
 

 

 
October 27, 2017 

 
 
 
Mr. Gary Peters, Director 
Licensing and Regulatory Affairs 
AREVA Inc. 
3315 Old Forest Road 
Lynchburg, VA  24501 
 
SUBJECT: FINAL SAFETY EVALUATION FOR AREVA INC. TOPICAL REPORT 

ANP-10334P, “Q12™ STRUCTURAL MATERIAL” (CAC NO. MF7128) 
 
Dear Mr. Peters: 
 
By letter dated October 29, 2015 (Agencywide Documents Access and Management System 
Accession No. ML15306A034), AREVA Inc. (AREVA) submitted Topical Report (TR) 
ANP-10334P, “Q12TM Structural Material,” to the U.S. Nuclear Regulatory Commission (NRC) 
staff for review and approval.  By letter dated March 9, 2017 (ADAMS Accession No. 
ML17055B961), an NRC draft safety evaluation (SE) regarding our approval of TR ANP-10334P 
was provided for your review and comment.  By letter dated April 6, 2017 (ADAMS Accession 
No. ML17100A175), AREVA provided comments on the draft SE.  The NRC staff’s disposition 
of the AREVA comments on the draft SE are discussed in the attachment (ADAMS Accession 
No. ML17240A218) to the final SE enclosed with this letter.   
 
The NRC staff has found that TR ANP-10334P is acceptable for referencing in licensing 
applications for nuclear power plants to the extent specified and under the limitations delineated 
in the TR and in the enclosed final SE.  The final SE defines the basis for our acceptance of the 
TR.  
 
Our acceptance applies only to material provided in the subject TR.  We do not intend to repeat 
our review of the acceptable material described in the TR.  When the TR appears as a 
reference in licensing action requests, our review will ensure that the material presented applies 
to the specific plant involved.  Requests for licensing actions that deviate from this TR will be 
subject to a plant-specific review in accordance with applicable review standards. 
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In accordance with the guidance provided on the NRC website, we request that AREVA publish 
approved proprietary and non-proprietary versions of TR ANP-10334P within 3 months of 
receipt of this letter.  The approved versions shall incorporate this letter and the enclosed final 
SE after the title page.  Also, they must contain historical review information, including NRC 
requests for additional information and your responses.  The approved versions shall include an 
“-A” (designating approved) following the TR identification symbol. 
 
As an alternative to including the RAIs and RAI responses behind the title page, if changes to 
the TR were provided to the NRC staff to support the resolution of RAI responses, and if the 
NRC staff reviewed and approved those changes as described in the RAI responses, there are 
two ways that the accepted version can capture the RAIs:   
 
1.  The RAIs and RAI responses can be included as an Appendix to the accepted version.  
2.  The RAIs and RAI responses can be captured in the form of a table (inserted after the final 
SE) which summarizes the changes as shown in the approved version of the TR.  The table 
should reference the specific RAIs and RAI responses which resulted in any changes, as shown 
in the accepted version of the TR.   
 
If future changes to the NRC’s regulatory requirements affect the acceptability of this TR, 
AREVA will be expected to revise the TR appropriately or justify its continued applicability for 
subsequent referencing.  Licensees referencing this TR would be expected to justify its 
continued applicability or evaluate their plant using the revised TR. 
 

Sincerely, 
 
       /RA/ 
 
 

Dennis C. Morey, Chief 
Licensing Processes Branch 
Division of Policy and Rulemaking 
Office of Nuclear Reactor Regulation 

 
Project No. 728 
 
Enclosure:   
As stated
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1.0 INTRODUCTION 

By letter dated October 29, 2015, AREVA Inc. (AREVA) submitted for U.S. Nuclear Regulatory 
Commission (NRC) staff review Topical Report (TR) ANP-10334P, “Q12TM Structural Material” 
(Reference 1).  The purpose of the TR is to request NRC review and approval for the use of a 
new alloy, called Q12™, as a structural material (limited to guide tubes, instrument tubes, and 
spacer grids) in pressurized water reactor (PWR) fuel assemblies. 

Q12™ is a quaternary zirconium alloy that contains increased levels of iron and tin in 
comparison to M5®, an alloy that AREVA uses as fuel cladding and structural material.  Q12™ 
and M5® are manufactured using the same fabrication process.  Compared to M5®, Q12™ has 
improved creep performance, but experiences more corrosion.  Q12™ usage will therefore be 
limited to guide tubes, spacer grids, and instrument tubes, where creep resistance is most 
beneficial and corrosion is reduced due to lower temperature and heat flux. 

