russian VVER-440 reactor vessels have been
annealed in-situ to lower the transition temperature, which was approaching the minimum operating tem-
perature of the vessel.

An annealing test was conducted on the canceled Marble Hill Plant reactor vessel to evaluate anneal-
ing of U.S. reactor vessels. Current thinking is that the transition temperature shift will not be large enough
to restrict the operating life of the reactors being considered for burning MOX fuels because those reactors
were designed so that the fast neutron flux in the vessel is lower than in some of the early reactors.
Belgonucleaire2 had Tractebel Engineering and Framatome review the impact of MOX fuel loading in
light-water reactors (LWRs) on plant licensing. Two core management strategies were considered:

• yearly cycles with one-fourth core reload, and
• extended cycles with one-third core reload.
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One of the areas considered was reactor pressure vessel embrittlement. Because of the low recycling
ratio, the review showed that the fast fluence on the pressure vessel is not increased with the MOX fuel
core management.

Surveillance specimen results8,31 from the High Flux Isotope Reactor (HFIR) indicated a more pro-
nounced degradation of fracture toughness than expected, as shown in Fig. 4. An early theory for this dis-
crepancy is that the thermal neutrons were responsible. A more recent explanation32 is that intense  gamma
rays enhanced the damage. It is likely that the spectral shift compared to other radiation experiments is a
contributing factor. Thus, detailed studies are warranted to evaluate the possibility of an appreciably greater
rate of embrittlement when MOX fuels are used.

Tables 1 and 2 from Ref. 11 give an overview of the aging issues for pressurized-water reactor
(PWR) and boiling-water reactor (BWR) pressure vessels, respectively.

Because of the catastrophic consequences of a reactor vessel brittle fracture, a detailed study should
be done to ensure that it will not be necessary to cease operation before vessel embrittlement becomes
excessive.

3.2 REACTOR INTERNALS

Except for cases where failure of reactor internal components could be the initiator of a sequence of
events that lead to failure of the reactor vessel, structural failure of reactor internals is not as catastrophic as
failure of the reactor vessel because the reactor vessel would prevent release of radioactive debris. How-
ever, structural failure of internal components can have severe economic consequences. The fuel assem-
blies are not addressed in this report because extensive fuel assembly qualification is planned. The control
rod drive mechanisms and other reactor internals are addressed.

Fig. 4.  Increase in NDTT with displacements per atom for irradiations in HFIR (vessel surveil-
lance positions), ORR, and MTR.
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Table 1.  Understanding and managing aging of PWR pressure vessels

Understanding aging (materials, stressors, and environmental interactions) Managing aging

Sites Materials Aging concerns Mitigation

Beltline region Low-alloy carbon steel
SA-533B-1, SA-508-2, SA-302B
Type 308 SS and 309 SS cladding

Irradiation embrittlement
• Chemical composition of vessel

materials (Cu, Ni, P)
• Drop in upper-shelf energy (USE)
• Shift in reference nil-ductility-

transition-temperature (RTNDT)
Environmental fatigue

Neutron flux reduction
inservice annealing
(ASTM E 509-86)

Determine effects of
annealing and
reembrittlement rate

Outlet/inlet nozzles Submerged arc (granular flux–
Linde 80, 91, 124, and 1092
manganese-molybdenum nickel
filler wire) narrow gap
submerged arc, shielded metal
arc, and electroslag welds

Environmental fatigue

Irradiation embrittlement
Function of nozzle elevation

Instrumentation nozzles
CRDM housing nozzles

Environmental fatigue

Closure studs SA-540, grade B24, Class 3 Environmental fatigue—preload cycles
during head replacement

Boric acid corrosion (if leakage occurs)
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Table 2.  Understanding and managing aging of BWR pressure vessels

Understanding aging (materials, stressors, and environmental interactions) Managing aging

Sites Materials Aging concerns Mitigation

Feedwater nozzles and safe end
welds

SA-508-2
Type 304 SS, Type 316 SS, Inconel

SB-166, Inconel SB-167, SA-508-1

High-cycle thermal fatigue caused
by feedwater leakage

Environmental fatigue

Modify design, revise operating
procedures, and remove feedwater
nozzle cladding to prevent fatigue
cracking

