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ABSTRACT

Most of the components in the Advanced Neutron Source (ANS) reactor, including the reflector
vessel, will be built from the aluminum alloy 6061 (1Mg,0.6Si) in its precipitation-hardened T6 and
T651 conditions. The microstructural and mechanical characteristics of the alloy are described, and its
operating boundaries of stress, temperature, and time in its unirradiated state are defined. The
material's responses to neutron radiation exposure in aqueous environments are reviewed in detail. The
particular service conditions of stress, temperature, and radiation exposure expected for individual
components in the ANS are listed, and the suitability of each component to meet the demands is
assessed. Areas of uncertainties are outlined, and various suggestions and recommendations are made
to give improved confidence in the predictions.






1. INTRODUCTION

The Advanced Neutron Source (ANS) is conceived as a new user facility for all types of neutron
research.! The source of neutrons is a 330-MW (fission) research reactor designed to produce the
world’s most intense flux of thermal neutrons, ~7 x 10 m™? -+ s™'. The 6061 aluminum alloy in its T6
or T651 condition has been selected as the primary structural material for the reactor’s reflector vessel
(RV) and for most of the components housed within the vessel. The deciding factors were the alloy’s
good combination of low neutron absorption cross section and high thermal conductivity, good
resistance to aqueous corrosion, and demonstrated dependability during service in other high flux
reactors, notably the High Flux Beam Reactor (HFBR) at Brookhaven National Laboratory and the
High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). This report describes
the characteristics of the 6061-T6 alloy and examines its fitness for service in the wide range of
radiation conditions that will prevail at and within the ANS RV. The emphasis is on the changes in
mechanical properties expected to occur in the components under irradiation during their intended
lifetimes. The purpose is to anticipate potential problems and to identify components and conditions
for which service effects considerations might suggest modifications in the reactor design.

1-1






2. COMPONENTS AND CONDITIONS CONSIDERED

A vertical section through the ANS is seen in Fig. 2.1. The core is fueled by enriched uranium and
is cooled, moderated, and reflected by heavy water. It comprises two annular fuel elements of different
diameters, positioned one above the other on a common vertical cylindrical axis and enclosed by a
double-walled tube known as the core pressure boundary tube (CPBT), which reaches from top to
bottom of the RV and whose function is to channel a rapid flow of heavy water coolant up through
the fuel elements. The coolant at 45°C enters the bottom of the CPBT through a flanged, stainless steel
adapter that connects the CPBT to the bottom of the RV and to the externally located primary coolant
supply manifold. The coolant, exiting at 85°C, leaves the top of the CPBT through a closure elbow
bolted to the head of the RV and connected to the primary coolant outlet pipe. The CPBT is
surrounded by heavy water reflector retained in the cylindrical RV, which has a radius of 1.75 m and
is ~4.1 m tall. The RV is immersed in a pool of light water.

At the core horizontal centerline, ten large beam tubes penetrate the RV and approach the CPBT,
as shown in plan view in Fig. 2.2. Their domed tips impinge on a circle of 430-mm radius from the
core axial centerline, near the region of peak thermal flux. Seven of these beam tubes, HB-1 through
HB-3 and HB-6 through HB-9, and one through-tube, HB-5/HB-10, which is located below the
horizontal centerline, are for the extraction of thermal neutrons. These beam tubes are elliptical in
cross section, with the long axes of the ellipses in the vertical plane, and will be referred to
collectively as “thermal beam tubes.” Two larger, tapered tubes, CS-1 and CS-2, are sources of cold
neutrons and contain hollow aluminum spheres filled with liquid deuterium at —253°C. A source of hot
neutrons, HB-4, houses a ball of graphite sealed in a vessel of Zircaloy. The graphite will operate at a
temperature of ~2270°C. Numerous, top-entry, small-diameter, terminated aluminum tubes (VI-, HT-,
PT-, and SH- series) pierce the top of the RV in vertical and slant orientations and reach down into
the reflector. Additionally, and not shown in Fig. 2.2, there are ten vertical terminated tubes for
materials testing inside the upper fuel element, herein designated the MT- series. As a whole, these
top-entry tubes provide facilities for materials irradiation, neutron activation analyses, and production
of isotopes and transuranium elements. They will be referred to collectively as “vertical tubes.”

The reactor is controlled by three primary control and shutdown rods of hafnium in the center of
the core, and there are eight secondary shutdown rods of hafnium distributed uniformly around the
outside of the CPBT. The three control rods are supported on aluminum control drive follower tubes;
in their withdrawn positions, the control rods are located above the core. The eight shutdown rods are
suspended above the core from inside the top of the RV in stationary, aluminum guide tubes.

The components considered in this report are the CPBT, the RV, the thermal beam tubes, the cold
source vessels and thimbles, the hot source thimble, the vertical tubes, the control rod follower tubes,
the shutdown rod driver tubes, and the core support components. All of these will be fabricated from
6061-T6 or -T651 aluminum alloy. The aluminum-clad fuel elements are not considered in this study.
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3. CHARACTERISTICS OF UNIRRADIATED 6061-T6 ALUMINUM ALLOY

Before considering the service conditions expected for the reactor components, it is instructive to
understand the characteristics of unirradiated 6061 aluminum alloy, particularly its stress and
temperature limitations. The 6000-series aluminum alloys have magnesium and silicon as their major
alloying elements. The 6061 alloy contains 0.8-1.2 wt % Mg and 0.4-0.8 wt % Si. Additionally, small
quantities (<0.3 wt % each ) of Fe, Cu, Cr, Ti, and Zn are present, some of which are claimed to be
essential for grain size control, improved aqueous corrosion resistance, and mechanical strength
maintenance. Good combinations of strength and ductility are obtained in 6061 alloy by heat treating it
to induce a finely distributed precipitate of Mg,Si phase. Strengthening by heat treatment is practical
because Mg and Si are quite soluble in aluminum at temperatures above ~400°C, but Si is essentially
insoluble below about 200°C. Therefore, Si and Mg can be taken into solid solution by heating the
alloy to an elevated temperature then cooling rapidly, and the Mg,Si phase can be brought out by
reheating to a temperature below about 200°C. The particular heat treatment for the T6 condition
consists of annealing at 532°C for 1 h, quenching in water to room temperature, then aging
(tempering) at 160°C for 18 h to precipitate the Mg,Si phase. The resulting microstructure is displayed
in Fig. 3.1. The strength of the alloy is dependent on the fineness of the Mg,Si precipitate particles.
Aging at higher temperature or holding at higher temperature after aging at 160°C will coarsen the
precipitates and correspondingly reduce the strength of the alloy. The T651 temper designation
indicates material that has been given a straightening treatment after the quench and prior to the aging
treatment. Despite this extra treatment, the properties of T651 and T6 remain close, and they share the
same specifications.

These details of the heat treatment are described to draw attention to a limitation of precipitation-
hardened alloys. Namely, they are thermodynamically unstable, and to a large extent their aging
temperature defines an upper boundary to their service temperature. For 6061-T6 alloy, short
exposures above 160°C or prolonged periods just below 160°C will degrade its mechanical strength by
overaging the Mg,Si phase.*? These effects are illustrated in Fig. 3.2 where the curves depict the
temperature dependencies of the tensile yield stress (YS) at 0.2% offset, the ultimate tensile strength
(UTS), and the total elongation. The effects of holding without load at the test temperature for periods
up to 10,000 h following the T6 heat treatment are displayed. Two important conclusions are evident
from study of Fig. 3.2. .

The first conclusion is that at temperatures above 150°C, the T6 alloy suffers loss in strength, the
deterioration increasing with time at temperature. Above 200°C, the weakening is considerable, and
there is a corresponding gain in ductility. A small part of this weakening arises from the normal,
thermally assisted overcoming of barriers to plastic flow. But the major portion of the loss in strength
is caused by coarsening of the Mg,Si precipitates. Because this overaging increases substantially with
time spent at the elevated temperature, the load limits that a 6061-T6 component can tolerate will be
dictated by the required service period. The second conclusion is that most of the weakening induced
by exposure to elevated temperature is permanent. The loss in strength is not recovered when the
material is returned to a lower temperature. This phenomenon is illustrated by the example of material
tested at 25°C after heating for 1/2 h at 315°C. The extent to which this permanent softening can go is
given by the properties for the fully annealed alloy, 6061-O (2 h at 413°C).

