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Executive Summary

This letter provides data for an alternative Optimized ZIRLOTM high performance fuel rod cladding
irradiation-induced hardening profile to that contained in NRC Condition 8.a in Section 5.0 of the Safety
Evaluation Report (SER) to the topical report prepared for Optimized ZIRLO cladding
WCAP- 12610-P-A & CENPD-404-P-A Addendum 1-A (Reference 1).

Optimized ZIRLO cladding has a slight reduction in the mechanical properties with reference to
ZIRLO® cladding, specifically, in the un-irradiated yield and ultimate tensile stresses. The differences in
the mechanical properties of both alloys are expected to be eliminated by irradiation-induced hardening in
the first stages of the irradiation. There is not a wide database of yield and ultimate tensile stress from
modem cladding at low fluence levels, such as ZIRLO cladding and Optimized ZIRLO cladding,
showing the irradiation-induced hardening and the resulting saturation level. As a result, Westinghouse,
ENUSA and Spanish utilities developed a joint program, the Almaraz Post-Irradiation Examination, in
order to find the fluence level where Optimized ZIRLO cladding is mechanically identical to ZIRLO
cladding.

Post-Irradiation Examination mechanical property and fast fluence measurements were performed on an
Optimized ZIRLO cladding rod and a ZIRLO cladding rod irradiated in the Almaraz 2 Nuclear Power
Plant (NPP) for one cycle. Most of the tests on both claddings were performed in the plenum region, and
a few were performed in the fuel region. The results show that the Optimized ZIRLO cladding and
ZIRLO cladding yield stress and ultimate stress rapidly increase with increasing fast fluence due to
irradiation hardening at low fast fluence levels. The differences between the two alloys rapidly decrease
with increasing fast fluence and are eliminated at a low fast fluence level. At fluences of[

Ia•c

In summary, low fast fluence irradiated data for Optimized ZIRLO cladding and ZIRLO cladding have
been obtained, The data demonstrate that the irradiated yield stress and ultimate stress for Optimized
ZIRLO cladding exceed the irradiated yield and ultimate stress values for ZIRLO cladding used in
Westinghouse fuel design analysis due to irradiation hardening effects at very low fluence levels[

]a~c. Therefore, the current Condition 8.a requirement is not consistent with the
data. Instead, based on the data, it is proposed for Westinghouse fuel design analyses that the irradiated
Optimized ZIRLO material strengths saturate at the same properties as standard ZIRLO cladding at
radiation fluence of [

Jasc

Optimized ZIRLOTM and ZIiRLO® are trademarks or registered trademarks of Westinghouse Electric Company
LLC, its affiliates and/or its subsidiaries in the United States of America and may be registered in other countries
throughout the world. All rights reserved. Unauthorized use is strictly prohibited. Other names may be trademarks
of their respective owners.
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1 Introduction

This report is being provided in response to Condition 8.a of Section 5.0 of the SER to topical report
WCAP- 12610-P-A & CENPD-404-P-A Addendum 1-A (Reference 1) to provide irradiated data for
Optimized ZIRLO cladding.

Optimized Z1RLO cladding has a low tin content and, unlike its predecessor ZIRLO cladding, is a
Partial Recrystallized Annealed (PRXA) alloy. The low tin content of the alloy and the final heat
treatment implies a slight reduction in the mechanical properties and, specifically, in the un-irradiated
yield and ultimate stresses with reference to ZIRLO cladding. The differences in the mechanical
properties of both alloys are expected to be eliminated by irradiation-induced hardening in the first stages
of the irradiation based on reported Zircaloy data (Reference 3). There is not a wide database of yield and
ultimate tensile stress from modemn cladding at low fluence levels, such as ZIRLO cladding and
Optimized ZIRLO cladding, showing irradiation-induced hardening and the saturation level. NRC
issued Condition 8 in the SER to the topical report prepared for Optimized ZIRLO cladding
(Reference 1), which states the following:

"The licensee shall account for the relative differences in unirradiated strength (YS and UTS)
between Optimized ZIRLOTM and standard ZIRLOTM in cladding and structural analyses until
irradiated data for Optimized ZIRLOTM have been collected and provided to the NRC staff.

a. For Westinghouse fuel design analyses:

i. The measured, unirradiated Optimized ZIRLOT strengths shall be used for BOL
analyses.

ii. Between BOL up to radiation fluence of 3.0 x 1021 n/cm2 (E>1MeV), pseudo-irradiated
Optimized ZIRLOTM strength set equal to linear interpolation between the following
two strength level points: At zero fluence, strength of Optimized ZIRLOTM equal to
measured strength of Optimized ZIRLOTM and at a fluence of 3.0 x 1021 n/cm2

