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Summary
Aluminum-clad, aluminum-based spent nuclear fuels (Al-SNF) from foreign and
domestic research reactors are being consolidated at the Savannah River Site (SRS).
These fuels are planned to be put into dry storage followed by disposal in the federal
repository. Temperature conditions in storage and disposal systems due to nuclear decay
heat sources will promote creep deformation of the fuel elements. Excessive deformation
of the AI-SNF will cause gross distortion (slump) of the fuels and may cause gross
cladding rupture. This condition would interfere with retrievability of the individual
assemblies during interim storage and may impact the source term for release for pre-

-closure design basis events for the repository. In addition, gross distortion would affect
the surface area applied in the evaluation of dissolution and release at post-containment
timeframes. A parametric analysis was performed to estimate creep deformation under
time/temperature conditions relevant to repository disposal of AI-SNF.

The stress in the dry stored spent nuclear fuels is due to self-weight and is considerably
low (several psi). Even under this low loading, significant creep strains in the fuel
elements may take place over long time at elevated temperatures corresponding to
geological repository disposal conditions. The creep (viscoplastic) strain in the fuel
element is a function of temperature, grain size of the material, grain boundary diffusion
activation energy and time. A parametric analysis was performed to investigate creep
deformation response of the spent fuel assemblies. The Materials Test Reactor fuel
element is precisely modeled for finite element analysis. Calculations cover temperatures
from 100 C to 350 C for grain sizes of the aluminum cladding of 10 Am (lower bound
grain width) and 50 glm (nominal grain width). Below 200 C for up to several decades,
creep deformation is negligible even at the lower bound grain width. Significant
distortion of the fuel elements is predicted within several years at a temperature of 350
cc.

Introduction
Experimental and analytical task activities are being performed at the Savannah River
Technology Center to demonstrate that Al-SNF can be dry stored safely and retrievably
for up to 40+ years and to enable the co-disposal of aluminum-based spent nuclear fuel
with the defense high level waste canisters in the federal repository. The testing and
analysis includes materials degradation studies. In the absence of corrosive conditions,
creep deformation is the primary degradation mechanism.

Creep under containment and post-containment repository may cause significant
materials reconfiguration that may impact isotope release rate and criticality analyses.
The prediction of slumped configurations is desired for temperatures up to 350 C and
times up to 10,000 years. The Materials Test Reactor design is the primary design of the
Al-SNF research reactor assemblies to be consolidated at SRS. The approach will be to
construct a model of a complete MTR assembly for Finite Element analysis to evaluate
the impact of:
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i) creep models;
ii) fuel orientations; and
iii) fuel material on the deformation results.

Limits to creep deformation during interim dry storage at SRS has been established by
site criteria [Sindelar, et al, 1995]. No limits to fuel slump are established for repository
disposal. Retrieval of individual fuel assemblies is not required following placement of
the fuel canister in the repository waste package. However, prediction of the fuel
configurations is beneficial for criticality and isotope release rate analyses under post-
containment conditions.

The results of this analysis will become part of the technical bases package to obtain
NRC licensing for interim dry storage and for repository disposal of these fuels.

Theoretical Background
It is observed that high temperature creep of polycrystalline engineering alloys most
frequently terminates in intergranular creep fracture associated with very small strains. It
is well recognized that intergranular creep damage starts to accumulate at the very
beginning of creep and generally involves grain boundary sliding, grain boundary
diffusion, surface diffusion and matrix creep flow.

The deformation response of a structural element to applied loading is a function of the
structural configuration, kinematic boundary conditions, thermal boundary conditions,
material properties and the loading rate. The stress-strain state in the specific structural
element may consist of elastic, inelastic (e.g., viscoelastic, viscoplastic, etc.), and plastic
components. The time dependent component of plastic deformation is designated as
creep.

An alternative definition of creep states that: creep is the plastic deformation proceeding
at constant stress or at constant load and constant temperature in time. The graphical
representation of the time dependence of strain is known as the creep curve. The curve is
an implicit function of temperature and stress. In the first stage, the homologous
temperature is low. The initial strain rate is high which includes instantaneous elastic
strain and viscoelastic as well as plastic strains. The strain rate decreases with time in
this so called primary or transient creep stage. In the second stage, the creep rate remains
constant with respect to time. This creep rate is designated as steady-state or secondary
creep rate. The steady-state creep takes place only at relatively high homologous
temperatures, at which the recovery rate is sufficiently high to compensate the effects of
deformation strengthening at any instant of time.

