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1.0 Purpose

The purpose of this calculation is to provide material properties, modulus of elasticity and yield stress,
for spent fuel cladding. These values will be supplied for both Zircaloy-2 and Zircaloy-4 over a range
of temperatures, 300 OF to 750 OF. These values are to be used in structural calculations that
determine the ability of the spent fuel rods to withstand regulatory drop accidents.

2.0 References

roprietary Information with
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3. Chun, R., M. Witte, M. Schwarz, Dynamic Impact Effects on Spent Fuel
Assemblies, October, 1987, pp. 3.

4. TN calculation NUH24PTH.0406, "Thermal Expansion of 24PTH DSC Basket
Components and Irradiated Fuel Assembly Within DSC Cavity", Rev. 0.

3.0 Methodology and Assumptions

The expressions used to determine the material properties are taken from Ref. 1. These expressions
were derived from correlations of experimental results of several different investigations. Unless
otherwise noted, all input values are taken from Ref. 1.

Temperature is a significant factor in derivation of Zircaloy properties. These pr
calculated over a range of temperatures for both Zircaloy-4 and Zircaloy-2. Exa
be carried out below for Zircaloy-4 (PWR cladding) and Zircaloy-2 (BWR claddir
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4.0 Zircaloy-4 (PWR) Calculations
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5.0 Zircaloy-2 (BWR) Calculations
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6.0 Results

The expressions above have been used to calculate the modulus of elasticity, E and the Yield Stress,
cy over a range of temperatures. The results for both Zircaloy-4 (PWR) and Zircaloy-2 (BWR) are
presented in Table 1 and Figures 1 and 2 below.

Table I Modulus of Elasticity and Yield Stress (0.5 s"1 strain rate)
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PNNL Stress/Strain Correlation for Zircaloy

1. Introduction

Pacific Northwest National Laboratory (PNNL) was tasked with incorporating cladding
mechanical property data into the Nuclear Regulatory Commission (NRC) fuel codes,
FRAPCON-3' and FRAPTRAN2 by NRC Office of Nuclear Reactor Research. The data
used in this effort is all of the data that was available to PNNL at the beginning of June,
2004. The data that was available includes a database of mechanical properties that has
been compiled by PNNL, and recently expanded. This database consists of yield and
ultimate tensile strengths, uniform and total strain, local fast fluence, local burnup,
corrosion level, hydrogen concentrations, test temperature, strain rate, and cold work
ratio for each specimen. Information on cold-work level is many times not expressly
given and, therefore, was estimated from information provided on fabrication. This data
comes from the open literature and some proprietary sources. Other available data come
from the PROMETRA program and consists of high burnup cladding yield and ultimate
tensile strengths as a function of temperature and strain rate with limited information on
corrosion and hydrogen levels. It should be noted that the PROMETRA data are not
included in the PNNL database because the data are only plotted on a figure from a
limited distribution report. The data from Argonne National Laboratory (ANL) was not
available to PNNL at the beginning of June, 2004, so it was not used in this effort.

The objective of this task is to create a mechanical model that can calculate true stress,
and true strain, and possible failure of the fuel rod cladding based on uniaxial test data.
The mechanical models fitted coefficients are based on data from uniaxial tests (or
biaxial tests normalized to a uniaxial stress state) that measure yield strength, ultimate
tensile strength and uniform elongation as well as engineering stress/strain curves when
available.

The PNNL database of yield strength, ultimate tensile strength and uniform elongation
consists of approximately 200 uniaxial tube tension tests'-", 150 biaxial burst tests-- 6'' "
8', and 1306.8 12, 13,22-24 ring stretch tests. The temperature, strain rate, and fast fluences

of this data ranged from 293K to 673K, 4x10 3 to 2xl06 !s, and 0.0 to 1.26x.0 26 n/m2,
respectively. The data from References 6 and 9 have recently been added to this
database. The PROMETRA database25 from Commissariat A l'Energie Atomique (CEA)
consists of 105 ring stretch and axial tension tests on cladding over the temperature,
strain rate, and fast fluence ranges of 293K to 1273K, 0.01 to 5 /s, and 6x10 25 to
1.2x10 26n/m2, respectively. However, PNNL only has a plot of these data as a function of
temperature abd does not have a tabulation of each individual data point. As a result, the
PROMETRA data are not tabulated in the PNNL database. The PROMETRA data were
used to determine the strain rate and temperature dependence on above 4x10 3 /s and
673K because these data are lacking in the PNNL database.