(E> 1 MeV), irradiated strength of standard ZIRLOTM at the fluence of 3.0 x 1021 n/cm2

(E>1MeV) minus 3 ksi.

iii. During subsequent irradiation from 3.0 x 1021 n/cm2 up to 12.0 x 1021 n/cm2, the
differences in strength (the difference at a fluence of 3.0 x 1021 n/cm2 due to tin
content) shall be decreased linearly such that the pseudo-irradiated Optimized
ZIRgOTM strengths will saturate at the same properties as standard ZlRgOTM at
12.0 x 1021 n/cm 2.

b. For the CE fuel design analyses, the measured, unirradiated Optimized ZIRLOTM strengths
shall be used for all fluence levels (consistent with previously approved methods)."

As a result, Westinghouse, ENUSA and Spanish utilities developed a joint program, the Almaraz Post-
Irradiation Examination, in order to determine the fluence level where Optimized ZIRLO cladding is
mechanically equivalent to ZIRLO cladding due to irradiation-induced hardening so that the difference in
mechanical properties that exists in the unirradiated state disappears.
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This attachment is to provide the NRC with the yield stress and ultimate tensile stress data of Optimized
ZIRLO cladding and to show that the Optimized ZIRLO cladding strengths rapidly reach the irradiated
ZIR.LO cladding strengths used in Westinghouse design analysis. The technical evaluation consists of
determining the test sample fast fluences (E>1 MeV), performing tensile tests and analyzing the data.
The fast fluence determination will be presented first, followed by the tensile tests and finally the data
analysis.

2 Materials

Two fuel rods were selected for Post-Irradiation Examination (PIE), one with Optimized ZIRLO
cladding and the other with ZIRLO cladding. The cladding was fabricated using Westinghouse standard
production methods. The ZIRLO cladding was given a stress relief anneal (SRA). The Optimized
ZIRLO cladding was given a partially re-crystallized anneal (PRXA). The room temperature (RT) axial
tensile test (ATT) as-fabricated data are listed in Table 1. In the case of Optimized ZIRLO cladding,
archive tubing from the material lot used to fabricate the fuel rods was available. The Optimized ZIRLO
archive tubing was used for the as-fabricated ring tensile tests (RTT) at 3 85°C. In the case of ZIRLO
cladding, the lot certification data from two tube lots are listed. The reason is that the archive tubing from
the ZIRLO material lot ($66-9737Z) used to fabricate the irradiated ZIRLO rod (B 16) was not available.
Instead, a different ZIRLO material lot, $67-4835Z, fabricated from the same ingot as lot $66-9737Z and
by the same production method was used to perform the as-fabricated ZIRLO material 385°C RTT.

Both fuel rods were fabricated by ENUSA using standard manufacturing methods. The uranium pellets
had the same enrichment. All characteristics were the same except for minor differences in the plenum
length and plenum spring mass as described in Table 2.

Table 1. Room Temperature Axial Tensile Test Certification Data From As-fabricated Material

I I a,b,c
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Table 2. Characteristics of the Two Rods Tested

Rod (ID) Plenum Length Spring Mass Burnup Relative Power at end
(mm) (Ib) (MWd/kgU) of life (EOL)

Optimized
ZlRLO Fuel 218.95 0.017 23.9 1.178
Rod (A 16)

ZIRLO Fuel
Rd(1)194.56 0.013 23.7 1.170

The two rods were irradiated in Almaraz Unit 2 for one cycle (Cycle 17). The rods were loaded in the
same fuel assembly and located side-by-side. The reactor operation during the entire cycle was close to
maximum power. The bumnup of the two rods was similar (see Table 2). After completion of irradiation,
the two rods were transported to Studsvik for hotcell PIE.

3 Fast Neutron Fluence Determination

The sample fast fluence values were determined by incorporating three different methods. The methods
are retrospective dosimetry, gamma scanning and discrete ordinate transport calculations. Figure 1 shows
the fast fluence versus axial position profile obtained from all three methods for the Optimized ZIRLO
fuel rod. Retrospective dosimetry measurements were performed on samples from the Optimized
ZIRLO and ZIRLO rods (six samples in total shown by the diamond and square marks, respectively, in
Figure 1). Gamma scanning measurements were performed on the Optimized ZIRLO rod plenum
(shown by the green line in Figure 1). Discrete ordinate neutron transport modeling was performed, the
results of which are shown by the black line in Figure 1. Note the excellent agreement of the three
methods. A brief description of each method follows.
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Figure 1 -Fast Fluence Profile in the Core and Plenum Regions for the Optimized ZIRLO Fuel Rod
and Fluence Measurements on the ZIRLO Rod.