Another important feature of aluminum alloys is that they are susceptible to creep and stress
relaxation. Creep is a time-dependent, permanent deformation that occurs under sustained load or
stress, even at stresses below the yield strength. For the most part, creep is governed by migration of
vacant lattice sites, which increases with temperature. For most metallic materials, vacancy migration
is sufficient for creep when the temperature exceeds about 0.3 T, where T, is the melting temperature

3-1



Fig. 3.1. Needle-like precipitates of Mg,Si phase in unirradiated 6061-T6 alloy.
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of the material on the absolute scale. For aluminum, with its low melting temperature of 659°C, a
homologous temperature of 0.3 T, is only 7°C. Hence, creep can and does occur in pure aluminum at
room temperature. The 6061-T6 alloy is more creep resistant. Nevertheless, at 150°C, which is the
upper end of the range of operating temperatures for some of the ANS components, the homologous
temperature is 0.45 T,,, and creep in 6061-T6 alloy can be substantial. Some creep data®** are shown
in relation to a 100,000-h no-load plot of UTS versus test temperature in Fig. 3.3. It is clear that
degradation of the strength of the alloy is accelerated by the application of tensile stress. In Fig. 3.3,
the 100,000-h stress-rupture data are obtained from Ref. 5 by making modest extrapolations of the
data; as such, they should be regarded as only a guide to the upper stress limits for creep rupture in
100,000 h.

Stress relaxation is a form of creep in which deformation is constrained but stress is relieved by
converting elastic strain to plastic strain. Once the stress is released, further strain ceases. Stress
relaxation is particularly pertinent to fasteners, which lose their holding ability as stress is relaxed.
Stress relaxation data for type 6061-T651 alloy, loaded in tension to 60% or more of the yield strength
at the test temperature,’” are represented by the upward curving line in Fig. 3.3. Some stress relaxation
is evident at 100°C, and almost 30% relaxation occurs in 1000 h at 150°C. Although there will be no
6061 aluminum fasteners in the components covered in this assessment, ANS designers are considering
the feasibility of a CPBT reinforced with 6061 wire wrapping; the wrapping may be susceptible to
stress relaxation.

A very positive feature of aluminum alloys is that they do not suffer a ductile-to-brittle transition
at low temperatures. This is evident for the 6061-T6 alloy in Fig. 3.2. Below ~100°C, the strength of
the alloy increases significantly, but the ductility rises. Aluminum alloys are also not very sensitive to
strain rate. This fortunate combination of properties causes increased fracture toughness at low
temperatures. A very recent review of fracture toughness properties of 6061-T6 alloy® places the mean
value of K| (and K and X ) at ~33 Mpav'm at room temperature for L-T and T-L crack orientations
and at ~30 MpaV'm at 150°C. Fracture toughness values in S-L orientations are approximately 2/3 of
the L-T values. At —-196°C, K. is ~40 MpaV'm,?® which, together with high thermal conductivity,
makes the alloy an attractive candidate for cryogenic applications,' hence its proposed role for the
ANS cold sources. Welding treatments severely reduce the strength of 6061-T6 alloy but do not seem
to have corresponding adverse effects on fracture toughness. .

Like other materials, aluminum alloys are susceptible to cyclic fatigue. The most recent summary
of fatigue data for 6061-T6 alloy' indicates that for uniaxial and biaxial loading with full reversal of
stress (i.e., zero mean stress), the fatigue strength at 10%-10° cycles is-about 50 Mpa for temperatures
less than 150°C. With maximum mean stress, the fatigue strength is about 20 Mpa. For welds, these
values are reduced by a factor of 2. At cryogenic temperatures the values are approximately doubled.

The 6061 alloy is regarded as one of the more readily weldable alloys. It can be fusion welded by
most of the common welding techniques using appropriate cover gases. Filler metal containing
magnesium and silicon is usually incorporated. During welding, the T6 alloy loses its temper and
hence its strength. Porosity induced by welding may be a problem.

The thermal conductivity of 6061-T6 aluminum at 25°C is about 170 W - m™ - K™, which is
about ten times that for stainless steel and Zircaloy. Its aqueous corrosion resistance is high, especially
in slightly acidified water in the pH range 4.5-7.0. Corrosion rates are increased at higher
temperatures. Chloride ions are deleterious.

*Includes unpublished information courtesy of the Aluminum Company of America.
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3.1. RELEVANCE TO REFERENCE ANS SERVICE CONDITIONS

The presently envisioned service conditions for ANS components are listed in Table 3.1. Note the
expected temperatures, stresses, and component lifetimes. Many of the temperatures are in the range
100-150°C, with stress levels of 20-150 MPa for periods of 3,500-245,000 h. The stresses and
temperatures are the peak values (e.g., the temperature at the midthickness of the wall of a component)
and, therefore, do not represent bulk values, which will be lower. For want of better guidance, the
quoted peak values are regarded as the upper limits of working stresses and temperatures for the
components. They are generally higher than those experienced by 6061-T6 alloy in the HFBR and the
HFIR. They are high because the much higher power density and neutron fluxes in the ANS cause
correspondingly more neutron and gamma heating than in the HFBR and the HFIR, entailing greater
coolant flows and pressures and larger temperature gradients and thermal stresses. Aluminum
components in the HFBR and the HFIR operate at <100°C (closer to 60°C), which, in terms of
homologous temperature, is considerably lower than 150°C. With respect to stresses, the highest stress
in the HFBR is a circumferential stress of 61 MPa in the 6061-T6 pressure vessel;” on the beam
tubes, the stresses are compressive at a maximum of 15 MPa. In the HFIR, the pressure vessel is steel;
the highest stress sustained by an aluminum component is a low compressive stress on the small-
diameter hydraulic rabbit tube.! So the HFIR and HFBR experiences with 6061-T6 alloy offer no
guidance to performance at the stresses and temperatures expected in the ANS. Such guidance will
have to be drawn from sources like the data in Figs. 3.2 and 3.3, which have provided the basis for
recent approval of an American Society of Mechanical Engineers (ASME) Code Case for use of 6061-
T6 aluminum alloy for nuclear pressure vessels at temperatures not exceeding 149°C.?

Under the regulations of ASME Boiler and Pressure Vessel Code, Sect. IV, Appendix 2, Part D,
the permissible stress levels are defined as the least value of either two-thirds of the tensile YS or one-
third of the UTS at the service temperature. These criteria are for materials with stable microstructures.
To apply them to the unstable 6061-T6 alloy for ANS components, the time-degraded strengths should
be used. For 6061-T6 alloy, the one-third UTS criterion has the least stress values, which are shown
by the cross-hatched region in Fig. 3.3. This principle confines the design stresses at 100°C and 150°C
to 95 MPa and 70 MPa, respectively. The peak stresses on several of the components in Table 3.1,
namely the control rod followers, the CPBT, the shutdown rod guides, and perhaps the RV, are
approaching or exceeding these design limit values. The stresses and temperatures in the table are
tentative and may be reduced as more sophisticated calculations are made. However, the ceiling values
might move downwards, too, because of the influence of two factors that are not covered adequately in
the ASME code. One is creep. If creep is likely to be involved, the ASME code suggests that stresses
be limited to the lowest of the following: ‘

1. 100% of the average stress to produce a creep rate of 0.01% in 1000 h,
2. 67% of the average stress to cause rupture in 100,000 h, or
3. 80% of the minimum stress to cause rupture in 100,000 h.

Creep data for T6 and T651 alloy, summarized in Fig. 3.3, indicate that the stress values for option 2
are higher than the stress limits set by the one-third UTS criterion; those for option 3 are likely to be
higher, too. But option 1 might be invoked. The available creep data contain insufficient information

*P. Tichler, Brookhaven National Laboratory, personal communication to the author, April 1994.
tR.B. Rothrock, Oak Ridge National Laboratory, personal communication to the author, 1994.
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to allow determination of the stress levels that will cause a creep rate of 0.01% in 1000 h. Secondary
creep rates are given, but primary creep rates and levels are often not published. Neglect of primary
creep, which typically occurs at a faster rate than secondary creep, will give nonconservative stress
levels under option 1. It can be assumed that the stresses for 0.01% creep in 1000 h will be less than
those shown in Fig. 3.3 for 0.1% creep in 1000 h, meaning that, at 150°C at least, the unknown stress
levels of option 1 may become decisive.

The other factor inadequately covered in the ASME code is the effects of environment. The data
base for the 6061 alloy code case was obtained by tests performed in air. The ANS components will
operate in water. It is well known that a water environment generally has a degrading effect on metals.
In particular, fatigue life can be significantly reduced in aqueous media. The effects on other
mechanical properties are less quantified. One consequence of exposure of aluminum to air or water is
the formation of surface oxide films that can retard removal of nuclear heat from components, raising
their temperatures and thereby reducing the tolerable stress levels. This latter aspect has been
considered elsewhere, and the temperature increases appear to be insignificant for the ANS
components.