During the NRC staff’s review of this TR, an audit for understanding was performed in June of 
2016.  A single round of requests for additional information (RAI) questions followed 
(Reference 3).  AREVA submitted responses to the RAI questions in two parts (References 4 
and 5). 

This safety evaluation (SE) maintains similar structure to the TR.  Section 2.0 covers the 
applicable regulatory guidance that applies to this TR.  Section 3.0 covers the NRC staff’s 
technical evaluation of the material covered in ANP-10334P.  The technical evaluation 
subsections follow in the same order as Sections 4.0 through 12.0 of the TR and have the same 
headings.  Section 4.0 of this SE covers the limitations and conditions for the application of the 
TR.  Section 5.0 of this SE covers the conclusion.  Section 6.0 contains the references used in 
this SE. 

2.0 REGULATORY EVALUATION 

The TR covers the materials definition and properties of a new quaternary alloy that is being 
proposed for use as a structural material in PWR fuel assemblies.  

Guidance for the review of fuel system is provided in NUREG-0800, "Standard Review Plan for 
the Review of Safety Analysis Reports for Nuclear Power Plants," Section 4.2, "Fuel System 
Design" (Reference 2).  As stated in the Standard Review Plan (SRP), Section 4.2: 

The fuel system safety review provides assurance that (1) the fuel system is not 
damaged as a result of normal operation and anticipated operational occurrences 
(AOOs), (2) fuel system damage is never so severe as to prevent control rod insertion 
when it is required, (3) the number of fuel rod failures is not underestimated for 
postulated accidents, and (4) coolability is always maintained.  

By restricting Q12™ to use as a structural material only, the scope of the review, and applicable 
SRP criteria, are narrowed.  Section 4.3 (Nuclear Design) of the SRP is not applicable as the 
material composition is only slightly changed, and therefore neutron cross sections will be 
essentially unchanged.  Section 4.4 (Thermal Hydraulic Design) of the SRP is also not 
applicable as this change does not affect the geometry of the bundle, and thus does not affect 
hydraulic diameter.  Therefore only section 4.2 of the SRP will be applied to this review.  
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The use of Q12™ for fuel assembly guide tubes, instrument tubes, and spacer grids does not 
inherently alter any existing fuel design criteria and methods previously used.  The structural 
material applications only require revision of material and mechanical properties and applicable 
performance correlations/models as input into the appropriate fuel design evaluations.  
Table 3-1 of the TR provides a summary of the applicable SRP criteria and associated material 
input that may be used to perform the design evaluations to assure compliance. 

This SE will look at these properties and performance models and verify that their development 
and use is consistent with the data available to the NRC.  This will, in turn, verify if the use of 
Q12™ is consistent with the review guidance provided by the SRP and General Design Criteria 
(GDC)-10. 

3.0 TECHNICAL EVALUATION 

3.1 Material Definition 

In Section 4.0 of the TR, AREVA defines the Q12™ material.  This consists of three parts:  (1) a 
description of the allowable range of alloy constituents and impurities (the material composition), 
(2) a description of the microstructure of the alloy, and (3) the manufacturing process (both for 
tubing and sheet).  Taken together these define the Q12™ material submitted for NRC 
approval.  

3.2 Irradiation Experience 

Irradiation experience provides confidence in the behavior of the material under irradiation.  
Irradiation data presented in the TR includes assemblies where the material was used as fuel 
cladding.  While it is no longer being considered as a cladding material, data from past Q12 
cladding irradiation programs are being used to augment the experience database.  

A total of ['''''''''] fuel assemblies with Q12™ components had been irradiated in ['''''''] PWRs prior 
to the submission of the topical report.  This includes ['''] assemblies with Q12™ cladding, and 
[''''''''''] that used Q12™ for some or all structural components (guide tubes and/or spacer grids).  
The assemblies utilizing Q12™ cladding were irradiated up to [''''''''''] gigawatt days per metric 
ton uranium (GWd/mtU) assembly average burnup, and those using Q12™ as structural 
material achieved up to [''''''''''] GWd/mtU.  

Primary measurements that are carried out on irradiated fuel assemblies include: 

• fuel rod length, diameter, and oxide thickness for assemblies which used Q12™ fuel 
cladding; 

• assembly length and bow for assemblies using Q12™ guide tubes; and 

• grid oxide thickness and width (i.e., growth) for Q12™ spacer grids. 