The uniaxial tension test data from the PNNL database will be used directly as measured,
since these tests are for a uniaxial stress state, i.e., Ur2 = 0)= 0. The biaxial burst test

data from the PNNL database will be adjusted down by multiplying by a factor of -[3/2
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as predicted by the von Misses failure criteria26 for this biaxial stress state, where a1=2a 2 .

The ring test data can be used as measured, however, it has been demonstrated that a
large degree of scatter exists in the strain data from ring tests, particularly when
comparing data taken from different labs. It was decided that the scatter in the ring test
data in the PNNL database may be too great to be used in model fitting. However, the
ring test yield stress and ultimate tensile strength data were compared to the final models
for yield stress and ultimate tensile strength and were found to fit as well as the axial and
burst test data used to fit these models.

2. Model Description

The stress vs. strain behavior of Zircaloy is described by two different correlations,
depending on the stress, Before yield, Hooke's law, as seen in Equation I is used to
describe the elastic deformation of the Zircaloy.
c" = c.- E (Equation 1)
where:
" = stress
= strain

E = elastic modulus
After yield, the power law, as seen in Equation 2 is used to describe the plastic
deformation of the Zircaloy.

a" = K C(Equation 2)

where:
K = strength coefficient
n = strain hardening exponent
m= strain rate exponent

= strain rate, s1

The yield stress is given as the non-zero intersection of Equations 1 and 2. The
intersection of these equations is given in Equation 3.

1 1  j - (Equation 3)

The ultimate tensile strength can be approximated by the stress predicted by Equation 2,
when the strain is the sum of the plastic strain at maximum load and the strain at yield,
ay/E. The plastic strain at maximum load it typically referred to as, uniform elongation
(UE), by the fuel vendors. In this report the quantity describing the plastic strain at
maximum load will be referred to as uniform elongation. A sample true stress vs. true
strain curve can be seen in Figure 1. In this figure, the true stress strain behavior that is
predicted by the model can be seen. The two parts, elastic and plastic, that make up this
curve, as described above, can also be seen.
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Figure 1: Sample stress vs. strain curve using new model

Empirical models for E, K, n, mn, and UE were developed and are described in detail
below.

2.1 Elastic Modulus

The elastic modulus of Zircaloy that was used in this model is the same model that is

given in MAPTRO-1 127 . The description of this model is given below.

1.088xo10" - 5.475X10 7 T+K, +K2/

K3

E =(E(1255) - E(1 090)) T-90+ E(1090) 1090K-,T<1255 K
1255 -1090

E=9.21x10' 0 -4.05x10 7 -T 1Ž1255 K
where:
E = elastic modulus, Pa
T. temperature, K
K, = (6.61 x10" +±5.912 x10' -T)A
A =average oxygen concentration minus oxygen concentration of as-received cladding
(kg oxygen/kg Zircaloy)
K2 = -2.6x 100 " CW
CW= cold work, unitless ratio of areas (valid from 0 to*0.75)

(32=0.88+0.l2exp(- //102 1)

Fiu= fast neutron fluence, n/rn2
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2.2 Strength Coefficient

The strength coefficient, K, is a function of temperature, fast neutron fluence, cold work,
and alloy composition. The models for the strength coefficients of Zircaloy-2 and
Zircaloy-4 are given below.
K = K(T). (1 + K(CW) + K((D)))/K(Zry)
Where:
K = strength coefficient, Pa
K(T) = 1.17628 x 109 + 4.54859 x 10 T - 3.28185 X 103T 2 + 1.72752-T 3 T<750K

K(T)= 2.522488 x 106 exp 28500027 x 0 6 J

K(T) = 1.841376039 x 108 - 1.4345448 x I05 T

750K<T<1090K

1090K<T<1255K

K(T)=4.330x 107 -6.685 x 104 T+3.7579x 10'T 2 - 7.33 x 10-3 T3 1255K<T<2100K
K(CW) = 0.546- CW