Another reason for avoiding temperatures above 150°C, which has already been addressed in the
preliminary ANS design, is the decline in fracture toughness with increasing temperature. The plane
strain fracture toughness of 6061-T6 alloy is modest at best, and any substantial reduction is
undesirable. The alloy also has a low tearing modulus, implying that if a crack does get initiated, it
may propagate readily. Hence, maximum resistance to cracking requires the lowest achievable
temperatures.

The overaging response of 6061-T6 alloy at elevated temperatures means that the alloy cannot -
tolerate upward temperature excursions during service; even a short period at a temperature above
200°C may render the alloy unfit to support its service load when returned to its normal operating
temperature. The worst nonservice temperature excursion is welding. The precipitation-hardened
condition is destroyed during welding; consequently, the mechanical strength of weldments will be -
inferior to that of the base material. An example® of weld strength is given in Fig. 3.3. The strength is
roughly half that of the unwelded alloy. Some degree of degradation will extend through the heat-
affected zones on each side of the weld, typically to distances of two to three times the width of the
weld fusion zone." Partial relief is available by postweld aging, which restores some strength at the
risk of reducing the strength of the base material. The use of autogenous welds-eliminates filler )
materials and offers the possibility of full restoration of properties by allowing.a complete reheat
treatment of the welded component. Residual porosity from the weld process and distortion from
quenching during heat treatment may cause problems. The best policy is to avoid welds wherever
possible. Welds will be required in some ANS components, and it is recognized in their designs that
the degraded properties of the welds will determine the permissible stress levels on components.

Recommendation #1: In view of the described degrading effects of temperature, time, and stress and
the uncertain effects of water environment and creep on the long-term mechanical properties of
unirradiated 6061-T6 alloy, design efforts should continue towards reducing the stresses, operating
temperatures, or assigned lifetimes of the more highly stressed components.



4. RADIATION EXPOSURES AND EFFECTS

The reactor will operate on a 21-d cycle, 17 d burn and 4 d refuel. Calculated, cycle-averaged
neutron and gamma flux profiles across the radius of the reactor at the core horizontal midplane are
shown in Fig. 4.1. These neutron flux profiles are somewhat different from those appearing in earlier
descriptions of the ANS. They are calculated' for recent designs, using the most accurate and
complete Monte Carlo models, which include contributions from photoneutrons generated in the D,0
reflector. These photoneutrons cause the fast and epithermal neutron fluxes to curtail their sharp
declines with radial distance. The less-steep radial declines in gamma ray fluxes are reversed near the
vessel, where gamma photons emitted from the RV following capture of thermal neutrons boost the
local gamma fluxes. The thermal neutron flux peaks at a radius of ~400 mm. Flux profiles in the axial
direction at 430-mm radius, corresponding to the locations of the beam tube tips, are given in Fig. 4.2.
The profiles in the core region include some perturbation by components there, but the profiles in the
reflector regions do not incorporate local fluctuations caused by the presence of structural components
in the reflector.

The fluxes seen by the various reactor components are given in Table 3.1 together with their
estimated lifetime fluences. These fluxes and fluences will alter the properties of the components.
Radiation effects in aluminum at the temperatures of interest are driven primarily by two sources. One
is point defects, vacancies, and self-interstitial atoms created when aluminum atoms are displaced from
their lattice positions. The other is precipitates of transmutation-produced silicon. The atomic
displacements per atom (dpa) and the weight percentages of silicon expected in the various reactor
components are listed in the table. To explain their roles briefly, an introduction to the basic elements
of radiation effects and a review of the consequences in aluminum now follow.

Atomic displacements are caused predominantly by fast neutrons with energies >0.1 Mev through
their elastic interactions with lattice atoms and consequent knock-on events, resulting in displacement
cascades. Much of the energy deposited in a cascade is converted to a momentary heating spike,
during which most of the vacancy and interstitial point defects are annihilated by recombination. Those
remaining are in the form of freely migrating defects (FMDs) or small clusters of like defects. Some
of the FMDs drift around until they are absorbed at sinks such as dislocations, grain boundaries, and
precipitates. Diffusion processes are controlled by point defects, and because the point defect
concentrations exceed the thermal equilibrium levels, diffusion of atoms is enhanced just as though the
metal were at a higher temperature. Solute atoms are swept to the sinks by the flows of FMDs,
resulting in solute segregation and phase instability. Creep processes are accelerated. Those FMDs that
avoid sinks either encounter unlike defects in the matrix and are recombined or meet similar defects
and form clusters. The clusters grow and shrink as they absorb FMDs. Some grow into visible loops
that eventually evolve into dislocation lines and tangles. Other clusters capture solute atoms and
become precipitate nuclei. Some of the vacancy clusters take up gas atoms that stabilize the cluster as
a small bubble. If bubbles reach a critical size, they develop into voids that cause the alloy to swell.
Bubbles located on grain boundaries can expand under an applied stress and link to form intergranular
cracks at elevated temperatures, a phenomenon known as helium embrittlement. All of these radiation-
induced microstructural features present obstacles to the passage of dislocations during mechanical
loading and thus harden and embrittle the metal.

Fast neutrons are not the only sources of point defects. They are also created, to lesser degrees,
by epithermal neutrons, by high-energy gamma photons, and by atomic recoils in transmutation
reactions. The major source of the latter in aluminum are the recoils from the thermal neutron capture
reactions that produce silicon. In the regions of the ANS outside the core, the neutron spectrum is
highly thermalized, and the generation of point defects in many of the components located in those

4-1
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regions will be substantially affected, in some cases dominated, by the thermal neutron flux or fluence.
Figure 4.3 illustrates how the relative percentages of dpa in aluminum change with the ratio of thermal
flux to fast flux, ¢/, Figure 4.3 was derived using group displacement cross sections” of 1192, 64.7,
0.238, and 2.73 b for neutron energies of >0.1 MeV, 0.1 MeV to 100 eV, 100 to 0.625 eV, and
<0.625 eV, respectively, appropriate to the ANS spectra. The lower epithermal group makes an almost
negligible contribution and is folded into the upper epithermal group for simplicity. It can be seen that
the thermal neutrons become the major point defect source when the ¢,/¢; ratio exceeds ~400. The
neutron spectrum may also influence the effects of transmutation-produced silicon, of which more will
be said shortly.

~ Transmutation products in aluminum are primarily silicon from reactions with thermal neutrons
and hydrogen and helium generated by fast neutrons. Specific cross sections for the (n,p) and (n,0)
reactions with aluminum in the ANS spectra are not available but they should be somewhat similar to
the respective values of 2.7 and 0.47 mb derived from data for the HFIR target region for neutrons
with E > 0.1 MeV."® These cross sections will result in ~160 appm hydrogen and ~28 appm helium in
the in-core MT tubes, which are expected to receive the highest fast neutron fluences of all the
components over their design lifetime of two years. Silicon is produced in aluminum by capture of
thermal neutrons via the reactions ¥Al(n,y)**Al — Si+p~. The cross section varies as 1/E and has a
value of 230 mb for neutrons of energy 2200 m/s (E = 0.025 eV). The amounts of transmutation-
produced silicon expected in the various ANS components are given in the final column of Table 3.1.
The largest quantities, about 6.4 wt %, will be generated in the thermal beam tube thimbles. Silicon is
insoluble in aluminum at temperatures below 200°C, and it forms small precipitates.’® These
precipitates are responsible for most of the radiation strengthening in 6061-T6 alloy."?' -

4.1 TENSILE PROPERTIES

The effects of radiation on tensile properties are shown in Fig. 4.4 as a function of thermal neutron
fluence for 6061-T6 and -T651 irradiated at <100°C in water or D,0 and tested at 25-55°C in air.
These data are compiled from all accessible sources' %" and are now registered in Ref. 27. There is
scatter in the data. For safe design purposes, the worst-case effects are the important ones and are
depicted by the lines representing the maximum values of yield stress and ultimate strength and the
minimum values of total and uniform elongation. These lines conform with the general trends of the
data and show that thermal neutron fluences below about 1 x 10* m™ have only minor effects on
tensile properties. At higher fluences there is continuous strengthening, accompanied by continuous
loss in total elongation, but the decline in uniform elongation appears to plateau at 3—4%. Tests
performed at 150°C and 200°C after high fluence exposure'®" show lower strengths and lower
ductilities than 50°C tests, with uniform elongations <1%. The highest fluence data in Fig. 4.4. involve
levels of transmutant silicon of 6-9 wt %. This range is pertinent to the ANS beam tubes and cold
source thimbles.