In the third stage of creep, the creep rate increases with time. This time increase of creep
rate can follow either from increasing (true) stress or from metallurgical changes in
structure taking place during creep. The tertiary creep stage finally terminates in fracture.
Figure I shows the three creep stages graphically.
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TIME

Figure 1. Schematic representation of a creep curve

The time dependence of creep strain has been investigated by many researchers. In
general there are three major approaches in formulating the creep curves.

Empirical Description. The dependence of creep rate on time can be described by a
power series:

a=Za,` ' (1)

where a, and n, are functions of both temperature and stress. In most cases, 0 n, < 1 and
n, generally decreases with increasing temperature. At low homologous temperatures, at
which the rate of recovery is negligible, a logarithmic dependence of strain on time - the
logarithmic time law - is frequently observed. The "logarithmic creep" rate can be
described using a single term in the above equation with n=1. Integration of this equation
then leads to the time relation, which can be expressed in the form

E= a n( rt+])+ go, (2)
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where a and y are constants and e is an instantaneous strain, i.e. the strain corresponding
to t=0.

For steady state creep, n=O in strain rate equation. The creep can be put in the form:

= , t + o (3)

where e, is the steady-state creep (strain) rate. The steady-state strain rate as described
by this equation can be interpreted as resulting from dynamic equilibrium of the
processes of deformation strengthening and recovery. The law expressed by this
equation, with e = 0, can, under certain conditions also describe Nabarro-Herring and
Coble creep, which are lattice and grain-boundary diffusion-based models, respectively.
An exponential time law was proposed as:

E = o + e [1-exp- ] + it + 3 exp[ t3 1 (4)

where , is the strain in the primary stage, t is time to fracture, e, is the strain in the
tertiary stage and , r, are constants.

In the literature, numerous attempts to analyze time laws of creep with the aim of
generating ideas about operating creep mechanism encounter serious difficulties. One is
the fact that the parameters in equations describing these time laws depend on the
previous deformation history and structure.

Phenomenological Description. Phenomenological models of creep based on ideas of
accumulation of damage during creep also lead to the time laws of creep. Among various
models published, a model started from Lepin's phenomenological theory of creep
[Lepin, 1976] can be written as:

E = md' exp[aa (-ke+ K)]; (5)

in this equation K = kc2 + kot is the damage factor, which consists of the deformation
component, the term kr, and the stress-time component, the term kot. Whereas, m, n, a
and k,, k and k3 are constants.

Physical Description. Based upon the concepts of average behaviour of a large number
of dislocations and ideas of dislocation dynamics, a number of physical models has been
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developed in the past. The equation developed by Webster [Webster, 1966] can be put in
the form:

c = at + a, In [ a, +(1- a,) exp(-wa)] + R [exp(-at)] (6)

where aa a, and a are constants and R is a fractional rational function of exp(-at). The
constants a,, a, a, and a relate to the dislocation structure characteristics and can be
determined by measurements of these characteristics and interpreted by the dynamic
behavior of dislocations.

From the point of view of the needs of engineering practice, the phenomenological
description is more appropriate, while the physical description may contribute to an
understanding of participating dislocation processes such as dislocation generation,
dislocation motion and annihilation and immobilization, respectively [Vadek, 1988].

One of the characteristic behavior of Coble creep is that the creep rate is a linear function
of stress. The dislocation creep rate is practically independent of grain size, while the
diffusional creep rate is inversely proportional to the second power of mean grain
diameter when the diffusion mass transport occurs via the lattice, and to the third power
of mean grain diameter when it occurs through grain boundaries. Theoretically, Nabarro-
Herring and Coble creep is well elaborated and agreement of theory with extensive
experimental data for pure metals is remarkable.

The creep rate of Coble creep (low stress and low homologous temperature) can be
written as [Cadek, 1988]:

s4. d 3kT (7)

The rate of diffusional creep of a metal or a solid solution containing finely dispersed
particles of a second phase can be expressed as

d =44 ( °) (8)
d'kT(-a)

The threshold stress a can be expressed by the relation
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2r
aO - 2r, (9)

bol

where b is the Burgers vector length and F, is the line energy of a grain boundary
dislocation and is the interparticle spacing.

