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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 FRAPTRAN? by the NRC Office of Nuclear Reactor Research. The
objective of that task was to create a mechanical model that can calculate true stress, true
strain, and the possible failure of the fuel rod cladding based on uniaxial test data. The
fitted coefficients of the mechanical models 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 models described here apply only to cladding with circumferential
hydrides and do not apply to cladding with radial hydrides or significant hydride
blisters or spalling.

After this model was developed, PNNL was tasked by the NRC Division of Spent Fuel
Storage and Transportation (SFST) to compile this report that presents the mechanical
property model, model to data comparisons, and discusses how these models can be
applied to spent fuel cladding analyses.

Presented in this report are the results of using the data that were compiled by PNNL
from the open literature at the beginning of June 2004 with the exception of experimental
data recently collected by and received from Argonne National Laboratory (ANL) for
modeling and comparisons against these data. The mechanical property data is primarily
from cold work stress relief annealed (SRA) Zircaloy-4 (material used for PWR cladding)
while only a small amount of mechanical property data was found from recrystallized
(RXA) Zircaloy-2 (primarily the material used for BWR cladding) with the latter material
having little data at high burnup levels.

The PNNL database consists of yield and ultimate tensile strengths, uniform and total
strain, local fast fluence, local burnup, oxide thickness, 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. Other available data come from the PROMETRA
program® and consist 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.

The PNNL database of yield strength, ultimate tensile strength and uniform elongation
consists of approximately 270 uniaxial tube tension tests®"'®, 150 biaxial burst tests® > **
10, 12, 13, 19-21, , and 1805 812, 13,22-24 ring stretch tests. The temperature, strain rate, and fast
fluences of these data ranged from 293K to 750K (68°F — 890°F), 2x107 to 4x10™ in/in/s,
and 0.0 to 1.4x10%° n/m? (E>1 MeV), respectively. The data from References 6 and 9
have recently been added to this database.



The PROMETRA database” from Commissariat & I’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 (68°F — 1832°F), 0.01 to 5 in/in/s, and 6x10% to
1.2x10*°n/m? (E>1MeV), respectively. However, PNNL only has a plot of these data as a
function of temperature and does not have a tabulation of each individual data point. As
a result, the PROMETRA data are not tabulated over the entire range of the PNNL
database. However, the PROMETRA data were used to determine the strain rate and
temperature dependence above 4x107 /s and 673K because this range of data is lacking in
the PNNL database.

Since the development of this model, new mechanical property data have become
available?*'**. The models described in this report were developed using data from
axial tension tests and biaxial burst tests from the PNNL database, and validated with
data from ring stretch tests from the PNNL database and with the more recent data from
axial tensile tests and ring stretch tests.

The uniaxial tension test data from the PNNL database were used directly as measured,
since these tests are for a uniaxial stress state, i.€., 0y, = O iy = 0. The biaxial burst

test data from the PNNL database were adjusted down by multiplying by a factor of

radial

3 / 2 as predicted by the von Mises failure criteria®® for this biaxial stress state, where

Gaxia=2Choop- 1he 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 experimental programs. It was
decided that the scatter in the ring test data in the PNNL database were 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 develop these models.

This report is divided into seven sections. Section 1 contains an introduction. Section 2
describes the Zircaloy mechanical models that have been developed. Section 3 shows
model to data comparisons. Section 4 discusses the effects that specimen gage length and
width have on the measured properties. Section 5 discusses the application of the
mechanical property models to spent fuel cladding analyses. Section 6 provides
conclusions and references are provided in Section 7.

2. Zircaloy Mechanical Model

The stress vs. strain behavior of Zircaloy is described by two different correlations,
depending on the stress. Before yield, Hooke’s law (Equation 1) is used to describe the
elastic deformation of the Zircaloy.

o=¢-E (Equation 1)
where:

o = stress

€ = strain

E = elastic modulus



After yield, the power law (Equation 2) is used to describe the plastic deformation of the
Zircaloy.

o=K-g" (1(‘)93 ] (Equation 2)

where:

K = strength coefficient

n = strain hardening exponent
m = strain rate exponent

&= strain rate, 87!