4.2 FRACTURE TOUGHNESS

For metals in general, a reduction in tensile ductility is usually accompanied by a reduction in
fracture toughness. For 6061-T6 alloy there is no established relationship between fracture toughness

*J. A. Bucholz, Oak Ridge National Laboratory, personal communication to the author, May 1994.
Hncludes unpublished data from S.T. Mahmood and the author, Oak Ridge National Laboratory, 1993.
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and tensile properties from which to predict the toughness. The toughness data must be acquired by
measurement and are sparse. The results for irradiated 6061-T6 aluminum are displayed in Fig. 4.5.
All of these are recent acquisitions. The small numerals alongside the data points represent the ¢/,
ratios. The higher the ratio, the softer the spectrum. The data labeled HFIR irradiations are from
ongoing ANS experiments?? conducted to simulate the lifetime exposure of the ANS CPBT. These
indicate that the fracture toughness remains unchanged at about 32 Mpav'm after an exposure to a
thermal neutron fluence of 8 x 10° m™, which exceeds the planned lifetime exposure of the CPBT.
This apparent insensitivity to irradiation prevails despite increases in tensile strength and decreases in
tensile ductility predicted by Fig. 4.4 and measured by Alexander.?® However, a very low tearing
modulus was noted, implying low resistance to crack propagation. Also, the fracture toughness was
noticeably reduced in tests made at 150°C.

The datum point from the HFBR irradiations® in Fig. 4.4 suggests that the fracture toughness may
be reduced by 75% at a thermal neutron fluence of 4 x 10 m™ and a /¢, ratio of 20. The thermal
neutron fluences expected for the thimbles of the ANS thermal beam tubes and cold sources range up
to more than 3 x 10°” m®, and the ¢,,/d ratios in the ANS cover a very wide spread of 1 to 10°. These
conditions are denoted by the bar at the bottom of Fig. 4.5. There is some argument that the HFBR
data may not be strictly valid. They were not obtained according to rigid linear elastic fracture
mechanics rules but rather were estimated from notched tensile test data and from measurements of
impact energy made on nonstandard Charpy test pieces cut from retired reactor components. To further
confound the issue, the exposure conditions for the HFBR specimens were different from the HFIR
irradiations. They involved much longer times at lower fluxes and in softer spectra. Some intergranular
fracture facets were evident on the broken surfaces of the HFBR specimens. There are strong signs
that longer exposure times, softer spectra, and the involvement of intergranular fracture may accentuate
radiation damage, as discussed in following sections. Thus, it is conceivable that the low fracture
toughness at high dose may be less an artifact of the unconventional route by which it was obtained
than a genuine consequence of the different exposure conditions.

The only other fracture toughness data at ambient temperature for an irradiated aluminum alloy
were obtained for 5154 (Al-3. S%Mg) alloy.”” Conditional K, values were ~28 Mpa-f m for a thermal
neutron fluence of 2.5 x 10° m?, falling to about 17 Mpav/' m at 7.5 x 10® m

4.3 A SPECTRAL EFFECT?

The tensile properties data base in Fig. 4.4 represents, primarily, irradiations made in a narrow
range of hard spectra in light water reactors. The one exception is data from components irradiated in
the softer spectra of the heavy water HFBR.2**! These data show considerably more strengthening per
unit of fluence. They also are claimed to give low fracture toughness values (see Sect. 4.2).
Transmission electron microscopy (TEM) examination reveals a much finer distribution of the
precipitates of radiation-induced silicon, consistent with the higher strengths. The finer microstructure
is tentatively attributed to the softened neutron spectrum of the HFBR. It is postulated®'® that, whereas
the thermal neutrons produce the silicon, it is the fast neutrons that determine its spatial distribution by
controlling the degrees of cascade dissolution of precipitates and vacancy supersaturation. In that case,
if the fast neutron flux is low with respect to the thermal neutron flux, there will be less coarsening of
the silicon precipitate and, hence, more strengthening per unit of silicon or per unit of thermal neutron
fluence. On this basis, a spectrum like that for some of the HFBR data with a ¢,/¢, ratio of 20 or so
will cause more hardening per unit of thermal neutron fluence than will the light water HFIR
spectrum, where the ratio is ~2. A ratio of 0.5 will cause less strengthening

This interpretation is speculative. It is marred by uncertainties in irradiation temperatures.
Nevertheless, it is not an isolated observation. A sensitivity to ¢,/d; ratio has been reported for the
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This interpretation is speculative. It is marred by uncertainties in irradiation temperatures.
Nevertheless, it is not an isolated observation. A sensitivity to ¢,/¢, ratio has been reported for the
tensile properties of specimens of 5154 aluminum alloy (Al-3.5%Mg) cut from the retired core box of
the high flux reactor at Petten,” where ¢,/¢; values spanned only a very narrow range of 1 to 4.8 and
temperature was apparently not a variable. Also, unpublished but widely known data measured on the
AG3-NET alloy (AL-3% Mg) beam tubes in the Reacteur Haut Flux (RHF) at Grenoble, for which the
¢4/¢; ratios were in the range of 80-500, show that hardnesses are much higher than for similar
material irradiated to similar thermal fluences in the HFIR at ¢,/¢,~ 2. This loosely knit but consistent
body of evidence cannot be ignored. Until more information and a more positive explanation are
available, the prudent course is to accept the possibility that spectral effects will occur in ANS
components where ¢,/d, ratios will range as high as 1 x 10°. Presently, the data in Figs. 4.4 and 4.5,
on which the following assessment of the ANS components is based, cover only the narrow ¢,/¢;
range of 0.5-21. Allowances should be made for the much higher ratios in the ANS, but there are
inadequate data to guide the allowances, and quantitative predictions cannot be attempted with
confidence.

Recommendation #2: Experiments should be made at measured temperatures to verify and quantify
effects of the ratio of thermal to fast flux on tensile and fracture toughness properties of neutron-
irradiated 6061-T6 alloy.

4.4 INTERGRANULAR FRACTURE

The tensile data in Fig. 4.4 are for irradiation and test temperatures <100°C. The fracture mode is
usually transgranular ductile tearing. However, at the higher doses there are rims of intergranular
fracture at those surfaces that were in contact with water during irradiation. Such intergranular fracture
may be associated with absorption into the grain boundaries of radiolysis products from the water.
Longer exposure times or higher operating temperatures would be expected to increase the depth of
penetration of radiolysis products, resulting in reduced ductility.

Intergranular fracture is a mode of failure that occurs by separation of the boundaries between
grains in a solid, usually at low strains. It is attributed to segregation of impurity atoms at the
boundaries that reduces cohesion across the boundaries and to deformation conditions that tend to
concentrate plastic strain at the grain boundaries, as in low-stress creep. Intergranular failure does not
require any associated hardening, and regular tests for ductility may not reveal any propensity to
intergranular weakness. Often it is environmentally related, as in the well-known phenomenon of
intergranular stress corrosion cracking and in the above instances of radiolysis effects. Or it may be
caused by internal impurities, as with helium embrittlement. It can happen unexpectedly and is blamed
for the two most serious cases of in-reactor failures of aluminum components. These are the splitting
of the tubular, 8001 alloy (Al-1% Ni) HFIR target elements®! and the craze cracking of the AG3-NET
alloy (AL-3% Mg) beam tubes in the RHF at Grenoble. The former was traced to helium
embrittlement because of high local concentrations of helium generated at stringers of nickel-rich
inclusions in the extruded tubing.*? It was eliminated by reducing the volume of target material and
thereby removing the tensile hoop stress on the tubing. The RHF intergranular cracking, which
necessitated replacement of the beam tubes, remains unexplained but is tentatively blamed on stress-
corrosion cracking. Both of these incidents were surprises.

There are intermittent signs that intergranular cracking can intervene in irradiated 6061-T6 alloy. It
is found that testing of irradiated specimens at temperatures above 150°C reveals very low ductility,
associated in some cases with the onset of intergranular failure.”® Furthermore, postirradiation creep
tests at low stresses at 100°C and 150°C tend to be terminated abruptly by intergranular failure at low
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intergranular facets. These signs reinforce the earlier recommendations that temperatures not exceed
150°C and stresses be minimized. They also lead to the following recommendation.

Recommendation #3: Experiments should be conducted to determine the temperature-stress-fluence
limits in water for the occurrence of intergranular fracture in neutron-irradiated 6061-T6
aluminum.

4.5 RADIATION CREEP

In stressed specimens undergoing irradiation, the excess point defects produced by the irradiation
can induce radiation creep mechanisms that supplement thermal creep and increase the overall rates of
creep. Radiation creep will relieve peak stresses but will cause dimensional changes in components.
Because the supersaturations of point defects increase with decreasing temperature, the relative
contribution of radiation creep to total creep should also increase with reduced temperature. Radiation
creep can extend the range of creep below temperatures where thermal creep is usually insignificant.
There are only two reports of in-reactor creep experiments on aluminum. Both are on high-purity
aluminum. One,* at a displacement level of only 10~ dpa, found no radiation creep. In the other,” at
10™ dpa, the creep rate was increased by a factor of 10 or more for irradiation temperatures below
150°C. It might be argued that since 6061-T6 alloy is more resistant to thermal creep than is pure
aluminum and has a high concentration of precipitates that will absorb and recombine point defects, it
might be less sensitive to radiation creep.