K(D) = (-0.1464 +1.464 x 10-25'D)f(CW, T) (D< 0.1x10 25 n/m 2

K(a) = 2.928 x 10-26 D

K(() = 0.53236 + 2.6618 x 10-27 D

K(() = 0.731995

0. 1 x 102Sn/tm2<< 2x 102I n/m 2

2x1025 n/m2<4<7.5x 1025 n/rn

(D>7.5x10s n/m2

f(CW, T) = 2.25 exp(-20. C .W) -min[1. exp(T -550)1 +1

K(Zry)=l for Zircaloy-4
K(Zry)=1.305 for Zircaloy-2
T = temperature, K
CW= cold work, unitless ratio of areas (valid from 0 to 0.75)
1D= fast neutron fluence, n/m2

2.3 Strain Hardening Exponent

The strain hardening exponent, n, is a function of temperature, fast neutron fluence, and
alloy composition. The models for the strain hardening exponents of Zircaloy-2 and
Zircaloy-4 are given below.
n = n(T). n(D) / n(Zry)

where:
n = strain hardening exponent
n(T) = 0.11405 T<419.4K

n(T) = -9.490x 10'2 +l.165x10- 3T-1.992x10-6T2 +9.588x 01 0-T 3

419.4K<T<1099.0772K
n(T) = -0.22655119 + 2.5 x 10-4 T 1099.0772K<T<1600K

n(T) = 0.17344880 T>1600K

n(Q1) = 1.321 +0.48 x 10-25 0 D< 0.1x102 5 n/rm 2

n(D) = 1.369 + 0.096 x 10-21 ( 0.1x102 ' n.m2<D< 2x102 ' n/m2
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n(CD) = 1.5435 + 0.008727 x 10-2 (D 2x102 n/mh<$<7.5xl 02 n/rm2

n(4)) = 1.608953 CD>7.5x 1025 n/mr

n(Zry) = I for Zircaloy-4
n(Zry) = 1.6 for Zircaloy-2
T = temperature, K
CD fast neutron fluence, n/m2

2.4 Strain Rate Exponent

The strain rate exponent, m, is given by a constant value, described in the equation below
m = 0.015 T<750K

m = 7.458x10-4T-0.544338 750K<T<800K
m = 3.24124 x 10-4 T - 0.20701 T>800K
Where:
m strain rate exponent
T = temperature, K

The impact of the strain rate exponent on yield stress is to increase the yield strength with
increasing strain rate, but the effect is not large. For example, increasing the strain rate
from lxi 0-4/s to 1.0/s will increase the yield strength by about 15%.

2.5 Uniform Elongation

The uniform plastic elongation for irradiated Zircaloy is given below. This model can by
used for un-irradiated Zircaloy, but there is considerable scatter in the unirradiated data.
UE = min(UE0 , UE,,, )

Where:
UE = uniform plastic elongation, %
UEo= 2.2%
UEH, = A" H, He>0

UE I. = UEo H,=O

A = 1211 exp(-0.00927 . T) T<700K

A = 1.840803 T>700K
p = 1.355231 - 0.001783. T T<700K

p = 0.107131 T>700K

H•, =max(O,HTo, -H s1 )

Hs,, = 1.2 x 10' ex1 -8550

-P 1.985887 .T
HT-ot = total hydrogen in cladding, ppm
T = temperature, K

The excess hydrogen calculated above is found using the steady state hydrogen solubility.
In the case of fast transients, the hydrogen takes a finite time to go into solution. In order
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to model this time, the hydrogen dissolution and precipitation rates must be modeled as
discussed in a separate paper, .

3. Data comparisons

This section shows how well the new stress/strain correlation fits to the available data. In
this section, the modified yield stress from the burst tests and the measured yield stress
from the axial tension tests from the PNNL database and the measured yield stress from
the PROMETRA plotted data are compared to the model predictions. The adjusted
(adjusted to uniaxial stress) ultimate tensile strength from the burst tests and the
measured ultimate tensile strength from the uniaxial tension tests (from the PNNL
database) are compared to the model predictions. The uniform elongations from the burst
tests and uniaxial tension tests (from the PNNL database) from irradiated samples are
compared to the model predictions. The measured stress vs. strain curves up to uniform
elongation (from the PNNL database) are compared to the model predictions. Finally the
yield stress and ultimate tensile strength from the ring tests (from the PNNL database) are
compared with the model predictions.

3.1 Yield Stress

Figure 2 shows a plot of predicted yield stress vs. measured yield stress for burst tests and
axial tension tests from the PNNL database. It can be seen from this figure that the
model predicts the data quite well. Generally the upper and lower bound in such yield
stress data is ±140 MPa, while the model standard error is 66 MPa.