By putting D = 0.7b3 and assuming <5 0.2b,, the strain rate equation for the Coble
creep can be written as

i= AD (,b) Gb, (b () )exp- Qb (10)
D(b kT d GR)

for pure aluminum Mohamed, Langdon, 1974, and Langdon, Mohamed, 1978], where
A. = dimensionless Coble creep constant = 66.8,
D.(,b) = grain boundary frequency factor = 1.86 cm2 sect = 1.86E-04 in2 sec-',
R = gas constant = 8.31441 J mol K'',
k = Boltzmann's constant = 1.38E-23 J K',
Qb = grain boundary diffusion activation energy = 86.04 U mol',
G = shear modulus at temperature T = G. - AGT= 3.022E+04 MPa - (16.0 MPa K')T,
b, = Burger's vector = 2.86E-08 cm 2.86E-10 m.
d = average grain size (cm)
a= von Mises equivalence stress (Mpa or psi)
T = absolute temperature (K)

Mathematical Modeling and Numerical Calculation of the Fuel Element
The fuel assemblies in dry storage are under the influence of temperature changes, the
gravitational load and the grain size of the fuel elements. Since the mass density of the
aluminum is comparatively low, the stress generated by gravity is considerably
insignificant. The thermal expansion effect is confinement dependent. For an unconfined
element, the thermal expansion in the element has little or no stress variation. Therefore,
this type of fuel assemblies will deform with the Coble creep strain rate. In the Coble
creep strain rate formula, the effect of the grain size is cubic in power. The variation of
grain size in the fuel element will tremendously influence the rate of long term
deformation of the fuel assemblies.

In order to predict the long term creep deformation of the fuel assemblies, a detailed
Finite Element Analysis model is constructed to represent a single fuel element or plate
of a Materials Test Reactor assembly. The general purpose nonlinear mechanics code,
ABAQUS, is adopted for this calculation. The rate dependent plasticity (creep) models
provided in ABAQUS are used to model inelastic straining of materials which are rate
sensitive. High temperature creep in structures are one important class of examples of the
application of such a material model. Because such problems generally involve relatively
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small amounts of inelastic straining, the explicit, forward Euler, method is often
satisfactory as an integrator for the flow rule. This method is only conditionally stable,
but the stability limit is usually sufficiently large compared to the time history of interest
in such cases that the explicit method is very economic. Cormeau [Cormeau, 1975] has
developed formulae for the stability limit for most common cases of stress induced creep,
and these results are used to monitor stability.

There also exist many problems involving rate dependent plastic response in which the
characteristic relaxation times for the material under the stress states to which it is
subjected are very short compared to the time period of interest in the analysis, so that the
conditional stability of the explicit operator will only allow very short time increments.
For such cases (actually the fuel assemblies creep analysis falls in these cases), it can be
more economical to use the backward Euler method because of its unconditional stability.
ABAQUS always uses the implicit method for high strain rate applications to avoid time
increment restrictions being introduced by considerations of stability in the integration of
the constitutive model.

Based upon mathematical derivations, in the Finite Element analysis, the fully integrated
solid continuum element provides reliable solutions for most complicated problems.
Nevertheless, for certain specific problems, shell elements and elements with reduced
integration are much more economical (for less elements and shorter computation time).
Since for the creep analysis of the fuel assemblies, a great deal of cases will be analyzed,
all the favorable elements for this analysis should be considered.

The solid continuum element model, consists of 8,400 eight-node brick elements with
10,353 nodal points. Taking advantage of the double symmetry of the fuel assemblies,
the single fuel plate is modeled only within the planes of symmetry. That is that the
Finite Element model is only quarter of the real fuel plate. The creep process in the fuel
assemblies will take many years, any slight variation in the fuel plate will eventually
magnified in a long term deformation. Therefore the geometry and the boundary
confinements are meticulously modeled.

For the low stress and moderately high temperatures the creep strain rate is governed by
the Coble creep formula. As the formula shows that the most influential factor is the
grain size of the material. The grain size of the aluminum varies with time and
temperatures. Before carrying out such a long duration calculation, parametric studies for
this problem are essential. In this preliminary report the creep results from calculations
for fuel plates with two distinct grain sizes (10 and 50gim) and different temperatures
(100 to 350 0C ) are included.