Radiation creep is considered a serious issue requiring immediate resolution for some components
of the ANS. The primary concern is the CPBT, which is the principal pressure boundary in the ANS.
Creep will cause it to barrel outwards. To address this concern, the ANS Project has initiated some
radiation creep experiments on 6061-T6 alloy. These experiments consist of making measurements of
changes in diameter of internally pressurized tubes of 6061-T651 aluminum after irradiation in the
HFIR flux trap at a temperature of about 65°C. The tubes are pressurized with helium to produce hoop
stresses in the tube walls of 20, 60, and 100 Mpa. These stresses and the neutron fluxes in the trap are
close to those expected for the CPBT. The irradiation temperature is on the low side, a condition that
should favor radiation creep by ensuring greater supersaturations of radiation-produced point defects.
Data from the first tests at fluences up to 1.5 x 10 m thermal and 5.2 x 10** m™ fast and 0.8 dpa
reveal no creep. These results are very encouraging, but are by no means conclusive. They are low-
dose data and at best indicate that creep in this alloy is not significant in the point defect transient
period at the onset of irradiation before steady state conditions are established. Longer-term tests are
underway.

4.6 FATIGUE

There is no information on effects of irradiation on fatigue of 6061-T6 aluminum. Failures of
some 6061-T6 shim safety-rod bearing mounts in the HFIR shortly after the reactor was commissioned
were traced to fatigue and were rectified by redesigning the mounts.?® No influence of the radiation
environment was discerned. In 5154 aluminum alloy irradiated to a thermal neutron fluence of
7.5 x 10% m™, fatigue crack growth rates were increased by a factor of 2.?° In other irradiated metals
where fatigue data exist, mostly stainless steels, the general trends are that radiation extends fatigue
life under high frequency conditions and reduces fatigue life under low-cycle, strain-controlled
conditions. The changes are modest, factors of approximately 2 to 5. Thus, it seems that radiation-
enhanced fatigue is not a serious issue. The best safeguards against fatigue in reactor components are
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designing the components for fatigue resistance, decoupling sources of vibration, and minimizing
cyclic stresses.

4.7 LOW TEMPERATURES

Aluminum components in the two cold sources in the ANS will operate in liquid deuterium at
-253°C. At such temperatures atomic diffusion processes will virtually cease. Loss of point defects by
diffusional recombination will be inhibited, as will the formation of precipitates of transmutation-
produced silicon. The point defects and the silicon atoms will be frozen in, causing very high
supersaturations of defects that will induce considerable solid solution-type hardening. Additionally, a
much larger fraction of point defect clusters created by cascade collapse will avoid attrition by mobile
defects than would do so at higher temperatures. Consequently, it is expected that the degree of
radiation hardening per unit of dpa or of fluence will be considerably higher than for ambient
temperature irradiations. This assumption is confirmed by limited cryogenic irradiation data on tensile
properties of aluminum alloys summarized in Ref. 10. Specifically, for 6061-T651 alloy irradiated in a
fairly hard spectrum at —196°C to a fast neutron fluence of 2 x 10 m (=0.03 dpa) and tested at
—196°C, there was a 41% increase in yield strength, a 22% gain in ultimate strength, a loss of 54% in
total elongation, and a loss of 95% in uniform elongation.”” Likewise, pure aluminum irradiated under
similar conditions displayed a 50% increase in tensile strength and a total loss in uniform elongation.®
Irradiation to these low fluences at ambient reactor temperature would cause only barely perceptible
changes in properties. Actually, much of the changes in properties in the 6061 alloy occurred at a fast
neutron fluence of only 4 x 102 m™, or ~6 x 107 dpa. The ANS cold source vessels will reach a
displacement dose of 6 x 107 dpa just five days into the reactor's first fuel cycle.

The spectrum at the cold source vessels is very soft, ¢,/¢,= 8 x 10°, and from Fig. 4.4 it can be
seen that ~95% of the displacements will be created by low-energy recoil events associated with the
thermal neutrons. Accordingly, there will be fewer cascade clusters and perhaps less hardening. On the
other hand, relatively large quantities of silicon will be generated and retained in supersaturated solid
solution with an expected high hardening coefficient. Therefore, the designers of the ANS cold sources
have assumed, prudently, that neutron exposure for a single 17-d fuel cycle will severely embrittle the
cold source vessels.

Some relief is available. A characteristic of low-temperature radiation damage is that much of it
anneals out when the temperature is raised to a level where point defects become mobile. For 6061
aluminum, it was found that tests made at room temperature after irradiation at ~196°C showed no
detectable hardening.>” Such restoration of properties is consistent with the fact that irradiation to these
fluences at ambient temperature, where such annealing is concurrent, will not cause significant changes
in tensile properties. This ability to recover from low-temperature radiation damage in an aluminum
cold source by bringing it up to room temperature is the reason that cold sources are usually allowed
to heat up to ambient temperature periodically. A periodic annealing schedule is planned for the ANS
cold sources to coincide with fuel changes. Of course, the annealed sources will rapidly reharden
during the next fuel cycle and must be regarded as brittle, but, at least during fuel changes, when the
danger of inadvertent handling damage to the sources is greatest, they will be more able to withstand .
shocks.

Although room-temperature annealing of this type will certainly erase mobile point defects and
seems to be satisfactory for existing cold neutron sources, there is some question of its efficacy for
mitigating the hardening caused by large quantities of transmutation-produced silicon. Supersaturated
solid solutions of silicon in aluminum will age harden at room temperature. The generation rate of
silicon in the ANS cold sources will greatly exceed that in any existing cold neutron sources, and it is
not clear whether a room-temperature anneal will relieve or aggravate the hardening from the silicon.
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For acceptable relief from silicon-associated hardening, it may be necessary to go to higher
temperature, but not beyond 160°C, where overaging of the 6061 alloy will occur. To prepare for this
contingency, the ANS cold source designers are exploring an innovative use of nuclear afterheat to
raise the temperature of the cold sources above room temperature.

4.8 SWELLING

Swelling is an increase in volume caused by development of voids, bubbles, and low-density
phases. It can be measured from the difference in density of unirradiated (p,) and irradiated (p;)
aluminum. Measurements of swelling in various aluminum alloys irradiated at 65°C in the HFIR are
presented in Fig. 4.6. By convention, swelling is plotted against fast neutron fluence because in most
materials swelling results primarily from voids and because voids are developed from accumulations of
vacancies, most of which are generated by fast neutrons. In aluminum, the silicon precipitates
developed during irradiation are less dense than the aluminum matrix, and they cause swelling, too.
The density of 6061 alloy is 2701.2 kg m™. That of silicon is 2329.3 kg m™, and 1 wt % Si in the
form of precipitate will cause 0.16% swelling. The silicon portion of the swelling is dependent on the
thermal neutron fluence. For the data in Fig. 4.6, the ¢,,/¢; ratio is ~2. The silicon contribution to
swelling is indicated by the dashed line marked 2Si. The difference in swelling between the dashed
line and the solid lines is the void swelling. (In the 5052-0 alloy, Al-2.5%Mg, the neutron-generated
silicon increases the density of the alloy because it combines with Mg to form Mg,Si; removal of the
Mg from solid solution raises the density of the matrix.)

Study of Fig. 4.6 reveals that, although swelling in pure aluminum is due principally to voids and
is quite high, the 6061-T6 alloy is much more resistant to void formation and displays only about one
hundredth the overall swelling, most of it attributable to the silicon precipitates. Void swelling is not a
factor until a fast neutron fluence of 3 x 10? m™ is reached. Table 3.1 shows that the maximum fast
neutron fluence received by any ANS component is 5-6 x 10% m™ (for the control rod followers and
the in-core MT tubes). Therefore, swelling in the ANS components will be dominated by the silicon
precipitate.