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.

N =)
o, =|: K [ d j } (Equation 3)

E"(107°

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,
oy/E. The plastic strain at maximum load is 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, which make up
this curve, as described above, can also be seen.
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Figure 1: Sample true stress vs. true strain curve using new model.




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

It is noted that the stress and strain in this figure are true stress and strain and are
calculated from load and displacement using the instantaneous value of cross sectional
area and gage length, respectively. Engineering stress and strain differs from true stress
and strain in that it is calculated from load and displacement using the initial value of
cross sectional area and gage length, respectively. A plot of engineering stress vs.
engineering strain would look similar to Figure 1 below the ultimate tensile strength.
However, beyond this point the engineering stress would decrease because the cross-
sectional area is becoming smaller than its initial value.

2.1 Elastic Modulus

The elastic modulus of Zircaloy that was used in this model is the same model that is
given in MAPTRO-11%". The description of this model is given below.

1.088x10" -5.475x10" -T + K, +K,

E T<1090K
K3
E =(E(1255) - E(1090))ﬂ +E(1090)  1090K<T<1255K
1255 -1090
E=9.21x10" -4.05x10" -T T>1255K
where:

E = elastic modulus, Pa
T = temperature, K

K, =(6.61x10" +5.912x10° -T)A

A = average oxygen concentration minus oxygen concentration of as-received cladding
(kg oxygen/kg Zircaloy)

K,=-2.6x10"-CW
CW= cold work, unitless ratio of areas (valid from 0 to 0.75)
K, =0.88+0.12exp(-D/10>)

@ = fast neutron fluence, n/m? (E>1MeV)

2.2 Strength Coefficient

The strength coefficient, K, has been modified from MATPRO? and is a function of
temperature, fast neutron fluence, cold work, and alloy composition. The strength
coefficient has not been found to be a function of hydrogen concentration. The
fluence dependency, K(®), has been modified from MATPRO in order to better fit the
high burnup data. The models for the strength coefficients of Zircaloy-2 and Zircaloy-4
are given below.

K =K(T) (1+K(CW)+K(®))/K(Zry)



Where:
K = strength coefficient, Pa

K(T)=1.17628x10° +4.54859 x10°T —3.28185x10°T* +1.72752-T° T<750K

6
K(T)=2.522488x10° exp(2'8500$%7 <10 j 750K<T<1090K
K(T)=1.841376039 x10°* —1.4345448x10°T 1090K<T<1255K

K(T)=4.330x107 —6.685x10*T +3.7579x10'T* —7.33x107°T* 1255K<T<2100K
K(CW)=0.546-CW

K(®)=(-0.1464+1.464x10> @) f (CW,T) ®< 0.1x10% n/m?
K(®)=2.928x107® 0.1x10%n/m2<d< 2x10* n/m>
K(®)=0.53236+2.6618 %107 @ 2x10% n/m2<®<12x10* n/m?

f(CW,T) =225 exp(—20-CW).- min{l,exp(T . gsoﬂ .

K(Zry)=1 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)
@ = fast neutron fluence, n/m? (E>1MeV)

2.3 Strain Hardening Exponent

The strain hardening exponent, n, has been modified from MATPRO?’ in order to better
fit the high burnup data and is a function of temperature, fast neutron fluence, and alloy
composition. The strain hardening exponent has not been found to be a function of
hydrogen concentration. The models for the strain hardening exponents of Zircaloy-2
and Zircaloy-4 are given below.

n=n(T)-n(®)/n(Zry)

where:

n = strain hardening exponent

n(T)=0.11405 T<419.4K

NT)=-9.490x107 +1.165x107°T —1.992x107°T* +9.588x107"°T"*
419.4K<T<1099.0772K

n(T)=-0.22655119+2.5x107*T 1099.0772K<T<1600K
n(T) = 0.17344880 T>1600K
n(®)=1.321+0.48x10 > ® ®< 0.1x10% n/m?
n(®)=1.369 +0.096 x 10 ® 0.1x10% n/m2<®< 2x10* n/m?
n(®) =1.5435+0.008727 x10 > @ 2x10% n/m2<®<7.5x10* n/m?
n(®) =1.608953 ®>7.5x10% n/m?