Finite Element Analysis Modeling
Each of the fuel plates is composed of uranium-aluminum core and aluminum clad. Both
the core and the covering clad are modeled with two layers of solid continuum elements.
Through the thickness of the fuel plate there are six elements meshed. Along the curved
width (only half of the full width is in the model) of the plate, 28 elements are discretized.



WSRC-TR 98-00261 Analysis of Creep Defonnation of Aluminum-Based

Page 8 of I Spent Nuclear Fuel

Fifty solid elements are meshed along the (half) longitudinal length of the fuel plate. The
total number of elements in this model is 8,400.

The center edges of the curved plate along the width and the longitudinal length are in
coincidence with the planes of symmetry. The fuel plate is inserted into the fuel plate
rack slots along the longitudinal edges. Therefore, in the quarter model of the fuel plate,
the other edge along the longitudinal direction is modeled with sliding contact interfaces.

Except the guiding contact surfaces of the slot, the fuel plate is free to move between the
contact surfaces. The finite element analysis mesh is shown in Figure 2.

Fuel t

| | doss U~fom odFuel ltoe

Figure 2. Finite Element Analysis Mesh for a quarter of the Fuel Plate

For the favorable creep movement, the curved fuel plate is supported in the rack slots
with concave upward. Then the gravitational force will bend the fuel plate and increase
the curvature of the plate.

In the fuel plate assembly, eighteen curved fuel plates are stacked on a fuel rack. The
vertical spacing between the adjacent fuel plates is one-tenth of an inch. The edge along
the longitudinal direction of the fuel plate that is inserted into the rack slot is also about
one-tenth of an inch wide. When a fuel plate deflects one-tenth of an inch vertically, it
will be in contact with the next fuel plate which may not be deformed. The contact
pressure between neighboring fuel plates may trigger the so-called domino-effect.

When the fuel plate continues to deform, the edge of the plate slides more than one-tenth
of an inch inward horizontally, and the plate falls out of the rack supporting slots. As the
fuel plates in the rack slump together, the potential of nuclear criticality increases.

Based upon the understanding of the fuel plates deformation configurations, in this creep
analysis, two critical stages of creep displacement are considered. First, when one of the
fuel plates deflects about one-tenth of an inch and touches the adjacent plate beneath it.
At this moment at least two of the fuel plates are in contact. Second, as the creep motion
of the fuel plates progresses, the supported edges of the fuel plate slide out of the rack
slots,.when the fuel plate edge moves about one-tenth of an inch horizontally inward from
the rack slot. Then the fuel plates inserted in a rack will slump into a pile.
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The material model for creep analysis in ABAQUS [ABAQUS, 1995] can be simply put
in the form:

Ecr = Aq t , ( 1)

where
c" is the uniaxial equivalent creep strain rate,

qr is the uniaxial equivalent deviatoric stress,
t is the total time, and
A, n, and m are defined by the applied creep law, as functions of temperature.

The strain rate of the Coble creep law, Equ (10), can be translated into the ABAQUS
strain rate formula (11). In the Coble creep law, Equ (10), the strain rate is independent
of time and is a linear function of the uniaxial equivalent deviatoric stress. Consequently,
in Equ. (11), the parameters, m=O and n=l. All other parameters in Equ (10) are
constants and in terms of those material constants, the values of A are computed for pure
aluminum with grain sizes of 10 gm and 50 pIm as shown in Tablel.
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Table 1. Strain Rate of Coble Creep
(Strain rate)/(stress)