Guide tube oxide measurements are notably absent from this list.  This was communicated to 
the NRC staff during the June audit to be a result of the difficulty in obtaining these 
measurements.  While oxide thickness on cladding and spacer grids can be obtained relatively 
quickly, measuring oxidation on the guide tubes requires partial disassembly of the fuel 
assembly.  AREVA has, however, provided oxidation data from Q12™ samples which mimic the 
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environmental conditions of the guide tubes.  This is discussed in greater detail in Section 3.5 of 
this document.  

Since submission of the TR, AREVA has collected additional data.  The RAI 4 in Reference 3 
requested any additional post-irradiation examination (PIE) data that had been collected.  In 
response (Reference 4), AREVA provided an additional [''''''] fuel assembly growth data points, 
which were used to support the staff’s decisions regarding appropriateness of assembly growth. 

3.3 Physical Properties 

In this section of the TR AREVA details the physical properties of Q12™, namely, melting point, 
density, heat capacity, thermal expansion, and thermal conductivity.  The mechanical properties 
Young’s modulus and Poisson’s ratio are also given.  These physical and mechanical properties 
are subject to NRC review as they will be used in NRC approved methodologies to perform 
design analyses of fuel assembly structural components. 

3.3.1 Melting Point 

AREVA states that, [''''''''' ''''' ''''''' ''''''''''''' '''''''''''''''' ''''' '''''''''''''''''''' '''''''''''''''''''' ''''''''''''''' '''' '''''''''''''''''''''''' ''''' ''''''' 
'''''''''''''''''''''' ''''' ''''''''''''''''' ''''''' ''''''''''''''''''' ''''' '''''''''''''''' ''''''''''' ''''''''''' ''''''''''' ''''''''''''''''''''' '''' '''''''''''''''''''''].  
Furthermore, variations within the material specification limits for Q12™ have an insignificant 
effect on the melting point.  In addition, the melting point is not a limiting property as 
embrittlement will occur at a lower temperature than melt.  

The NRC staff concludes that the AREVA treatment of Q12™ melting point is acceptable. 

3.3.2 Density 

AREVA states that the density has been measured by pycnometry and computed from 
crystallographic data.  Additionally, AREVA has shown that, since alloys with far larger 
percentages of alloying elements have essentially the same density as Q12™, variations within 
the narrower materials specification for Q12™ will not appreciably effect the density.  

The NRC staff concludes that the AREVA treatment of Q12™ density is acceptable. 

3.3.3 Heat Capacity 

Theoretical calculations for heat capacity of Q12™ were [''''''''''''''''''''''' '''' ''''''''''''''' ''''''''''''''''' '''''' ''''''' 
'''''''''''''''''''''''''''''''' '''''''''' ''''' ''''''''''''''''''''''''''''''''''''' '''''''''''''''''''''' '''''' '''''''''' '''''''''''''''  '''''''''''''' '''''''''''''' ''''''''''''''''' ''''''''' ''''''''' 
''''''''''''''''''''''''''' '''''''''''''''''''' ''''''''''' ''''''''' '''''''''''''' '''''''''' '''''''''''''''''''' ''''''' '''''''''''''''''''''''''''''''  ''''''''''''' ''''''''''''''''' ''''''''''''''''''''' 
'''' '''''''''' '''''''' '''''''''''''''''' '''''''''''''''''''''' '''''''''''''''''''''''' ''''''' '''''''''' '''''''''' '''''''''''].  Using a similar argument, AREVA 
states that differences within the material specifications for Q12™ do not appreciably affect the 
heat capacity of the alloy. 

The NRC staff concludes that the AREVA treatment of Q12™ heat capacity is acceptable.  

3.3.4 Thermal Expansion 

AREVA states that the coefficient of thermal expansion in the axial direction for zirconium alloys 
depends more on manufacturing process than alloy composition.  This means that differences 
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within the material specification limits for Q12™ have little effect.  Additionally, ['''''''''''' ''''''''''''''' ''''''''' 
'''''''''''' '''''''''''''' '''' '''''''''''''''''''''''''''''''''''' '''''''''''''''''''''' ''''''' ''''''''''''' '''''''''''''''''' ''''''''''''''''''''''''''' '''''''''''''''''''''''' ''''''''''''''''''''''''' 
''''''' '''''''''' ''''''' ''''''''''' '''''' '''''''''''''']. 

The NRC staff concludes that the AREVA treatment of Q12™ thermal expansion is acceptable. 