Swelling from silicon precipitates should not be strongly sensitive to irradiation temperature.
Swelling from voids is sensitive to irradiation temperature through its effects on vacancy mobility and
the degree of vacancy supersaturation. Experiments on pure aluminum have shown that void swelling
diminishes at irradiation temperatures above 65°C and disappears at about 150°C. Hence, the higher
irradiation temperatures in the ANS should reduce void swelling below that for the fast fluences
depicted in Fig. 4.6. Swelling in the in-core components, where the spectrum is similar to that for
Fig. 4.6, should not exceed ~0.5%. Elsewhere, swelling will be determined by the silicon precipitate
and can be estimated from the silicon concentrations in Table 3.1. The largest accumulated silicon
levels are 6.4% in HT-4 and the beam tube thimbles and 6.0% in the cold source thimbles. In these
components, swelling is predicted to be on the order of 1%; at least it will be if the silicon precipitates
are pure, crystalline silicon. Sometimes they are not crystalline. Amorphous particles of silicon have
been found, especially in materials irradiated in a thermalized neutron spectrum. Their contribution to
swelling has not been measured. ,

4.9 RADIATION SOFTENING

Generally, metals undergo hardening during irradiation. It is conceivable, however, that metals that
have been prehardened by cold work or by a precipitation treatment might become softened during
irradiation at temperatures below the normal temperature for thermal recovery as a result of radiation-
enhanced diffusion processes or cascade dissolution of precipitates. Early measurements of the effects
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of irradiation temperature on the tensile properties of 6061-T6 aluminum? showed that full softening
under irradiation occurred only at temperatures of 250°C or higher, coincident with those for thermal
softening and implying that radiation softening was not occurring. In agreement, the tensile data from
the numerous sources in Fig. 4.4 for 6061-T6 and -T651 alloys neutron irradiated at temperatures
below 100°C indicate no softening. Nevertheless, there are two disturbing reports of radiation-induced
softening in 6061-T6 type alloys. The first* was for 6061-T6 material irradiated with 600-800 MeV
protons to a displacement dose of 0.2 dpa. The other*® was for a quenched-and—tempered alloy
(0.78Mg, 0.98Si) irradiated to fast neutron fluences of 8.7 x 10® m and 2.5 x 10? m2 (~1.5 x 10°
and 4 x 10° dpa, respectively). In both cases, yield strengths and ultimate strengths were reduced to
the levels for annealed alloy, and ductility was increased. In the proton-bombarded alloy, the Mg,Si
precipitate disappeared. No microscopy was done on the neutron-irradiated alloy.

Until the publication of the second report, the proton bombardment softening of 6061-T6 alloy had
been regarded with skepticism because of the notoriously erratic temperature control in many early ion
bombardments. The second report generated considerable concern at ORNL and prompted extensive
experiments to verify the softening phenomenon. Tensile specimens of 6061-T6 and -T651 and four
other precipitation-hardened aluminum alloys were exposed in the HFIR target region to fluences that
blanketed the reported softening ranges. No softening was found. Because the flux in the HFIR trap is
much higher than that for the reported softening, specimens were placed in the Ford Reactor at the
University of Michigan to duplicate the appropriate conditions of spectrum, flux, and time for the
purported radiation softening. Again, no softening was found. The proton bombardment conditions that
caused softening could not be attained at ORNL. A simulation was performed with 2.3 MeV protons.
Still, no softening was found. One significant difference between these experiments and those for the
claimed softening is temperature control. The experiments that gave softening were done in sealed
cans with no measureinents of the actual temperatures of the specimens. The subsequent experiments,
which showed no softening, were made with the specimens in direct contact with flowing cold water
for the neutron irradiations and in a fully temperature-controlled and monitored system for the proton
bombardments. It was concluded that the reported cases of radiation softening in 6061-T6 alloy were
probably instances of largely thermal softening caused by inadequate attention to control of radiation
heating.

There is a telling postscript to these radiation softening claims. The author of this report
communicated the ORNL experimental details and conclusions to the authors of the claims. Some time
later he was informed by one of the authors of the proton irradiations that they had improved the
cooling system on their machine, repeated their irradiations on the 6061-T6 alloy, and found no
softening. The author of the neutron irradiation softening claim has very recently published the results
of follow-up work*! in which steps were taken to ensure good heat transfer to the cooling water.*! The
specimens were irradiated to a fast neutron fluence of 3.7 x 10? m™, and no softening occurred. No
public retractions have been made of either of the original softening claJms The softening data are
omitted from Fig. 4.4.

This review of radiation softening, while seemmgly favorable for precipitation-hardened 6000-type
alloys, is not the whole story. There are two instances*>* in which cold-worked, commercial-purity
aluminum reactor components in service at 40-50°C displayed softening at low fluences and radiation
hardening at higher fluences, and TEM examinations confirmed that recovery of the cold-worked
dislocation microstructure had occurred. There are no grounds to doubt the temperatures, so these two
instances must be viewed as genuine cases of radiation-accelerated softening. The aforementioned
ORNL experiments to detect the supposed radiation softening in the precipitation hardened alloys
included specimens of cold-worked, commercial-purity aluminum. The cold-worked aluminum did not
soften. This disagreement with the findings of Refs. 42 and 43 is interpreted as an indication that
radiation-assisted recovery of dislocation structure is slow at 50°C and requires long exposures or
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the claimed softening in the precipitation-hardened 6000-type alloys is moot. Certainly, it does not
hold for the data in Fig. 4.4, which contain measurements made on materials irradiated for periods up
to 20 years. Therefore, at irradiation temperatures below 100°C, radiation softening should not be a
problem for precipitation-hardened 6061-T6 and -T651 alloy.

4.10 EFFECTS OF GAMMA RAYS

Gamma rays can indirectly produce atomic displacements in metals by Compton scattering and
electron-positron pair production in which the energized electrons cause the displacements. The
displacement cross section in medium Z metals for gamma rays with energies greater than ~2 MeV is
on the order of 1b,* which is about 1/1000 that for fast neutrons with energies greater than 0.1 MeV.
Therefore, displacements from gamma rays are usually relatively small and are ignored. However,
when the ratio of gamma flux (E > 2 MeV) to fast neutron flux (E > 0.1 MeV) exceeds ~1000, the
fraction of atomic displacements contributed by gamma rays will be substantial. Table 3.1 shows that
the reflector vessel has a gamma to fast flux ratio of 2 x 10°. Will this high ratio affect radiation
damage in the vessel? Probably not. The reason for this seeming retreat is that the above argument
holds only when most of the neutron-induced displacements result from fast neutrons. At the ANS
vessel, almost all of the atomic displacements are produced by thermal neutrons (see Table 3.1).
Because the thermal neutron flux at the vessel is ten times larger than the high-energy gamma flux and
the displacement cross sections for thermal neutrons and gamma rays are similar, the gamma-induced
displacements will be relatively negligible.

4.11 THERMAL CONDUCTIVITY N

One of the reasons for selecting 6061 alloy for the reactor internal components is its high thermal
conductivity. The nuclear heat generated in the components must be transferred readily to the cooling
water. The thermal conductivity of aluminum is reduced by the presence of foreign atoms in the
lattice. Hence, unirradiated 6061 alloy has about 90% of the thermal conductivity of pure aluminum.
There are no measurements of thermal conductivity in irradiated 6061 alloy, but the effects of
irradiation are not expected to be large. The development of surface oxide films will likely be much )
more detrimental to heat transfer rates than will changes in bulk thermal conductivity. This effect of
surface oxide films has been extensively studied in the ANS Project to ensure that the films do not
cause unacceptably high temperatures in the reactor components and fuel plates.






5. ASSESSMENT OF ANS REACTOR COMPONENTS

From this background and with the caveats regarding the unclear effects of irradiation temperature,
intergranular fracture, and thermalized spectrum in aluminum, the state of radiation damage induced in
individual 6061-T6 components by their specific radiation environments is now assessed. In some
cases, the components will be declared “embrittled,” for lack of a better term to describe a condition in
which the mechanical properties are expected to be severely impaired but some level of ductility is
likely to be retained. For present purposes, this condition is arbitrarily defined as having a combination
of thermal neutron fluence greater than 8 x 10°® m and either a ¢,/¢; ratio of >20 or an irradiation
temperature of 150°C or both. Under those criteria, a component would have less than 5% uniform
elongation in tension, according to Fig. 4.4, with the prospect of even lower ductility because of the
high temperature, and it may fall in the contentious region of low fracture toughness in Fig. 4.5. A
component designated embrittled under these terms is not necessarily hazardous. Aluminum very rarely
breaks as glass does in a truly brittle manner. More likely it will deform before suffering gross failure.
Those components labeled embrittled and for which failure will not jeopardize the safe operation of
the reactor, may still be considered fit for service. The limits to their service lives are not established
by their metallurgical condition alone. Replacement costs, reactor outage penalties, and other factors
are considered. This assessment stops short of proposing useful service lives, although it does include
suggestions for determining a better appraisal of metallurgical condition of some components for
which the present information is inadequate.