Figures 3, 4, 5, and 6 show the predicted minus measured values for the PNNL database
as a function of fluence, cold work, strain rate, and temperature, respectively. It can be
seen from these figures that there is no apparent bias as a function of cold work, fluence,
strain rate, or temperature. Figure 7 shows the predicted minus measured values for the
PNNL database as a function of excess hydrogen. PNNL has not observed any change in
yield stress as a function of hydrogen concentration. However, an increase in fluence
generally results in an increase in hydrogen that makes it difficult to separate the effects
of these two parameters. If hydrogen were to have an effect it would be expected to
increase the yield stress but Figure 7 does not show an increase in yield stress with
increasing hydrogen. However, the model does show that yield stress is overpredicted by
a small amount on average when excess hydrogen exceeds 600 ppm based on the small
amount of data available. Examination of these data shows the uniform elongation
strains were very love for these cladding samples suggesting that the decrease is due to
embrittlement and not due to elastic-plastic deformation.

Figure 6 shows the predicted minus measured yield stress as a function of temperature. It
can be seen from this figure that there is considerable data at room temperature (300K)
and between 560 K and 700 K, but very little data between 300 K and 560 K. The model
predicts the limited data between 300 K and 560 K well, but more data is needed to better
characterize this temperature range.
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Figure 2: Predicted vs. measured yield stress from the PNNL database
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Figure 3: Predicted minus measured yield stress from the PNNL database as a function
of fluence.
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Figure 4: Predicted minus measured yield stress from the PNNL database as a function
of cold work.

300

V

.2

U 0

-300 1
0.000001 0.00001 0.0001 0.001

Strain Rate, inlinis

. Axial Tests m Burst Tests

0.01

Figure 5: Predicted minus measured yield stress from the PNNL database as a function
of strain rate.
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Figure 6: Predicted minus measured yield stress from the PNNL database as a function
of temperature.
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Figure 7: Predicted minus measured yield stress from the PNNL database as a function
of excess hydrogen.

Figure 8 shows the PROMETRA data (as displayed in Reference 25) from ring (hoop)
and axial tensile tests performed by CEA in France, and the new model predictions for
several different strain rates. The actual cold work and fluence values for the samples in
the PROMETRA database were not given so a value of 50% was assumed for the cold
work and a value of 8x10 25 n/m2 was assumed for fluence. The fluence for the data
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shown in Figure 8 ranges from 6x10 25 to 12x10 25 n/mr as reported in Reference 25. From
this figure it can be seen that the model predicts the data well as a function of temperature
and strain rate.
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Figure 8: Predicted and measured yield stress from the PROMETRA database as a

function of temperature

3.2 Ultimate Tensile Strength

Figure 9 shows a plot of predicted ultimate tensile strength vs. measured ultimate tensile
strength for burst tests and axial tension tests from the PNNL database. It can be seen
from this figure that the model predicts the data quite well. Generally the upper and
lower bound in such ultimate tensile strength data is ±140 MPa, while the model standard
error is 71 MPa. It is expected that there will be greater uncertainty in the predictions of
ultimate tensile strength than yield strength, since the calculation of ultimate tensile
strength is based on both the calculation of yield stress and the calculation of uniform
elongation.
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Figure 9: Predicted vs. measured ultimate tensile strength from the PNNL database

Figures 10, 11, 12, 13, and 14 show the predicted minus measured values for the PNNL
database as a function of fluence, cold work, strain rate, temperature, and hydrogen
concentration, respectively. It can be seen from these figures that there is no apparent
bias as a function of fluence, cold work, strain rate, or temperature. There appeas to be a
small overprediction in ultimate tensile strength when excess hydrogen exceeds 600 ppm
that may be due to the cladding embrittlement as discussed in Section 3.1 for yield stress.
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Figure 10: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of fluence.
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Figure 11: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of cold work.
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Figure 12: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of strain rate.
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Figure 13: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of temperature.
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Figure 14: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of excess hydrogen concentration.