n(Zry) = 1 for Zircaloy-4
n(Zry) = 1.6 for Zircaloy-2
T = temperature, K



@ = fast neutron fluence, n/m? (E>1MeV)

2.4 Strain Rate Exponent

The strain rate exponent, m, has been modified from MATPRO?’ to better fit the high
burnup data and is given by a function of temperature only as described in the equation
below.

m=0.015 T<750K
m="7.458x10""T —0.544338 750K <T<800K
m=23.24124x10"*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 1x10™ /s to 1.0 /s will increase the yield strength by about 15%.

2.5 Uniform Elongation

The model for uniform plastic elongation for irradiated Zircaloy is given below and has
been modified from that recommended in MATPRO? to better fit the high burnup data.
This model can be used for un-irradiated Zircaloy, but there is considerable scatter in the
unirradiated data. It is noted that this model is based on irradiated Zircaloy cladding
containing circumferential hydrides. This model applies only to cladding with
circumferential hydrides and does not apply to cladding with radial hydrides or
significant hydride blisters or spalling.

UE = min(UE,,UE,,,,)

where:

UE = uniform plastic elongation, %

UE=2.2%

UE,, =A-H.’ He, >0
UE,,., =UE, Hex=0
A=1211exp(—0.00927 -T) T<700K
A=1.840803 T>700K
p=1.355231-0.001783 - T T<700K
p=0.107131 T>700K

H ex max(O, |_ITot -H Sol )
—8550 )

1.985887-T

Hroi = total hydrogen in cladding, ppm
T = temperature, K

Hg, =1.2x10° exp(



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
to model this dissolution time, the hydrogen dissolution and precipitation rates must be
modeled as discussed in a separate paper”>. The maximum predicted strain allowed by
this model is 2.2% as fixed by the term, UE,. This term has been selected as an average
value of uniform elongation from specimens with no excess hydrogen.

The model for uniform elongation is not a function of fast neutron fluence. However, as
the data that were used in model development are taken from in-reactor cladding
specimens, there is somewhat of a correlation between hydrogen concentration and fast
neutron fluence. Presented in Figure 2 is the hydrogen concentration data as a function of
fast neutron fluence for the data in the PNNL database. It can be seen that as fluence
increases, hydrogen content tends to increase as well. The best fit to uniform elongation
data was found as a function of hydrogen content rather than fast neutron fluence. It
should be noted that not all data with high fluence will have high hydrogen and vice-
versa because some mechanical specimens are artificially hydrogen charged without
being irradiated and others may be from a test reactor with low temperatures and,
therefore, low corrosion and hydrogen.
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Figure 2. Hydrogen concentration vs. fast neutron fluence for the data in the PNNL
database. (293K<T<755K).

3. Data comparisons

Provided in this section are comparisons of the new stress/strain correlations to the
available data. 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 data 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 measured uniform elongations



from the burst tests and uniaxial tension tests (from the PNNL database) from irradiated
samples are compared to the model predictions. Several measured stress vs. strain curves
from the PNNL database are compared to the model predictions up to the end of the
uniform elongation. Finally the measured 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 3 shows a plot of predicted yield stress vs. measured yield stress for burst tests and
axial tension tests from Zircaloy-2 and Zircaloy-4 in 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 65
MPa. When comparing the irradiated ANL axial tensile data to other data in the database
taken under identical conditions, the ANL data were found to be lower than the other data
by up to 20%. A possible reason for this difference is gage geometry. This will be
discussed in greater detail in Section 4. Therefore these data are excluded from the
model development and error calculations. There is one datum point that is significantly
overpredicted in Figure 3 and the following figures. This overprediction is from a fuel
rod cladding sample at high burnup that had spalled oxide resulting in significant hydride
blister and severe embrittlement. This resulted in failure 40% below the yield strength of
similar high burnup cladding samples without hydride blisters.

Figures 4, 5, 6, and 7 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 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 would increase
the reliability of the interpolation in this temperature range.