3.1 Retrospective Dosimetry in Optimnized ZIRLO and ZIRLO Material Samples Measured
by BatelIe/PNNL and Evaluated by Westinghouse

Dosimetry isotope activation measurements were performed by Battelle/PNNL (Pacific Northwest
National Laboratory) on six test samples using the same experimental methods to that reported in
Reference 4, but with an updated evaluation process. The samples were taken from six ring tensile test
samples after completion of the mechanical tests. For both the Optimized ZIRLO and ZIRLO rods, one
sample was located in the fuel region while two samples were located in the plenum region.

Samples were gamma counted for 54Mn, 6°C0, 93
m'Nb, 

94Nb, J 13Sn, and t25Sb nuclides. 95Z was not
detected due to the long decay time from the end-of-irradiation. Sub-samples weighing approximately
0.02 grams were cut from each sample for 93mNb measurement following ASTM procedure E1297. The
specific chemistry of each sample was measured and used in order to correct the growth and decay of
each activation product measured in the samples.

The sample specific fast fluence was determined by Westinghouse. First, the measured activity for 54Mn
and 93mNb was converted to a saturated reaction rate correcting for decay during irradiation. Then, the
fast fluence was calculated by combining the reaction rate measurements with the plant-specific neutron
transport calculations described in section 3.3 using a least-squares adjustment method. Least-squares
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adjustment methods provide the capability of combining measurement data with neutron transport
calculations resulting in best-estimate neutron exposure parameters such as fast fluence.

3.2 Gamma Scanning of the Optimized ZIRLO Rod Plenum by Studsvik and ALARA

Engineering

The fast neutron fluence distribution over the Optimized ZlRLO rod plenum was determined by
measuring the 54Mn activity by gamma-scanning (performed by Studsvik) and converting to fast fluence

by a model (performed by ALARA Engineering with Monte Carlo N-Particle Code). As expected, the
neutron spectrum follows the fission spectrum of the source neutrons near the fuel and gradually hardens
with distance from the fuel. The axial variation of the fast flux in the plenum is a factor of approximately
10. There are additional uncertainties in the resulting fast fluence values because of the necessary
modeling assumptions. However, Figure 1 shows the excellent agreement of the Optimized ZlRLO rod
plenum fluence obtained by this method with the other two when the fluence profile is normalized to the
plenum datum sample with the highest fluence.

3.3 Discrete Ordinate Neutron Transport Calculation by Westinghouse

Discrete ordinate transport calculations were performed specifically for Almaraz Unit 2 cycle 17 by
Westinghouse consistent with U.S. NRC Regulatory Guide 1.190 (Reference 5). The transport
calculations were carried out using the following flux synthesis technique:

po(r, z)
po(r,O, z) = •o(r,O) x --~r

where .p(r,O,z) is the synthesized three-dimensional neutron flux distribution, p0(r,O) is the transport
solution in r-O geometry, q0(r,z) is the two-dimensional solution for a cylindrical reactor model using the
actual axial core power distribution, and p0(r) is the one-dimensional solution for a cylindrical reactor

model.

The calculations were performed using the DORT discrete ordinates code and BUGLE-96 cross-section
library. The BUGLE-96 library uses a coupled 47-neutron, 20-gamma-ray-group cross-section data set
produced for light water reactor shielding and pressure vessel dosimetry applications. Models were
developed using axial power distributions and coolant temperatures intended to best represent the core
and plenum regions. A hybrid model was constructed incorporating the most physically realistic models
for each region (that is, the core and plenum), with a continuous transition between both. The results of
this model are shown in Figure 1 demonstrating excellent agreement with the other two methods
discussed in subsections 3.1 and 3.2.
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4 Ring Tensile Tests (RTT) and Axial Tensile Tests (ATT)