3.3 Uniform elongation

The predicted vs. measured uniform elongation are shown in Figure 15 for all of the
irradiated data in the PNNL database. It can be seen from this figure that there exists a
greater degree of scatter in these data than in the YS and UTS data. Most of the scatter at
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2.2% predicted uniform elongation comes from cladding with very little total
(approximately zero excess) hydrogen concentration that is not characteristic of moderate
or high bumup cladding. The predicted minus measured values of uniform elongation
from the irradiated samples in the PNNL database are shown in Figures 16 and 17 as a
function of excess hydrogen and temperature, respectively. Excess hydrogen is defined
as the hydrogen content above the solubility limit which is not dissolved in the matrix,
i.e. excess hydrogen equals total hydrogen minus hydrogen dissolved in the matrix. It
can be seen from these figures that the new model predicts the uniform elongation to
within i1%. The standard error is 0.9% strain. Figure 16 also demonstrates, that the most
scatter is seen in the uniform elongation when there is little or no excess hydrogen that is
not characteristic of moderate or high bumup cladding..
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Figure 15: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database as a function of excess hydrogen.
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Figure 16: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database as a function of excess hydrogen.
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Figure 17: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database as a function of temperature.

3.4 Stress vs. Strain Curves

One of the reports from the PNNL database of Zircaloy mechanical properties 9 contained
four examples of measured stress vs. strain curves from uniaxial tube tensile tests. These
curves were compared to the stress vs. strain curve using the power law that has been
adjusted to fit the yield stress and ultimate tensile strength values in the PNNL database.

It should be noted that the measured stress vs. strain curves are engineering stress and
strain, while the predicted curves are true stress and strain. Below the uniform
elongation, there is little reduction of area, therefore, theoretically these two quantities
should be very close. At higher strain values, necking begins and reduction of area
causes a large difference between engineering stress and strain and true hoop stress and
strain. It is not possible to calculate the true stress from the load vs. displacement data
because reduction of area is not measured as a function of displacement. It would be
possible to make this measurement, but it has not been made for the data contained in the
PNNL database. Because of this, the data and predictions will only be compared up to
the uniform elongation value.

Figures 18 - 21 show the measured and predicted stress vs. strain curves, for axial tube
tension samples taken at three different temperatures. The solid line in this figure is the
model prediction, the dotted line is the measured stress/strain curve calculated from the
load vs. displacement measurement, and the squares are the measured 0.2% yield stress
and stress at maximum load (UTS).
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Figure 18: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 313K (400 C)
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Figure 19: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 573K
(300oC)
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T=673K, b=10.3e25n/mr, 50% CW, 4.17e-5/s
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Figure 20: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 673K
(400°C)
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Stress vs. strain curves for uniaxial tube sample (PWR) taken at 673KFigure 21:
(400°C)

It can be seen from these figures that the power law with the new mechanical model fitted
parameters predicts these four curves reasonably well for PWR-type cladding (cold
worked stress relieved). The largest discrepancy comes in Figure 21. However, it should
be noted that the conditions for the tests in Figures 20 and 21 are identical, and the model
predicts the test in Figure 20 reasonably well. This demonstrates that there is some
degree of scatter in this data.

3.5 Ring Stretch Tests

Figures 22 and 23 show predicted vs. measured yield stress and ultimate tensile strength
for all the data from the PNNL database including the ring stretch tests. The data from
these tests were not used to develop this model, but in comparing them to the new model
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it can be seen that the new model predicts these yield and ultimate tensile data as well as
the data from the axial tension test and the biaxial burst tests. The scatter in this data is
about the same as the scatter in the other data sets. The standard deviation for yield stress
including the axial tension tests, biaxial burst tests, and ring stretch tests is 67 MPa,
which is about the same as the standard deviation for only the axial tension tests and
biaxial burst tests. The standard deviation for ultimate tensile strength including the axial
tension tests, biaxial burst tests, and ring stretch tests is 70 MPa, which is slightly lower
than the standard deviation for only the axial tension tests and biaxial burst tests. Based
on this comparison it appears that the ring stretch tests are as accurate for determining
yield stress and ultimate tensile strength as axial tension tests and biaxial burst tests.