Figure 8 shows the predicted minus measured yield stress 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 for some data sets 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 8 does not show significant model bias for yield stress
with increasing hydrogen. Yield stress is apparently over predicted by a small amount on
average when excess hydrogen exceeds 600 ppm as shown in Figure 8. Examination of
these data shows that the uniform elongation strains were very low for these cladding
samples suggesting that the decrease in yield stress is due to embrittlement and not due to
elastic-plastic deformation and therefore, can not be predicted well with these equations.
This is further illustrated by significantly overpredicting yield stress for the cladding
sample that has significant oxide spallation, hydride blisters, and severe embrittlement.
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Figure 3: Predicted vs. measured yield stress from the PNNL database
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Figure 9 shows the PROMETRA data® 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%° n/m? was assumed for fluence. The fluence for the data shown in Figure 9 ranges

12



from 6x10% to 12x10%° n/m? as reported®. 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 9: Predicted and measured yield stress from the PROMETRA database as a
function of temperature for SRA Zircaloy-4.

3.2 Ultimate Tensile Strength

Figure 10 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 66 MPa. It is expected that there will be greater uncertainty in the predictions of
ultimate tensile strength than yield strength, because the calculation of ultimate tensile
strength is based on both the calculation of yield stress and the calculation of uniform
elongation. When comparing the irradiated ANL axial tensile data to other data in the
database taken under identical conditions, the ANL data were found to be lower than the
other data by up to 20% for irradiated cladding. A possible reason for this difference is
gage geometry. This will be discussed in greater detail in Section 4. Therefore these data
are excluded from the model development and error calculations. Also note that there are
several high burnup cladding samples that are significantly over-predicted in Figures 10,
11,12, 13, 14, and 15. These samples came from rods with spalled oxide with severe
hydride blisters resulting in severe embrittlement. As seen in Figure 15 the samples that
are over-predicted have high excess hydrogen concentration. All but one of these
samples did not have a measured yield stress value due to failure occurring before the
cladding yielded.
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Figure 10: Predicted vs. measured ultimate tensile strength from the PNNL database
(293K<T<755K, 0<®<14x10* n/m’, 0<H<850 ppm).

Figures 11, 12, 13, 14, and 15 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 appears to be a
small over prediction in ultimate tensile strength when excess hydrogen exceeds 600 ppm
(Figure 15) that may be due to the cladding embrittlement as discussed in Section 3.1 for
yield stress.
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Figure 12: Predicted minus measured ultimate tensile strength from the PNNL database
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Figure 13: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of strain rate (293K<T<755K, 0<®<14x10* n/m?, 0<H<850 ppm).
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Figure 14: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of temperature (0<®<14x10* n/m? and 0<H<850 ppm).
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Figure 15: Predicted minus measured ultimate tensile strength from the PNNL database
as a function of excess hydrogen concentration (293K<T<755K and 0<®<14x10* n/m?).

3.3 Uniform elongation

The predicted vs. measured uniform elongation are shown in Figure 16 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
2.2% predicted uniform elongation comes from irradiated cladding with very little total
hydrogen concentration. The data from samples with little excess hydrogen has a range
of 0-5%, but as discussed in Section 2.5, an average value of 2.2% was selected as the
model upper limit. The predicted minus measured values of uniform elongation from the
irradiated samples in the PNNL database are shown in Figures 17 and 18 as a function of
excess hydrogen and temperature, respectively. Excess hydrogen, He, 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 +1%. The standard error is 0.9% strain at excess hydrogen less than 500 ppm.
Figure 17 also demonstrates that the most scatter is seen in the uniform elongation when
there is little or no excess hydrogen. When comparing the irradiated ANL axial tensile
data to other data in the database taken under identical conditions, the ANL data were
found to be significantly higher than the other data. A possible reason for this difference
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is gage geometry. This will be discussed in greater detail in Section 4.

Predicted UE, %

Measured UE, %

‘ o Axial Tests = Burst Tests ¢ ANL Axial Tests

Figure 16: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database (293K<T<755K, 0<®<14x10% n/mz, 0<He<1630 ppm). Note that
the large scatter at 2.2% elongation is primarily from irradiated samples with very little
total hydrogen and, therefore, essentially zero excess hydrogen (10 ppm<H.y).
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Figure 17: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database as a function of excess hydrogen (293K<T<755K and 0<®<14x10*
n/m?).
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Figure 18: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database as a function of temperature (0<®<14x10”° n/m” and 0<H,<850

ppm).