Recirculation inlet/outlet
nozzles and dissimilar metal
welds

IGSCC crack initiated in HAZ may
propagate into base metal

Environmental fatigue

Implement hydrogen water chemistry
to reduce IGSCC damage

Welds
• Control rod drive stub tubes
• Interior attachments

IGSCC crack initiated in HAZ may
propagate into base metal by
corrosion and/or environmental
fatigue

Implement hydrogen water chemistry
to reduce IGSCC damage

Beltline region Low-alloy carbon steel SA-533B-1,
SA-302B, Type 308 SS and 309 SS
cladding

Irradiation embrittlement
• Chemical composition of vessel

materials (Cu, Ni, P)
• Drop in upper-shelf energy

(USE)
• Shift in reference nil-ductility-

transition-temperature (RTNDT)
• Welds are more susceptible than

base metal
• Flux is lower than that in PWR

vessel

Environmental fatigue

Inservice annealing (ASTM E 509-86)

Determine effects of annealing and
reembrittlement rate

Implement neutron flux reduction
program

Closure studs SA-540 grade B22 or B23 Environmental fatigue
• Preload cycles during head

replacement
Fretting

External attachment welds such
as skirt supports

SA-193 grade B7 Low-cycle thermal and mechanical
fatigue
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The majority of reactor internals are made of type 304 stainless steel. Studies of the residual life of
major LWR internal components identified corrosion, including stress corrosion cracking (SCC) and
irradiation-assisted stress corrosion cracking (IASCC), fatigue, mechanical wear, erosion, embrittlement,
creep, and stress relaxation as the primary aging-related degradation mechanisms. Of these, reported failure
information and laboratory tests indicate that SCC, fatigue, and mechanical wear are the principal causes of
aging degradation.

However, the aging-related degradation mechanisms that are most likely affected by converting to
MOX fuels are IASCC, embrittlement, creep, and stress relaxation. Fatigue may also be impacted by higher
thermal stresses because of the higher heating rates and flow-induced vibrations. The potential fatigue
problems will not be discussed further here, but should be addressed.

The aging degradation studies examined documented failures of reactor internals to identify the
important degradation mechanisms. Therefore, real problems were highlighted as opposed to hypothetical
problems.

3.2.1 PWRs

The effects of fast neutron fluxes are most pronounced in regions near the core. Reactor internals such
as core baffle, core barrel, thermal shield, surveillance specimen holder tubes, core support plates, and in-
core instrumentation guide tubes are susceptible to irradiation-assisted SCC and radiation-induced
embrittlement.

The thimble tubes, the high-strength steel bolts used on the reactor internals, the thermal shield, and
the core barrel are subject to high-cycle fatigue damage caused by flow-induced vibrations. The high-
strength fasteners are also subject to SCC and stress relaxation caused by neutron irradiation. Other degra-
dation mechanisms acting on the reactor internals are irradiation and thermal embrittlement, wear, and
fretting. Potential (and actual) failure modes for reactor internals include leakage from a thinned thimble
tube (a breach in the primary pressure boundary), broken bolts, loose parts, and fuel damage from baffle
jetting. Table 3 summarizes the aging concerns for PWR reactor internals.

3.2.2 BWRs

Table 4 gives a summary of aging issues for BWR reactor internals. Several BWR reactor internals—
for example, jet pumps, feedwater spargers, fasteners, and the core plate—have highly stressed materials
with chromium-depleted grain boundaries, crevices, or cold work, and are susceptible to intergranular
stress corrosion cracking (IGSCC). The heat-affected zones of the welds that attach the reactor internals to
the pressure vessel are also susceptible to IGSCC, and cracks caused by IGSCC may propagate into the
pressure vessel base metal. The top guide structure and core shroud are exposed to relatively high fast
neutron fluences and are susceptible to IASCC, which may occur at relatively low stresses. The jet pumps
and feedwater spargers are susceptible to high-cycle fatigue caused by flow-induced vibrations. Cast
stainless steel components, such as orificed fuel support pieces, may experience both thermal and irradia-
tion embrittlement.