4.1 Test Setup

The yield stress and ultimate stress data were obtained by ring tensile tests (denoted as RTT and
performed by Studsvik). The ring tensile testing was used to determine the mechanical properties for two
reasons. The first is the requirement of homogeneous sample in terms of fluence. As shown by Figure 1,
the plenum region is associated with a veiy steep fluence gradient so the relatively short gage length of
2 mm in the axial direction of the RTT sample ensures that the test sample is at approximately constant
fluence. The second reason is that the data will be applied to fuel rod behavior in the hoop direction.
Note that the test method used by Studsvik (Reference 6 and 7) is associated with an almost uniform hoop
stress distribution in the gage section so that the test is approximately uniaxial tensile. Thus, the yield
stress and ultimate tensile stress evaluation from the measured load-elongation data is representative of
uniaxial mechanical properties. The testing temperature of 385°C was selected for all the tests as
covering most of the operation conditions for a pressurized water reactor (PWR). Further, unirradiated
RTTs were performed on archive tubing from the same lot used to fabricate the Optimized ZIRLO
cladding fuel rod. In the case of ZIRLO cladding, the unirradiated RTT was performed with a tube lot
fabricated using the same ingot as the lot used to fabricate the ZIRLO cladding fuel rod. In addition to
the RTTs, one axial tensile test (ATT) at the same temperature of 385°C was performed in the core region
of the Optimized ZIRLO rod. Figure 2 shows a schematic of the RTT sample, and presents a typical
example of the stress-strain measurements. The dotted lines show Young's modulus, 0.2% offset yield
stress and strain, ultimate stress and strain and fracture stress and strain.

Figure 2. Schematic Diagram of the Test Sample and a Typical Stress-Strain Curve.
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4.2 Test results

The Optimized ZIRLO cladding and standard ZIRLO cladding RTT data are listed in Table 3.

Table 3. Ring Tensile Test (RTT) Data at 385°C for Both Rods and Data Screening
a,

]JC. Table 3 lists all the

RTT tests results performed by Studsvik. The archive tubing from the ZIRLO material lot (S66-9737Z)

used to fabricate rod B 16 was not available. Instead, a different ZIIRLO material lot, $67-483 5Z,
fabricated from the same ingot (U0634Z) as lot S66-9737Z and by the same production method, was used
to perform the as-fabricated ZIRLO cladding 385°C RTT test. [ Ia,c

b,c
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[ ]a,C. The [J "c data are available from the certification data on as

fabricated materials as shown in Table 1. For the yield stress,

[ ]a°c

The RTT(385°C) for Lot S66-9737Z is then [ ]axc

For the ultimate tensile stress,

[ ]a,c

The RTT(3850 C) for ZIRLO cladding Lot $66-9737Z is then [ ]axc

The calculated as-fabricated RTT (385°C) values for ZIRLO material lot $66-9737Z was used in the data

analysis so that both un-irradiated RTT data and irradiated RTT data will be from the same lot.

The fast fluence was measured on six RTT samples. Four RTT samples were in the plenum region and
two samples were in the fuel region. In the case of the [ J,,c RTT samples that were not measured for

fast fluence, the fast fluences were determined using the mean axial sample position and the fast fluence
axial profile (see Figure 1).

4.3 Stress Evaluation at High Fluence Based on Prior Data

All available irradiated Optimized ZIRLO cladding and irradiated ZIRLO cladding tensile test data were

used to establish the higher fluence yield stress and ultimate stress behavior. The data are shown in
Figures 3a and 3b. The data were obtained from multiple PIE mechanical testing programs performed on
fuel rods with Optimized ZIRLO cladding and ZIRLO cladding (Reference 8, 9, 10). Figures 3a and 3b

show all the data with fast fluences [ ]ax, which also include the data from
the current program. Note that only the data obtained from the Almaraz program was based on measured
fast fluence. In all other cases, the fast fluences were calculated from rod average bumnup. The data with

fluence [ I are only available from the current program and will be

presented separately. The data in Figure 3a and 3b were obtained by different test methods (RTT and
ATT) and at different temperatures (above 300°C). The materials were from different lots and irradiated

at different reactors. Therefore, a large scatter can be observed in Figure 3a and 3b. However, the data

points from ZIRLO cladding and Optimized ZIRLO cladding overlap, and are generally constant. It can
be concluded from Figure 3a and 3b that the Optimized ZIRLO cladding and ZIRLO cladding yield and
ultimate stress have reached the same plateau for fast fluences [ jaxc
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a,b,c

Figure 3a. Yield Stress Data from Irradiated Optimized ZIRLO Cladding (OZ) and ZIRLO
Cladding (Z) at Fast Fluences [ ]a~c and at Temperature above 3000C.
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a,b,c

Figure 3b. Ultimate Stress Data for Irradiated Optimized ZIRLO Cladding (OZ) and ZIRLO
Cladding (Z) at Fast Fluences [ ]a~C and at Temperature above 3000 C.