This assessment begins with components in the hard spectrum region of the core, then moves
radially outward into the more thermalized regions in the heavy water reflector. Each component is
introduced with a synopsis of its operating conditions, where its goal life (L) is given in calendar
years; 0t is the lifetime thermal neutron fluence (E < 0.625 eV) in units of neutrons per square meter;
¢y/0; is the ratio of thermal neutron flux to fast (E > 0.1 MeV) neutron flux; ¢ is the peak stress; and
T is the peak operating temperature.

5.1 CONTROL ROD FOLLOWERS AND IN-CORE MATERIALS TESTING TUBES
L = 2 years, 0t, = ~1 x 107, ¢/¢, = 1-2, 6 = 90 Mpa, T =2

These components are located within the hollow, cylindrical fuel elements. Their operating
temperatures have not been specified. It might be assumed that, because these components are in the
direct path of the inlet coolant water, their temperatures will remain below 100°C. But they also
experience the largest nuclear heating rates, as high as 40 W/g. Spectrum effects are not expected for
these components. Swelling will be small (<0.5%). These components will harden and lose much of
their ductility as per the appropriate fluence in Fig. 4.4, but no serious problems are foreseen for them,
provided their temperatures are maintained below about 125°C.

5.2 CORE PRESSURE BOUNDARY TUBE
L = 0.5 years, 0t,, = 5 X 10%, ¢p/0; = 3, 6 = 92-96 Mpa, T = 105°C
The CPBT is the principal pressure boundary in the reactor. It must not break. The major concem
is the possibility of a sudden failure. Hence, the CPBT is intended to be of double-wall construction or

at least with a guard tube. The exposure conditions given above are for the horizontal centerline,
where the flux and hoop stress will be maximum. Towards the ends of the tube, the. flux, temperature,
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and stress levels will decline, and the ¢,/¢; ratio will increase considerably. At the centerline, the short
exposure time, the modest thermal fluence, the low ¢/¢; ratio, and the moderate temperature conspire
to alleviate embrittlement concerns to a large degree. Alexander's recent fracture toughness data’***
show little or no change in toughness at thermal neutron fluences up to 8 x 10% m. Also, the
perceived threat of distortion by radiation creep is diminishing in view of ongoing creep tests, which
are not showing significant creep. Swelling should be less than 0.2%. All in all, then, the prospects for
successful deployment of the CPBT in the above service conditions look good. For reasons described
earlier and.in Sect. 6, welds are avoided in the highly stressed regions of the tube.

5.3 HYDRAULIC TUBES HT-2 AND -4 AND SH-1 AND -2
L = 2 years, ¢t,, = 3 x 107, §,/0, = 15-50, ¢ = 20-44 Mpa, T = 120-150°C

These components will receive high thermal neutron fluences at moderately high ¢,/¢; ratios.
These conditions fall in the disputed low-toughness region of Fig. 4.5. Also, the temperature is in the
regime where very low ductility is encountered in tensile tests. These tubes will be embrittled. Their
stresses are low and presumably are compressive, conditions that are somewhat compensatory.
Nevertheless, the uncertainties in effects of temperature and spectrum make prediction of properties
difficult. Implementation of Recommendations 2 and 3 would provide information for firmer
predictions. Additionally, site-specific properties data will be obtained after reactor startup by loading
one or more of the tubes with surveillance specimens and withdrawing and testing the specimens at
intervals to monitor progressively the nature and extent of the radiation damage.

5.4 BEAM TUBE THIMBLES
L = 2 years, ¢t, = 3 x 107, /¢, = 130, 6 = 44 Mpa, T = 125°C

The tips of these thimbles are located in the peak thermal flux region just outside the CPBT. In
their planned 2-year lifetime, they will receive a high thermal neutron dose at high ¢,/¢; ratio and
moderately high temperature. Approximately 6.4% Si will be generated, resulting in ~1% swelling.
The thimbles will be embrittled. Special care will be taken to protect them from shock and impact.
These thimbles will be under a compressive load from the D,O reflector, but they have elliptical cross
sections. Consequently, there will be a component of tensile stress on.them that might encourage
corrosion problems. A design change to circular section tubes that will eliminate the tensile stress is
planned.

The unexpected failures of the beam tubes of the RHF at Grenoble have focused attention on
corrosion of aluminum beam tubes under irradiation. The RHF tubes cracked and spalled when they
reached thermal neutron fluences of 6-8 x 10? m in D,0 and a high ¢,/¢; spectrum. Cracking was
preceded by the appearance of small, white florets of corrosion product on the outer surfaces of the
tubes. The alloy is AG3-NET, a high-purity aluminum with 3% Mg. It was developed as a low-
activation alloy and does not contain the small amounts of copper and chromium that are added to
other aluminum alloys to control grain size and to impart improved corrosion resistance. Welds made
in the tubes with 5052 aluminum filler wire, which does contain the additives, did not crack. This
discrepancy implies that the cracking is material related, a deduction supported by the fact that the
6061-T6 beam tubes of the HFIR in H,0 and the HFBR in D,0 have experienced higher fluences
without corrosion and cracking. These considerations portend well for possible immunity of the ANS
beam tubes to this type of cracking. Nonetheless, such immunity is speculative. For greater certainty a
regular inspection schedule should be implemented to search for telltale signs of corrosion and
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spallation on the tubes. The experiments suggested in Recommendation #3 (determination of
temperature-stress-fluence limits for occurrence of intergranular fracture in water) would provide
further guidance for optimum utilization of the beam tube thimbles.

5.5 COLD SOURCE THIMBLES
L = 2 years, ¢t, =3 x 107, ¢,/¢; = 330, 6 = 42 Mpa, T = 125°C

The exposure conditions for the cold source thimbles are similar to those for the beam tube
thimbles. They will be embrittled. The comments made for the beam tube thimbles hold for the cold
source thimbles, too.

5.6 COLD SOURCE VESSELS
L = 2 years, ¢t, = 2 x 107, ¢,/; = 8 x 10°, 6 = 50 Mpa, T = -253°C

The special case of irradiation effects at cryogenic temperatures was outlined in Sect. 4.7. The cold
source vessels will become severely embrittled after only a few days’ exposure. There is no practical
and economical way to avoid this effect, so the embrittlement must be accommodated. The most
feasible ways are to set up strict procedures to minimize the danger of handling damage and to
incorporate a recovery anneal at the end of each fuel cycle, as described in Sect. 4.7. The anneal
affords only temporary restitution of properties, but it limits accumulation of radiation damage to a
maximum exposure of one fuel cycle, assuming that the silicon is rendered innocuous by the anneal,
and it periodically relieves internal stresses developed in the vessels by the stored point defects.
Frequent and systematic annealing of the vessels is an essential item of circumspect management of
the cold sources.

Annealing at room temperature should be sufficient to remove vacancy and interstitial point
defects. Erasing or diminishing the embrittling effects of the transmutation-produced silicon may
require higher temperatures. The appropriate annealing temperature will need to be determined by
experiment or from the French experience with their cold sources. Care must be taken to avoid
overtempering the 6061 alloy. If it is imperative to maintain the full strength of a T6 condition in the
vessels after annealing, the annealing temperature will be restricted to a maximum of 160°C. Lesser
strength requirements will allow higher annealing temperatures.

5.7 HOT SOURCE THIMBLE
L = 2 years, §t, = 2 x 107, ¢,/¢, = 8 x 10°, 6 = 50 Mpa, T = 125°C

The hot source thimble and the hydraulic tubes HT-1 and HT-3 (see Sect. 5.8) share similar
neutron environments, the major characteristic of which is the exceptionally high degree of
thermalization. Maintenance of the integrity of the hot source thimble is paramount. Its thermal
neutron fluence of 2 x 10* m™ should cause ~0.6% swelling. The tensile strength and fracture
toughness are not predictable from Figs. 4.4 and 4.5 because the figures reveal nothing about the
fluence response of 6061 alloy in the very soft spectrum seen by the hot source thimble. If the
explanation put forward for the substantial increase in strength observed in a spectrum with ¢/¢, = 20
is correct, then the spectrum at the hot source thimble should cause considerably greater strengthening
and associated loss in toughness than indicated in Figs. 4.4 and 4.5. Thus, the hot source thimble must
be considered to be embrittled. Two actions can be taken to reduce the severity and uncertainty of the



5-4

embrittlement. One is to shorten the planned lifetime of the first hot source thimble to 0.5 years,
immediately test the retired thimble, and adjust the service life of its successors according to the test
results. The other is either to carry out Recommendation #2 (determine effects of spectrum) before the
ANS is built or to plan on placing surveillance specimens in HT-1 or HT-3 to monitor the effects and
progress of radiation damage at a ¢,/¢; ratio pertinent to the hot source thimble. It will be difficult to
find an existing radiation source with fluxes high enough to allow Recommendation #2 to be
performed in a reasonable period of time.