3.3.5 Thermal Conductivity 

AREVA states that in Zirconium alloys the Wiedemann-Franz law shows that the ratio between 
thermal conductivity and electrical conductivity is proportional to temperature.  As the variations 
within the specification limits for Q12™ are small in comparison to known zirconium alloys with 
similar conductivities, variations within the specification limit for Q12™ will have little effect.  
[''''''''''''''''''''''''''''''' ''''' '''''''' ''''''''''''''''''''' ''''''''''''''''''''' ''''''''''''''''''''''''''''''' ''''' ''''''''''' ''''''''' ''''''''''''''''' '''''''' '''''''''' ''''''''''''''' ''''''''' 
''''''''''''''''''''''' ''''''''''''''''''''''''' ''''''' ''''''''''' ''''''''' ''''''''''''].  There are separate equations for the oxide layer and 
for un-oxidized Q12™; [''''''''''' '''''''' ''''''' ''''''''''''' ''''' ''''''' '''''''''''''''' '''''''''''' ''''''' ''''''''''''].  

The NRC staff concludes that the AREVA treatment of Q12™ thermal conductivity is 
acceptable. 

3.3.6 Young’s Modulus 

AREVA measured Young’s Modulus for Q12™ tubing undergoing cyclic loading and for Q12™ 
strip material samples extracted along three directions.  The results are presented in Figure 6-1 
of the TR for second and third loading cycles for the tubing as well as single cycle for the strip 
samples.  These results were found to be ['''''''''''''' ''''''' '''''' '''''''''''''''''' '''''''''''''''''''''''''''' ''''' ''''''' '''''''''''''' ''''' 
'''''''''''''''''' '''''''''''''''''''' ''''''''''''''''''''''''' ''''''' ''''''' '''''''''''''' '''''''''''''  '''''' ''''''' '''''''''''''''''''''''' ''''''''''''''''''' '''''''''''' ''''''''' ''''''''''''''' ''''' 
'''''''''''''' ''''''''''''' '''' ''''''' ''''''''''''''''''''' '''''''''''''''''''''' ''''''''''''' '''''''' ''''''''''''''''''''' ''''''''''''''''''''''''''''''''' ''''''' ''''''''''''''']. 

The NRC staff concludes that the AREVA treatment of Q12™ Young’s Modulus is acceptable. 

3.3.7 Poisson’s Ratio 

AREVA states that the Poisson’s Ratio for Q12™ ['''' ''''''' ''''''''''''' '''''' '''' ''''''''''' '''''' '''''''''''' '''''' '''''''''''' 
''''''''''''' ''''''''''''' ''''''' '''''''''''' '''''''''''''''''' '''''''''''''''''' '''''''''' '''''''''''''''''''''''''''''''''' '''''''''''''''''''].  Poisson’s ratio is 
dependent upon the crystallographic state and texture of the material.  ['''''' ''''''' ''''''''''''''''''''' 
'''''''''''''''''''''' ''''''''''' '''''''''' ''''''''''''''''' '''' ''''''''''''''' ''''''''''''' '''' '''''' ''''''''''''''''''''''' '''''''''''''''''''' ''''''''''''''' ''''''' '''''''''''''''''' 
'''''''''''''''''''''''''''''''' ''''''' '''''''''''''''']. 

The NRC staff concludes that the AREVA treatment of Q12™ Poisson’s Ratio is acceptable. 

3.4 Mechanical Properties 

3.4.1 Tensile Properties – Unirradiated 

AREVA has performed in excess of [''''''''] tensile tests on Q12™ tube materials at room or 
elevated temperatures of [''''''''''''''' '''''''''' ''''''''''''''].  Statistical results from these tests are provided 
in the TR for yield strength (YS), ultimate tensile strength (UTS), and total elongation (TE).  
These results are also compared to results for M5®. 
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Similarly, over ['''''''''] tensile tests were conducted by AREVA on Q12™ sheet material at room 
temperature or an elevated temperature of ['''''''''''''''].  The results for YS, UTS, and TE were also 
compared with those for M5®. 

The TR concludes that the differences between M5® and Q12™ unirradiated tensile properties 
are ['''''''''''''] and Q12™ properties are [''''''''''''''''] enhanced by the increased iron and tin content 
of the material.  AREVA states that the [''''''''''''''''''''''' '''''''''''''''''''''''''' ''''''' ''' ''''''''''''''''''''' '''''''''''''''''' 
'''''''''''''''''''''''''''''' '''''''''''''''''''''''''''] will be used in design analyses requiring the use of bounding 
mechanical properties at room temperature. 

The NRC staff concludes that the AREVA treatment of unirradiated tensile properties is 
acceptable. 