3.4 Stress vs. Strain Curves

One of the reports from the PNNL database of Zircaloy mechanical properties’ 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 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 19 - 22 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
(YS) and stress at maximum load (UTS).
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Figure 19: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 313K

(40°C).
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Figure 20: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 573K

(300°C).
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800
700 -
600 -
500 -
400 -
300 -
200 -
100 -
0 ‘ ‘ ‘ ‘

0 0.01 0.02 0.03 0.04 0.05

Strain in/in

Predicted = Measured YS and UTS ------- Measured ‘

Stress, MPa

Figure 21: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 673K
(400°C).
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Figure 22: Stress vs. strain curves for uniaxial tube sample (PWR) taken at 673K
(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 22. However, it should
be noted that the conditions for the tests in Figures 21 and 22 are identical, and the model

predicts the test in Figure 21 reasonably well. This demonstrates that there is some
degree of scatter in this data.
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3.5 Ring Stretch Tests

Figures 23 and 24 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
the ring tests were not used to develop this model, but in comparing them to the new
model it can be seen that the new model predicts the ring test yield and ultimate tensile
data as well as the data from the axial tension test and the biaxial burst tests. The scatter
in the ring test 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. It is noted that there is considerable scatter in the ANL ring
stretch test yield stress data at high fluence. These data are not included in the above
calculations of standard deviation

Figure 25 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. The 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 23: Predicted vs. measured yield stress from the PNNL database
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Figure 24: Predicted vs. measured ultimate tensile strength from the PNNL database
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Figure 25: Predicted minus measured uniform elongation from irradiated cladding as a
function of excess hydrogen from the PNNL database

3.6 Independent Data

Some data have been added to the database of mechanical properties after the model
parameters for the mechanical properties were set”>'>*. These data can be used as an
independent assessment of the model predictions. These data consist of axial tensile tests
on full cladding tubes and ring tests with no machined gage section taken on irradiated
RXA Zircaloy-2 and Zircaloy-4 and SRA ZIRLO™ cladding. The data from Zircaloy
was included in all the previous figures. Figures 26 and 27 show the measured and
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predicted yield stress and ultimate tensile strength for all these data with the independent

Zircaloy and ZIRLO™ data shown separately. Figure 28 shows the predicted minus
measured uniform elongation as a function of excess hydrogen with the independent

Zircaloy and ZIRLO™ data shown separately.
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Figure 26: Predicted vs. measured yield stress from the PNNL database with the

independent data shown separately.
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Figure 27: Predicted vs. measured ultimate tensile strength from the PNNL database

with the independent data shown separately.
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Figure 28: Predicted minus measured uniform elongation from irradiated samples from
the PNNL database as a function of excess hydrogen with the independent data shown
separately.

These figures demonstrate that the model predicts the independent data as well as the data
that were used to develop the models.

3.7 Recrystallized Zircaloy 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 (>5x10”° n/m2) and high hydrogen level
(>200 ppm). Mechanical data from RXA cladding is important in order to accurately
model BWR cladding performance at high burnup.

Figures 29 and 30 show the predicted minus measured yield stress and ultimate tensile
strength, respectively, as a function of fast neutron fluence for RXA cladding. The lack
of high fluence data can be seen in these figures. Samples with high excess hydrogen
concentration (>600 ppm) are noted in Figure 30. Figure 31 shows the predicted minus
measured uniform elongation as a function of excess hydrogen concentration for RXA
cladding. It can be seen that there are only a few data points from RXA cladding at high
hydrogen concentration. Figure 32 shows the predicted minus measured uniform
elongation as a function of temperature 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 29: Predicted minus measured yield stress from RXA cladding as a function of
fluence (293K<T<673K and 0<H<100 ppm)
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Figure 30: Predicted minus measured ultimate tensile strength from RXA cladding as a

function of fluence (293K<T<673K and 0<H<100 ppm (except as marked))
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Figure 31: Predicted minus measured uniform elongation from RXA cladding as a
function of excess hydrogen (293K<T<673K and 0<®<9x10* n/m?)
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Figure 32: Predicted minus measured uniform elongation from RXA cladding as a
function of temperature