Greene33,34 studied the aging of BWR control rod drive systems. The primary causes of control rod
drive mechanism (CRDM) aging were identified as embrittlement, fatigue fracture, and thermal degrada-
tion of the graphitic seals, nitrided surface corrosion, mishandling and rebuilding errors occurring during
CRDM maintenance, and, to a lesser extent, improper storage support.

Radiation-induced degradation is suspected to be the cause of certain effects observed in the spud, the
CRDM component that engages the control rod assembly blade via the uncoupling rod. There have been
reports of the “fingers” of this Inconel X-750 component being easily bent after a prolonged service history
(>15 years) in the reactor vessel.
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Table 3.  Understanding and managing aging of PWR reactor internals

Sites
Understanding aging (materials, stressors, and

environmental interactions) Managing aging

Materials Aging concerns Mitigation

Instrument tubes (flux
thimble tubes)

Type 304 SS Fretting, wear, high-cycle
fatigue

Use thicker-walled or double-
walled thimble tubes (     W      plants)

Bolts and pins Type 316 SS
Alloy A-286

IGSCC, high-cycle fatigue,
stress relaxation

Reduce preloads on high-strength
bolts to mitigate IGSCC

CRGT split pins and
radial support key
bolts (     W     )

Alloy X-750 IGSCC Use improved heat treatments for
Alloy X-750  High-strength
bolting materials to reduce
IGSCC susceptibility

Thermal shield Type 304 SS High-cycle fatigue, irradiation
embrittlement, distortion

Core barrel, baffles,
and formers

Type 304 SS High-cycle fatigue, irradiation
embrittlement

Remove thermal shields (or
replace with neutron shield
panels on exterior of core

Upper and lower core
support structures

Type 304 SS Irradiation embrittlement,
corrosion-fatigue

barrels) for designs that have
experienced bolt failures

Flow mixer and
cruciform instrument
guides (some early
     W      plants)

Cast SS (grade CF-8)
(some early      W     
plants)

Thermal (ferrite phase) and
irradiation (austenite phase)
embrittlement

Use one-piece thermal shields
rather than multipiece designs
(RPVs in some older      W      plants
have inadequate access for one-
piece installation)

Holddown spring (     W     
and CE)

Type 403 SS Stress relaxation
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Table 4.  Understanding and managing aging of BWR reactor internals

Sites
Understanding aging (materials, stressors, and environmental

interactions) Managing aging

Materials Aging concerns Mitigation

Attachment welds to reactor vessel Alloy 182 IGSCC, corrosion-fatigue Maintain strict control on coolant impurities
to keep conductivity below 0.2 µS/cm

Core plate, core shroud Type 304 SS IGSCC, irradiation-assisted SCC
(IASCC)

Use hydrogen water chemistry to suppress
dissolved oxygen in coolant from typical
200 ppb to below 20 ppb to mitigate

Jet pumps Holddown beams
Riser support braces
Welds
Castings

X-750
Type 304 SS
Type 308 SS
Grade CF-8 SS

IGSCC, high-cycle fatigue
High-cycle fatigue
IGSCC
Thermal embrittlement, IGSCC

(if ferrite content is low)

IGSCC

Assess effect of hydrogen water chemistry on
• IASCC
• fatigue crack growth
• radiation fields
• fuel performance

Top guide Alloy Type 304 SS IASCC, IGSCC
For replacement components

Core spray and feedwater spargers Type 304 SS IGSCC, corrosion-fatigue • reduce preload stresses
• use high-temperature annealing and age

Orificed fuel supports Grade CF-8 SS IGSCC, thermal and irradiation
embrittlement, IASCC

• hardening of Alloy X-750 material
• remove crevices

Peripheral fuel supports Type 304 and 304L SS IGSCC, IASCC

Baffle plate access hole covers Alloy 600 IGSCC (crevices)

Shroud head bolts Alloy 600 IGSCC (crevices)

Neutron monitor dry tubes Alloy 600, Type 304 SS IGSCC (crevices), IASCC
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4.  CONCLUSIONS

The impact of conversion to MOX fuels is expected to be manageable but must be addressed to
ensure safe and reliable operation. There is a continual need to maintain a high plant capacity and avail-
ability in the face of the aging phenomena even when conventional fuels are used. It should be noted that
an active European network in structural integrity35 is addressing these issues for both reactor pressure
vessels and reactor internal components.
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