Figure 24 shows the predicted minus measured uniform elongation from irradiated
cladding as a function of excess hydrogen for all the data from the PNNL database
including the ring stretch tests. It can be seen from this figure that the strain data from
ring stretch tests displays larger strains than the strain data from axial tension tests or
biaxial burst tests. This higher uniform elongation strains measured in the ring tests are
attributed to the large bending stress and strains of the ring specimens when plastic
deformation is experienced. For this reason, the strain data from the ring stretch tests
were not included in the uniform elongation model development.
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Figure 22: Predicted vs. measured yield stress from the PNNL database
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Figure 23: Predicted vs. measured ultimate tensile strength from the PNNL database
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Figure 24: Predicted minus measured uniform elongation from irradiated cladding as a
function of excess hydrogen from the PNNL database

3.6 Recrystallized data

The data comparisons shown above are for cold worked, stress relief annealed (SRA) and
fully recrystallized (RXA) Zircaloy-4 and Zircaloy-2. However, if only the RXA data is
examined it is apparent that while the model predicts the RXA data well, there is a
distinct lack of RXA data at high fluence and high hydrogen level. Mechanical data from
RXA cladding is important in order to accurately model BWR cladding performance at
high burnup.
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Figure 25 shows the predicted minus measured yield stress as a function of fast neutron
fluence for RXA cladding. The lack of high fluence data can be seen in this figure.
Figure 26 shows the predicted minus measured uniform elongation as a function of
excess hydrogen concentration for RXA cladding. It can be seen that there is very little
data from RXA cladding at high hydrogen concentration. Figure 27 shows the predicted
minus measured uniform elongation as a function of temperature concentration for RXA
cladding. It can be seen that although these data bound the temperature range of the
database, there is relatively little data available for recrystallized cladding.
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Figure 25: Predicted minus measured yield stress from RXA cladding as a function of
fluence
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Figure 26: Predicted minus measured uniform elongation from RXA cladding as a
function of fluence
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Figure 27: Predicted minus measured uniform elongation from RXA cladding as a
function of temperature

4 Recommendations for Modeling Spent Fuel Cladding

Certain assumptions about what the condition of fuel rods being modeled in spent fuel
casks must be made in order to correctly model their behavior in accident situations. This
section will discuss what PNNL's recommendations are for modeling spent fuel cladding
from PWRs and BWRs.
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Table I list the recommended fast neutron fluence, cladding type, cold work, and
hydrogen concentration for PWR and BWR cladding that should be used for spent fuel
accident analyses at high burnup (50 to 60 GWd/MTJ). These values are estimated to be
the mean rod average of discharged high burnup fuel rods with Zircaloy-4 (PWR) and
Zircaloy-2 (BWR) cladding. The two variables that are omitted from this table that can
affect the cladding properties are the temperature and the strain rate. These variables will
be defined in the accident analysis.

Table 1: Recommended fast neutron fluence, cladding type, hydrogen concentration,
and cold work for PWR and BWR cladding under spent fuel conditions

PWR BWR
Fast neutron fluence l.2x10 26 n/rn 2  1.2x10I n/rm2

Cladding type Zircaloy-4 Zircaloy-2
Cladding cold work 50% 0%
Hydrogen concentration 500 ppm 250 ppm

In order to show the effect that each of these parameters has on the yield stress, ultimate
tensile strength, and the uniform elongation, each of these parameters has been plotted as
a function of each variable that it is dependant upon while holding the other variables
constant at recommended values. Figures 28, 29, 30, and 31 show the predicted yield
stress for PWR and BWR conditions as a function of temperature, fast neutron fluence,
cold work and strain rate, respectively.
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Figure 28: Model predictions of yield stress for PWR (CWSRA ZR-4) and BWR (RXA
Zr-2) conditions as a function of temperature for strain rate of 1 x 10-4 in/in/s.
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Figure 29: Model predictions of yield stress for PWR (CWSRA Zr-4) and BWR (RXA
Zr-2) conditions as a function of fast neutron fluence for temperature of 300TF and strain
rate of lx104 in/in/s.
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Figure 30: Model predictions of yield stress for PWR (CWSRA ZR-4) and BWR (RXA
Zr-2) conditions as a function of cold work for temperature of 300OF and strain rate of
lxl0 4 in/in/s.
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Figure 31: Model predictions of yield stress for PWR and BWR conditions as a function
of strain rate for temperature of 300°F.

Figures 32, 33, 34, 35, and 36 show the predicted ultimate tensile strength for PWR and
BWR conditions as a function of temperature, fast neutron fluence, cold work, strain rate,
and excess hydrogen, respectively.
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Figure 32: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of temperature for strain rate of lxl0-4 in/in/s.
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Figure 33: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of fast neutron fluence for temperature of 300°F and strain rate of 1x1O4

in/in/s.
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Figure 34: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of cold work for temperature of 300TF and strain rate of lxl O4 inrin/s.
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Figure 35: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of strain rate for temperature of 300°F.
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Figure 36: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of excess hydrogen for temperature of 3000 F and strain rate of 1 x 10-4
in/in/s.