4. Gage Length and Width Effects

Examination of material property databases containing data collected from a number of
test conditions and configurations often reveals disparity between samples extracted from
equivalent materials due to specimen geometry. Figure 33 shows the geometry of the
samples considered in this report. One example of a different due to specimen geometry
is the ANL data. In the case of irradiated Zircaloy samples, experimental measurements
of strain exhibit a strong dependency on specimen gage length and width as discussed by
Williams®. This dependency is characterized by a decrease or increase in uniform

27



elongation with increasing gage length or width, respectively, for samples of equivalent
material.
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Figure 33: Geometry of samples considered in this report. Note that inner and outer
diameters are not shown here and vary with fuel rod design.

Decreased uniform elongation in irradiated samples of equivalent material with longer
gage lengths is attributed to a deformation mechanism known as dislocation channeling®.
As stress-induced dislocation motion is initiated, dislocations interact with irradiation-
induced defect loops, dragging them from preferred crystallographic slip planes and
creating defect-free pathways, or channels, for additional dislocation motion™.
Dislocations propagate along these channels, leading to the development of highly
localized plastic strains between grains, before reaching the edge of the specimen where
they cause large deformation offsets®'. Therefore, the width of the gage section plays an
important role in the uniform elongation because dislocation channels are more likely to
propagate into the lower stress regions near the grips in wider specimens instead of
reaching an edge of the specimen and resulting in plastic instability’'. Given the typical
texture of Zircaloy, where the relation between crystal orientation and available
deformation modes normally inhibit deformation in the thickness direction of sheets and
tubing”', necking occurs within deformation bands traversing the specimen width®.
Therefore, in a structural component having this texture but having a large width
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perpendicular to the direction of applied stress, resistance to necking of this type will be
high; thus the capacity for uniform strain in large sections may be expected to be higher
than for standard uniaxial tensile test specimenszg. Despite the large extents of plastic
deformation that occur within the dislocation channels, the overall elongation of
specimens with smaller gage widths perpendicular to the direction of applied stress is
low. Microscopic stresses evolve to accommodate the highly localized plastic strain
between the grains, leading to kinematic hardening and loss of ductility’’. As a result,
specimens with larger gage length to width ratios, such as standard uniaxial tensile
specimens, routinely exhibit less uniform elongation than those with smaller gage length
to width ratios, such as plane strain tensile specimens, when equivalent materials are
analyzed.

Overall, the literature regarding uniform elongation measurement of irradiated Zircaloy
samples indicates that gage length and width effects should be considered whenever
strain data from different specimen test configurations are being compared. A linear
relationship between the failure strain and the ratio of the square root of the sample gage
length and the loaded cross sectional area has been observed, providing a possible means
for interpreting strain data collected from differently sized test specimens™’.
Nevertheless, it is important to note that local strains determined from various test
configurations are not material properties as they are strongly affected by specimen
geometry”'. Therefore, in order to apply strain data to in-service application, the
specimen geometry must be prototypic of the in-service application™.

All of the axial tensile test data that are in the PNNL database are taken on full tube
sections that have been de-fueled. In contrast, the ANL data are taken from tube samples
where everything but two narrow dogbone shapes have been machine away. This may
explain the lower stress and higher strain data than expected from the irradiated ANL
samples. Although a test was performed to demonstrate that this geometry gave similar
results to the traditional geometry on unirradiated samples, no similar test was performed
on irradiated material. Given the different deformation mechanisms observed in
irradiated Zircaloy, a similar test should be done using irradiated material before data
from the dogbone geometry are used. Until such a test is done, and given the disparity
between the ANL data and the data in the PNNL database, the ANL data will be left out
of these model comparisons.