5 Yield Stress and Ultimate Stress Evaluation

5.1 Yield Stress Evaluation

The Optimized ZIRIO cladding yield stress and ZIRLO cladding yield stress data are presented in
Figure 4. The data in Figure 4 show that the yield strength of ZIRLO cladding and Optimized ZIRLO
cladding increases rapidly from the as-fabricated value with increasing fast fluence. At very low fluences

[ ] .,€,the yield stresses exceed the saturated yield stress values for
ZIRLO cladding used in Westinghouse fuel design analysis (the red straight line). Figure 4 also compares
the measured Optimized ZIRLO cladding data with the Condition 8.a requirement in the SER of the
topical report prepared for Optimized ZIRLO cladding (Reference 1). Figure 4 shows that the measured
Optimized ZJRLO cladding yield stress is significantly higher than the NRC Condition 8.a requirement
(dash line). Therefore, the following irradiation hardening curve is proposed (dotted line in Figure 4) for
Optimized ZIRLO cladding: the yield stress of Optimized ZIRLO material reaches the irradiated yield
stress values for ZIRLO cladding used in the design analysis at about [ ] a'€At
fluences [ ] a,c the Optimized ZIRLO cladding strength can be
conservatively modeled by [

]a"c The measured yield stress at the un-
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irradiated condition for Optimized ZIRLO cladding is lower than ZIRLO cladding. And it remains lower
during irradiation hardening process between BOL and a fluence of [ ] a,C The
irradiation hardening phenomena would be more accurately described by an exponential curve. However,
the proposed [ ] a,c and bounds all the data.

anbsc

Figure 4. Optimized ZIRLO (OZ) Cladding Yield Stress and ZIRLO (Z) Cladding Yield Stress
versus Fast Fluence (RTT at 385aC), Compared to the Optimized ZIRLO Cladding Yield Stress by
SER Condition 8.a and the Irradiated ZIRLO Cladding Yield Stress Used in Westinghouse Design
Analysis.

5.2 Ultimate Stress Evaluation

The Optimized ZIiRIO cladding ultimate stress and ZIRLO cladding ultimate stress data are presented in
Figure 5. The ultimate tensile stress data were evaluated in a similar way to the yield stress evaluation.
The data in Figure 5 show that the ultimate strength increases very rapidly from the as-fabricated value
with increasing fast fluence. At very low fluences [ a •c the ultimate
stresses of ZIRLO cladding and Optimized ZIRLO cladding exceed the saturated ultimate stress values
for ZIRLO cladding used in Westinghouse fuel design analysis (the red straight line). Figure 5 also
compares the measured Optimized ZIIRLO cladding ultimate stress data with the values based on
Condition 8.a in the SER of the topical report prepared for Optimized ZIRLO cladding (Reference 1).
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Figure 5 shows that the measured Optimized ZIRLO material ultimate stress is higher than the NRC
Condition 8.a requirement. For consistency, the [ ] a~ (doffed line in
Figure 5) proposed for yield stress in section 5.1 is applied to ultimate stress as well since it bounds most
of the data. Since the ultimate stress is not used as a criterion in Westinghouse fuel design analysis, it is
acceptable that the proposed curve does not bound all the data points.

a~b• C

Figure 5. Optimized ZIRLO Cladding Ultimate Stress and ZIRLO Cladding Ultimate Stress versus
Fast Fluence (RTT at 385°C), Compared to the Optimized ZIRLO Cladding Ultimate Stress by SER
Condition 8.a and the ZIRLO Cladding Ultimate Stress Used in Westinghouse Fuel Design
Analysis.

6 Conclusions

The following conclusions may be drawn based on the results and discussion:

* The yield stresses and ultimate stress of Optimized ZIRLO cladding are lower than ZIRLO
cladding at an un-irradiated condition.

* The yield and ultimate stresses of Optimized ZIIUO cladding and ZIRLO cladding increase
with increasing fast fluence due to irradiation hardening at low fast fluence levels.
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* The yield stress and ultimate stress for Optimized ZIRLO cladding exceed the saturated stress
values for ZIRLO cladding used in the design analysis at about [ ]a,c

Therefore, the current Condition 8.a requirement is not consistent with the data. Instead, based on the
data, the following model is proposed for Westinghouse fuel design analyses:

i. The measured, un-irradiated Optimized ZIRLO cladding strength shall be used for BOL
analyses.

ii.[

]a in Westinghouse fuel

design analysis.

iii. During subsequent irradiation from the fluence of [ ] "' the irradiated
Optimized ZIRLO material strengths are the same as the designed irradiated standard
ZIRLO cladding strengths.
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