Tem erature (second-psiy'
OC OF K Grain Size Grain Size

10pm 50 m

100 212 337.15 5.76201E-14 4.60961E-16
110 230 347.15 1.35476E-13 1.08381E-15
120 248 357.15 3.03397E-13 2.42718E-15
130 266 367.15 6.49762E-13 5.19810E-15
140 284 377.15 1.33550E-12 1.06840E-14
150 302 387.15 2.64285E-12 2.11428E-14
160 320 397.15 S.0500KE-12 4.0400OE-14
170 338 407.15 9.34172E-12 7.47338E-14
180 356 417.15 1.67687E-11 1.34150E-13
190 374 427.15 2.92706E-11 2.34165E-13
200 392 437.15 4.97809E-11 3.98248E-13
210 410 447.15 8.26336E-11 6.61069E-13
220 428 457.15 1.34094E-10 1.07275E-12
230 446 467.15 2.13037E-10 1.70430E-12
240 464 477.15 3.31804E-10 2.65443E-12
250 482 487.15 5.07247E-10 4.05798E-12
260 500 497.15 7.62014E-10 6.09611E-12
270 518 507.15 1.12607E-09 9.00853E-12
280 536 517.15 1.63848E-09 1.31078E-11
290 554 527.15 2.34951E-09 1.87961E-11
300 572 537.15 3.32302E-09 2.65842E-11
310 590 547.15 4.63914E-09 3.71131E-11
320 608 S57.15 6.39732E-09 5.11786E-11
330 626 567.15 8.71966E-09 6.97573E-ll
340 644 577.15 1.17546E-08 9.40368E-11
350 662 S87.15 1.56808E-08 1.25447E-10

Note: The as-fabricated cladding alloys have typical grain sizes > 25ILm [Miller and
Sindelar, 1995].

Even though thermal expansions of the fuel plate are considered in this analysis, the
effect of thermal expansion on the Coble creep is insignificant. Nevertheless, if the rack
slots are so confined that the slots prevent the fuel plates from outward horizontal
expansion, then the horizontal confinement of the fuel plate will induce high thermal
stress and comparatively large deformation. In the present analysis, the horizontal
confinements are removed from the Finite Element model, because the fuel plates are not
tightly inserted into the rack slot and the horizontal gaps in the slots are larger than the
thermal expansion displacements. Therefore, in this model, the fuel plates are essentially
free of horizontal constriction.
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Results
Complete creep analyses are performed for fuel plates with two grain sizes and subjected
to temperatures from 100 C to 350 0C for every 50 degrees. The dimensions of 10 jim
bounds the minimum grain width observed in the cladding of the rolled plate fuel; the
dimension of 50 pm corresponds to the nominal width [Miller and Sindelar, 1995]. The
stresses in the fuel plates are considerably low and the plastic strains in the plate have no
interest in the present analysis. The major concern is the maximum displacements in both
vertical and horizontal directions. As discussed in the previous section, the vertical space
between two adjacent fuel plates is about one-tenth of an inch. Vertical displacement of
the plate reaches 0.1 inches will close the gap between two fuel plates and may cause
additional loading on the bottom plates. Further creep deformation will cause the edges
of the fuel plate sliding horizontally out of the rack slots. In Figure 3, it shows a snap
shot of the deformed fuel plate at the moment as the plate starts to slide out of the slot.

Sumped Fuel Pt

Figure 3. Deformed Shape of the Fuel Plate

The time needed for these deformation conditions is a function of grain size, temperature
and boundary conditions of the fuel plates. The creep calculations are limited to 10,000
years, a time by which a breach in containment is assumed to occur and other
environmental effects would occur. Table 2 shows the time in years for the fuel plate to
deform to the selected deformation conditions under various temperatures and two grain
sizes:
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Table 2. Creep times for two deformation conditions

Time for Maximum Vertical Time for Maximum Horizontal
Tempera- Deflection of 0.1 inches Deflection of 0.1 inches

tare (Years (Yes)}
'C Grain Size Grain Size

10u SOugm 10 m 0 m
100 9,972.73 Beyond 110,000 Beyond 10,000 Beyond 110,000
150 227.58 Beyond 11,000 796.39 Beyond 11,000
200 11.48 1,416.79 42.78 5,320.90
250 1.20 139.62 4.14 516.87
300 0.17 22.51 0.65 80.61
350 0.04 4.40 0.14 16.67

The computed creep times in this table clearly reflect the characteristics of the Coble
creep law. In the Coble creep law, Equ (10), the strain rate varies in the third power of
the material grain size. Except the energy term in the equation, the strain rate also
increases inversely with respect to the absolute temperature. The creep time ratio
between the aluminum with grain sizes 10 gm and 50 gm is about 125 that is the cubic of
5. The creep times for aluminum with the same grain size but at different temperatures
are also indicate a constant relationship.