5. Application of Material Property Models to Spent Fuel Cladding Analyses

This section will discuss the range of operating conditions that the material property data
are applicable to for modeling spent fuel cladding from PWRs and BWRs. The range of
SRA Zircaloy-4 property data is fairly extensive in terms of fluence and hydrogen levels
due to corrosion as shown in Figure 2. The temperature range of the SRA property data

extends from room temperature up to 755K, however, there is little data above 673K and
it is not recommended to apply the properties above 673K.

The range of RXA Zircaloy data is very sparse as shown in Figure 2. The data at high
hydrogen and fluence levels are from RXA Zr-4 guide tubes that have a uniform
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distribution of hydrogen that is not typical of BWR RXA fuel cladding. BWR RXA
cladding usually has most of the hydrogen located as a rim of hydrides at the OD and/or
liner ID of the cladding. The hydride rims are very brittle and act as crack initiation
points that can reduce the ductility. Due to the lack of mechanical data for RXA BWR
fuel cladding there is a large uncertainty in their mechanical properties and due to
the lack of data it is difficult to quantitatively estimate uncertainties. In addition,
hydrides in RXA cladding appears to have a more random orientation than SRA
cladding such that some hydrides are orientated in the radial direction that may
result in lower ductilities (uniform elongation) than SRA material at an equivalent
excess hydrogen level. Therefore, an engineering judgement is made that the
uncertainties in the RXA data are a factor of 2 larger than those for SRA
mechanical properties with fast fluences and excess hydrogen levels above 3 X 10%
n/m? and 100 ppm, respectively.

The cladding fluence levels in high burnup fuel rods have very limited variability (narrow
range) for normal operation in both PWRs and BWRs as shown in Table 1. For example,
at a local burnup of 60 GWd/MTU the fast fluence can vary between 10 to 11 x 10* n/m?
for a PWR and 9 to 10.5 x 10*° n/m’ for a BWR depending on fuel management.
However, cladding corrosion and hydrogen levels can have a much larger variation
depending on the cladding material, coolant chemistry, the cycle and even variation
within the same cycle between fuel rods. For example, the corrosion (and hydrogen)
levels at a burnup of 60 GWd/MTU for low tin SRA Zircaloy-4 in a PWR can vary
between 50 to 100 um of oxide (~ 400 to 800 ppm of total hydrogen) depending on
whether the fuel is from a low or high duty plant. For a BWR fuel with current
generation RXA Zircaloy-2 cladding at a burnup of 60 GWd/MTU the uniform oxide
levels can vary between 20 to 45 um (~ 100 to 220 ppm of hydrogen). Therefore, the
greatest variability between the mechanical data is in ductility (measured as uniform
elongation). This is also evident from examination of the uniform elongation data at a
given test temperature and burnup level.

A spent fuel cask can have a wide variety of different fuel with different burnups such
that the analyses should attempt to account for this variation or perform bounding
analyses. The two variables that are omitted from Table 1 that can affect the cladding
properties are the temperature and the strain rate. These variables will be defined in the
accident analysis. These analyses of properties also assume that the hydrogen in the
cladding has not reoriented in the radial direction or that hydride blisters are not
present. If radially oriented hydrides or hydride blisters are present, they can
significantly embrittle the cladding, decreasing the stress and strain required for
failure such that the elastic-plastic equations presented in this report are no longer
applicable.
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Table 1: Ranges of fast neutron fluence, cladding type, hydrogen concentration, and
cold work for PWR and BWR cladding under spent fuel conditions at 66 GWd/MTU

PWR BWR
Fast neutron fluence 1.2x10°° n/m? (max) 1.2x10°° n/m? (max)
Cladding type Zircaloy-4 Zircaloy-2
Cladding cold work 50% 0%
Hydrogen concentration 500 ppm (avg.) 250 ppm (avg.)

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 dependent upon while holding the other variables
constant at a given value. Figures 34, 35, 36, and 37 present an example of the predicted
yield stress for PWR and BWR conditions as a function of temperature, fast neutron
fluence, cold work and strain rate, respectively. The standard deviation on these

predictions is £67 MPa.
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Figure 34: Model predictions of yield stress for PWR and BWR conditions as a function
of temperature for strain rate of 1x10™ in/in/s with other conditions given in Table 1.
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Figure 35: Model predictions of yield stress for PWR and BWR conditions as a function
of fast neutron fluence for temperature of 300°F (422K) and strain rate of 1x10™ in/in/s
with other conditions given in Table 1.
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Figure 36: Model predictions of yield stress for PWR and BWR conditions as a function
of cold work for temperature of 300°F (422K) and strain rate of 1x10™ in/in/s with other
conditions given in Table 1.