Figures 37 and 38 show the predicted uniform elongation for PWR and BWR conditions
as a function of temperature and excess hydrogen, respectively. It should be noted that
uniform elongation is not shown versus strain rate because this data is not currently
available at high strain rate, i.e. > lxl03 in/in/s. It is anticipated that there may be a
decrease in uniform and total elongation at high strain rate because both yield and
ultimate strength are shown to increase by 15 to 20% between strain rates of 10-3 in/in/s
and 1 in/in/s. This is because increases in Zircaloy cladding strength due to flounce and
cold work both result in significant decreases in strain with total elongation having the
largest decrease.
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Figure 37: Model predictions of uniform elongation for PWR and BWR conditions as a
function of temperature for strain rate of lxlO in/in/s.
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Figure 38: Model predictions of uniform elongation for PWR and BWR conditions as a
function of excess hydrogen for temperature of 3000F and strain rate of xl 04 in/in/s.

5 Future Work

As more data become available, such as from the ANL mechanical test program, our
knowledge of the stress strain behavior of Zircaloy will be expanded. New data that fall
outside of the regimes (e.g., of fluence, strain rate, hydrogen and temperature) where we
currently have data will either confirm our assumptions for modeling, or give us new
insights that allow us to adjust the model to better predict the stress/strain behavior in
those regimes.

New data that are taken in operating regimes where data is already available will either
confirm the data existing in the current database, or if it does not agree the uncertainty of
the model will increase. If the later occurs, PNNL will critically examine both the new
data and the old data, and determine if such things as test specimen design or material
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non-uniformities can explain the difference. If so, then PNNL will use the data from the
test specimens closest to the geometry that will be seen in reactor or in spent fuel
conditions to update the model if necessary. Two papers have recently been discovered
that offer explanations why differences in measured strain can occur due to specimen
geometry. The first paper"' describes a difference in measured strain as a function of
gage length in irradiated materials that deform by dislocation channeling, as Zircaloy
does. The second paper30 describes how the gage width to thickness ratio can affect the
measured strain. Papers like these and possibly others may be used to reconcile
differences in mechanical property measurements as new data are collected.

Mechanical properties at high strain rate 0.01 to 10/s are needed to be prototypic of
deformation rates in cask accidents to model uniform and total strains and verify the yield
stress dependence observed in the French PROMETRA tests performed by CEA. The
current mechanical database for U.S. fabricated cladding has a strain rate between 2xlO-
to 4xl 0-3/s. Mechanical properties data are needed from BWR cladding (RXA Zr-2) at
high fluences (burnup) and hydrogen content to verify the correlations for fully
recrystallized Zircaloy-2 at high burnup. In addition, both PWR cold-worked and BWR
RXA cladding data are needed from high bumup cladding at temperatures between room
temperature and 550K. Currently there is mechanical data to validate the new model at
room temperature (300K) and 550K, but because there is little data between these two
temperature s, the model is interpolating between this temperature range.

5. Conclusions

A new model for stress/strain behavior in Zircaloy has been developed that adequately
predicts the yield stress and ultimate tensile strength under uniaxial conditions for
unirradiated and irradiated Zircaloy. This model was developed using axial tension tests
and biaxial burst tests, and validated with ring stretch tests. The standard deviation in the
difference between the model and the data from the three data sources is 67 MPa and 70
MPa for yield stress and ultimate tensile strength, respectively. In addition, the model
adequately predicts the uniform elongation for irradiated Zircaloy. These elastic-plastic
models may not be applicable when hydrogen concentrations exceed 650 ppm or when
strain rates are high. These conditions can cause brittle fracture and is not considered by
these models.

The shape of the predicted stress/strain curve between the yield stress and ultimate tensile
strength was compared to several measured stress/strain curves, and was found to
reasonably predict the shape of the curve. It should be noted that due to the variation in
yield stress, the curve may be shifted up or down, but in general the shape of the
predicted stress/strain agrees well with the data.

Possibilities for improving this model exist, and as more data is made available it will be
used to verify or change the model where no data currently exist. If data is found that
contradicts data that is currently being used in the formulation of this model, all the data
will be critically reviewed and the data that comes from tests that best conforms to the
geometry and conditions in-reactor will be used to improve the model.
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