This is a low stress creep analysis, through the creep history, the (von Mises) equivalent
stress in the fuel plate elements never reached the yield limit of aluminum at the respect
temperature. Since the strain rate (see Table 1) is considerably small, the creep
deformation at each increment of time is also insignificant. Therefore, the explicit
integration scheme can be used for the analysis at each time increment. Though the
incremental deformation in each time increment is small, however, the accumulated
deformation in the fuel plate for a long period may be great. This fact explains why the
creep times in Table 2, maintain the characteristics of the Coble creep law without the
interference from the geometric nonlinearity in the finite element calculation.

From the point of view of mechanics, the stiffness of the fuel plate is a function of
material properties as well as its geometric configuration. Even though the change of
geometry of the fuel plate between adjacent time increments is negligibly small and will
not contribute any variation in the stiffness matrix of the plate, yet as the deformation of
the plate accumulates in a long period, the stiffness of the plate will definitely deviate
from the initial value. Judging from the plate deformation in this analysis, the stiffness of
the fuel plate is gradually getting weaker as the creep progresses. If this observation is
true, the creep time listed in Table 2 will be slightly shorter.

The mechanical stiffness and stability of the fuel plate system are susceptible to the
orientation of the applied force. In the creep analysis, the applied force is the
gravitational force. The geometric configuration and edge constraints of the fuel plate
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will profoundly influence the mechanical characteristics of the system and consequently
the deformed shape of the plate as the orientation of the gravity varies.

In the repository storage, the fuel plates may be positioned in any orientation. The
position of the plate with the bent plate concave being upward and gravity downward is
the structural configuration that possesses the lowest structural strength. In this position
the spent fuel plate will collapse at a relatively shorter creep duration. However, the fuel
plates may have unfavorable deformation configurations in other storage positions.

As we can prognosticate that the fuel plates will have much less deformation, when the
plates stand vertically, that is that the direction of gravity is along the longitudinal axis of
the fuel plates. The deformation configuration of three horizontal orientations of the fuel
plates in storage are contemplated in this report. The position with curved plate concave
upward is analyzed in detail. Whereas the creep deformations of the other two positions
will be schematically sketched.

The fuel plate position with the curved surface concave upward (while the direction of the
gravity is downward) is considered as the position with weakest structural strength for
creep. The creep deformations for this fuel plate position have been analyzed for various
physical conditions (such as grain sizes and homologous temperatures). The time for the
fuel plate achieving a certain level of creep deformation may be different at different
temperatures. The creep configurations at various temperatures are quite similar. The
deformed shape of a fuel plate at the moment when the supported edge is just sliding out
of the fuel plate slot is depicted in Figure 4.

The magnitude of stresses in the deformed fuel plate is extremely low as we expected.
The von Mises equivalent stress in a fuel plate is shown in Figure 5. The maximum von
Mises equivalent stress in the vicinity of the supported edge is only 6.2053 psi.

The creep deformations for each of three orientations of the horizontally positioned fuel
plate are sketched in Figures 6, 7, and 8. Eventually the deck of creep deformed fuel
plates slump altogether into "flat-stacked plates." These estimated deformed
configurations would occur only after the fuel plates have slid out from the supporting
edges of the end plates; modeling to estimate the time to reach this configuration was not
attempted in this study.
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Direction of Gravity

Original Undeformed Fuel Plate Position

Postulated Creep In Progress 1
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Postulated Creep in Progress 2
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Figure 6. Creep Deformation of a Fuel Plate with concave downward
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Figure 7. Creep Deformation of a Fuel Plate with Concave Upward
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Figure 8. Creep Deformation of a Fuel Plate Standing on the Longitudinal Edge

Conclusions
Creep of Al-SNF under low-load conditions has been modeled under conditions at which
grain-boundary diffusion is the dominant mechanism. No significant creep is expected at
temperature up to 200 C for times of up to several decades of interim dry storage. At a
temperature of 350 C, the present fuel temperature limit identified for the repository,
significant deformation would occur within decades. This does not impact acceptability
of the Al-SNF. However, materials reconfiguration and release analyses must consider
any impact of fuel slump if the fuel is exposed to these temperatures.

This document was prepared in conjunction with work done under Contract No. DE-
AC09-96SR18500 with the U.S. Department of Energy. By acceptance of this document,
the publisher and/or recipient acknowledges the U.S. Governments rights to retain a non-
exclusive, royalty-free license in and to any copyright covering this document, along with
the right to reproduce and to authorize others to reproduce all or part of the copyright
material.
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