32



1200
1000 -
800 —
600
400
200 -

O T T T T T T T
1E-07 1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10

Yield Stress, MPa

Strain Rate, in/in/s

— PWR conditions —— BWR conditions

Figure 37: Model predictions of yield stress for PWR and BWR conditions as a function
of strain rate for temperature of 300°F (422K)) with other conditions given in Table 1.

Figures 38, 39, 40, 41, and 42 present the predicted ultimate tensile strength for PWR and
BWR conditions as a function of those dependent parameters in the model such as
temperature, fast neutron fluence, cold work, strain rate, and excess hydrogen,
respectively. The standard deviation on these predictions is £70 MPa.
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Figure 38: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of temperature for strain rate of 1x10™* in/in/s with other conditions given in
Table 1.
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Figure 39: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of fast neutron fluence for temperature of 300°F (422K) and strain rate of
1x10™ in/in/s with other conditions given in Table 1.
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Figure 40: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of cold work for temperature of 300°F (422K) and strain rate of 1x10™
in/in/s with other conditions given in Table 1.
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Figure 41: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of strain rate for temperature of 300°F (422K) with other conditions given
in Table 1.
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Figure 42: Model predictions of ultimate tensile strength for PWR and BWR conditions
as a function of excess hydrogen for temperature of 300°F (422K)) and strain rate of
1x10 in/in/s with other conditions given in Table 1.

The uniform elongation model is only a function of temperature and hydrogen level.
Therefore, Figures 43 and 44 present the predicted uniform elongation for PWR and
BWR conditions as a function of temperature and excess hydrogen, respectively. The
increase in uniform elongation seen in Figure 43 for the BWR conditions at 675K is due
to all the hydrogen going into solution at that point and the ductility increasing because of
this. 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. > 1x10~ 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 107 in/in/s and lin/in/s. This is because increases in Zircaloy cladding strength due to
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fluence and cold work both result in significant decreases in strain with total elongation
having the largest decrease.
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Figure 43: Model predictions of uniform elongation for PWR and BWR conditions as a
function of temperature for strain rate of 1x10™ in/in/s.
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Figure 44: Model predictions of uniform elongation for PWR and BWR conditions as a
function of excess hydrogen for temperature of 300°F (422K) and strain rate of 1x10™
in/in/s.

6. Conclusions

A new model (different from MATPRO) for stress/strain behavior of Zircaloy has been
developed that adequately predicts the yield stress and ultimate tensile strength under
uniaxial conditions for unirradiated and irradiated Zircaloy. The range of applicability
for this model is listed in Table 2. This model was developed using data from axial
tension tests and biaxial burst tests, and validated with data from ring stretch tests and
more recent data from axial tensile tests and ring stretch tests.
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e 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, for SRA Zircaloy.

e The model adequately predicts the uniform elongation for irradiated Zircaloy.

e These elastic-plastic models may not be applicable when hydrogen concentrations
exceed 650 ppm, when oxide spallation has occurred because of local hydride
blisters, when radial hydrides are present, or when strain rates are high (>10 in/in/s).
These conditions may cause brittle fracture that is not considered by these models.

e Due to the lack of RXA Zircaloy data, the uncertainty in the model predictions for
RXA material should be assumed to be a factor of 2 higher than for SRA Zircaloy.

e 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.

Table 2. Range of applicability of mechanical property model

Parameter Range of Model Applicability

Temperature 293K - 1273K

Fast neutron fluence (E>1MeV) 0 — 1.4x10°°n/m’

Cladding cold work 0% - 80% reduction in area

Strain rate 4x10~ — 5 in/in/s

Excess hydrogen concentration 0 — 650 ppm (no spalled oxide or radial
hydrides)
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