5.8 HYDRAULIC TUBES HT-1 and -3
L = 2 years, ¢t, =9 x 10%, ¢,/¢, =8 x 10°, 6 =7, T = 100°C
See comments above for the hot source thimble.
5.9 VT-1 AND PT-1 TUBES
L = 2 years, t, = 2-9 x 10%, ¢,/0, =3 x 10°to 1 x 10°, 6 =2, T = 100°C

These are small-bore, cylindrical tubes under low compressive stresses. The effects of the high
/0, ratio is the major uncertainty. Embrittlement is anticipated. Surveillance data from experiments in
hydraulic tubes HT-1 and -3 should remove the uncertainty.

5.10 THE REFLECTOR VESSEL
L = 40 years, ¢t, = 0.5-1.6 x 107, ¢,/¢; = 2 x 10%, 6 = 100 (?) Mpa, T = 125°C

This is the long-term component in the system. Replacement would not be easy and, therefore, a
40-year life is highly desirable. It is not a pressure vessel. The high stress is the result of thermal
gradients through the wall thickness. Over the 40-year life of the vessel, such stresses might cause
thermal creep or radiation-assisted creep. Also, they increase the chances of stress-corrosion problems.
Swelling will be about 0.5%. The more direct radiation effects concern is embrittlement by the
transmutation-produced silicon. Because of the unknown influence of the soft spectrum, the degree of
embrittlement is unpredictable. In the absence of evidence to the contrary, it is assumed that the very
soft spectrum will inhibit coarsening of the silicon precipitate. The response to thermal fluence will
then be greater than that indicated by Fig. 4.4, and the vessel will be embrittled under our
embrittlement criteria. The neutron fluxes at the vessel are low, so the damage will build up slowly,
and there will be plenty of time to find means of dealing with it if the surveillance programs show that
it is, indeed, a problem. However, embrittlement countermeasures and remedies may be difficult or
costly to adopt late in the life of the vessel and should be considered now. One option is a replaceable
thermal neutron shield to reduce the neutron flux on the vessel. Another is to make allowances in the
design for the possibility of performing a dry, in situ, postirradiation anneal on the vessel.

5.11 SHUTDOWN ROD GUIDES
L = 2 years, 0t, = 8 x 10%, 9/0, = 320, G = 90 Mpa, T = 120-150°C

This combination of high flux, high ¢,/d; ratio, high stress, and high temperatufe is not reassuring
for a component whose integrity is necessary for safe operation of the reactor. There are too many
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unknowns. Until more information is available to ease these concerns, caution must be exercised.
Reducing the planned service life to 0.5 years as an interim measure would seem advisable.
Constructing the guides from a substitute material such as a zirconium alloy, which should be
relatively insensitive to the expected fluxes, stresses, and temperature, is under consideration.

5.12 THROUGH-TUBE
L = 2 years, ¢t, = 1.8 x 107, ¢,/¢; = 6.4 x 10°, 6 = 50 Mpa, T = 125°C

The through-tube is the continuous horizontal beam tube, HB-5/HB-10, that passes below the
capped beam tubes. The ¢,/¢; ratio is much higher than that of the beam tube thimbles (Sect. 5.4). The
same comments apply as for the beam tube thimbles.

5.13 CORE SUPPORT STRUCTURE
L = 0.5 years, t,, = ~5 x 10%, ¢,/¢, = 30, o = 40 Mpa, T < 100°C

It is essential to maintain the integrity of this structure. It is located below the core in the path of
the incoming coolant, which should ensure a low temperature. To avoid overexposure, it is planned to
replace the structure at 0.5-year intervals. It will experience moderately high fluences within the range
covered in Fig. 4.4. Provided the high ¢,/d, ratio does not upset the Fig. 4.4 data, no serious radiation
problems are expected.






6. COMMENTS

Despite the commendable performance of aluminum alloys in research reactors during the past
40 years, there are still many features of their radiation responses that are not understood. The desire
to raise service requirements runs afoul of those shortcomings. This review and assessment illuminates
the weaknesses and uncertainties in our knowledge and emphasizes the need for continued research
and vigilance. In that respect, it cannot be emphasized too strongly that the materials surveillance
program planned for ANS* should be expanded and pursued with vigor. There should be more
dedicated surveillance sites at strategic locations in the reactor. In addition to the specified fracture
toughness and tensile specimens, the surveillance packages should include TEM disks and flux
monitors; microstructural changes and neutron fluxes and spectra are essential for interpreting the
surveillance data. As part of this surveillance program, retired components, good and bad, and
especially the first ones removed and any for which regular surveillance is lacking, should be tested to
determine their degrees of service damage and to build a data base for assessment of remnant
lifetimes. Also, whenever a materials test facility in the reactor does not have a payload, it should be
filled with surveillance specimens rather than with disposable dummy filler pieces. The results from
the surveillance program should be used to assess the program continually and to determine the most
economical and safe operating schedules for components.

Recommendation #4: The materials surveillance program should be expanded as outlined above and
should include a formal system for testing retired reactor components.

Welded materials will be included in the surveillance packages. As discussed earlier, welds will
degrade the properties of 6061-T6 alloy, and allowances must be made for such degradation. Although
welds have not been troublesome in irradiated reactor components, they have received little
investigation, and almost nothing is known about their radiation response characteristics. In addition to
the previously mentioned softening effects of welding on T6 material, there is a potential danger from
weld flaws. Porosity and cracking are commonly encountered in aluminum welds, especially in thin
sections, and are difficult to detect by standard inspection techniques. Radiation hardening will
intensify the embrittling effects of such flaws. For these reasons, welds in stressed components must
be kept to a minimum. Certainly, the CPBT does not contain welds in its highly stressed central
regions. For the reflector vessel, which cannot be constructed without welds, the properties of the
welds will define the tolerable stress levels.

Low residual radioactivity of reactor components is a desirable feature for ease of maintenance
operations during shutdown periods and for safer disposal of spent components. The 6061 alloy
contains minor alloying elements (Cu, Zn, Cr, and Mn) that generate long-lived activation products.
Therefore, there is a proposal to consider substituting the higher-purity alloy 6063 (0.7Mg,0.4Si) for
some components. Several potential pitfalls are recognized in this proposal. First, the 6063 alloy has
only 75% of the strength of 6061 alloy, and any further removal of the impurities, which control grain
size, might further weaken the alloy. Second, it is claimed that the impurities impart aqueous corrosion
resistance to the grain boundaries, so removing the impurities might also induce intergranular corrosion
problems. These aspects should be explored before a commitment is made to this substitute alloy.

Another proposal is a wire-wrapped, single-wall CPBT. In principle, wrapping the CPBT with
multiple (as many as nine) layers of tautly strung, cold-drawn aluminum wire will strengthen it against
the hoop stresses imposed by the primary coolant. In practice, a number of drawbacks are perceived.
The most important of these are radiation-assisted stress relaxation or recovery of cold work that might
thwart the intended strength reinforcement, reduction of heat transfer by the many wire interfaces,
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entrapment of stagnant D,0 between the wires and encouragement of crevice corrosion, and
interference with nondestructive flaw detection. An option might be a laminated, single-wall tube
constructed by placing two or three extruded or drawn tubes inside one another and spin-forging them
into mutual contact. The fewer interfaces will be less deleterious to heat transfer and will provide
crack arrests, perhaps offering extended lifetimes. A shortcoming is that it may be difficult to weld a
flange onto a laminated tube of this type. The current design of the CPBT incorporates a flange at its
top, throngh which it is bolted to the top of the RV. Its lower end is unflanged and is held in place
with an O-ring seal. If an unflanged CPBT could be used, the laminated tube might provide a
relatively inexpensive alternative to the current CPBT design.

The latest design change in the ANS is the adoption of a three-element, annular core in place of
the two-element core for which this assessment was made. The three-element core has a larger volume
and allows the use of lower-enriched fuel to give the same power as the two-element core with its
highly enriched fuel. The larger volume gives lower neutron fluxes and also requires a larger CPBT
and an associated outward displacement of some of the components in the reflector. The best
neutronics performance for a three-element core is offered by a configuration designated ST-OL2 and
composed of two fully overlapped elements located atop the third element, whose diameter is midway
between those of the other two.* Compared to the two-element core, the thermal neutron fluxes from
the ST-OL2 core are 30-40% lower in the region within the CPBT and about 15% lower at the beam
tube tips; ¢,/0 ratios remain high in the reflector regions. From the perspective of radiation damage,
these lower fluxes will afford only minor reductions in damage. Therefore, the conclusions drawn from
the present assessment of components in the two-element core ANS will hold for the same components
in the three-element core ANS.
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