3.4.2 Tensile Properties – Irradiated 

Irradiated tensile properties of Q12™ were obtained from samples placed in the D71 light water 
reactor (LWR) in Europe.  Being an LWR, the D71 reactor has a flux spectrum prototypical of 
PWR conditions.  These rods were discharged at [intermediate and high] burnups of ['''''''''''' 
''''''''''''''''''''''''''' '''''''''' '''''''''''' '''''''''''''''''''''''''].  The values for YS, UTS, and TE are summarized in the TR 
at multiple temperatures. 

Additionally, NRC staff compared the values provided by AREVA with values for alloys of similar 
composition under NRC review and found the results presented in the TR to be within the 
expected ranges.  AREVA has stated that irradiated properties are not used in design 
calculations, which adds conservatism to the analysis as zirconium alloys’ tensile properties 
improve under the irradiation experienced in a commercial LWR. 

The NRC staff concludes that the AREVA treatment of Q12™ irradiated tensile properties is 
acceptable. 

3.4.3 Fatigue Properties 

Fatigue testing has been performed on two alloys, [''''''''''' '''''''''' ''''''''''''''''''''''''''] which bound the 
chemistry and microstructure of Q12™.  The irradiated fatigue behavior of these alloys is 
['''''''''''''''' ''''''''''''''''''' '''''''''' '''''''''''''''''''''''' ''''' ''''''' ''''''''''''''''''''''''''''''''''''''' ''''''''''''''''''''''''''' '''''''''''''''''''''''' '''''' '''''''''''''''''''''''].  
The ['''''''''''''''''''''''''''''''''''''''' ''''''''''''''] will be applied to Q12™.  

The NRC staff concludes that the AREVA treatment of fatigue properties of irradiated Q12™ is 
acceptable. 

3.5 Oxidation and Hydrogen Pickup 

3.5.1 Basis 

AREVA has previously tested the Q12™ alloy for use as fuel clad.  These tests included LTAs 
in European reactors, where PIE data was collected on oxide thickness.  This data was used by 
AREVA to develop a correlation for oxide growth on fuel rods.  This model utilizes an Arrhenius 
equation to take into account temperature, and an empirical fit of the kinetic constant to the 
collected data.  
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AREVA has subsequently decided against using Q12™ as a clad material; however, the 
proposed oxidation and hydrogen pickup models have incorporated the knowledge gained 
through examination of the fuel clad. 

Structural materials are subject to much smaller heat flux than fuel clad.  This results in 
negligible crud buildup, in contrast to the heated surface of fuel cladding.  Additionally, structural 
materials should be at a lower temperature than the cladding of fuel rods, as they are not 
heated by the fuel directly. 

In the TR AREVA presents models for spacer grid and guide/instrument tube oxidation and 
hydrogen pickup that are based on the model that was developed for fuel cladding.  This model 
is adjusted to better fit oxidation data collected from PIEs performed on spacer grid material as 
well as material test samples and the plenum region of fuel rods.  

3.5.2 Guide Tube Oxidation Model 

In order to take credit for reduced oxidation on guide tubes due to low heat flux, AREVA has 
proposed a multiplier to be placed on the oxidation model that was developed for Q12™ fuel 
rods.  This multiplier was determined through a fit to data collected from 2 fuel rod plenum 
samples, and 2 materials test samples (one creep sample and one corrosion sample).  All four 
of the samples were irradiated in PWRs outside of the United States.  Burnups range from ['''''''''' 
'''' ''''''] GWd/mtU. 

There are no measurements from guide tubes included in the TR.  At the June audit, AREVA 
explained that there is difficulty in collecting measurements from guide tubes due to their central 
location in the fuel assembly.  While fuel rod oxide thickness can be measured by touching the 
exterior of the rod with an eddy current oxide probe, the fuel assembly must be partially 
disassembled to access the guide tubes.  

The four data points, collected from the plenum and material samples, were then compared to 
their expected values calculated from the fuel rod model, and a ['''''''''''''''''''''''''''' ''''''''''''' ''''' '''''''''''] 
was fit.  This factor was then increased by roughly [''''''' ''''''''''''''''''] to determine the upper design 
limit (UDL) for expected oxidation of guide tubes.  This oxidation is single-sided, and as both the 
inside and outside of guide tubes are exposed to the same coolant chemistry this calculated 
oxidation is effectively doubled through application to both sides of the tube. 

The RAI 5 (Reference 3) addressed the NRC staff’s concerns regarding the relative lack of data 
on oxidation of the alloy in conditions with minimal heat flux (such as would be encountered by 
guide tubes).  The RAI has two parts:  (a) clarification on AREVA’s plans for future data 
collection to verify the oxidation rate and (b) a question on the use of the oxidation rate in design 
calculations.  

In response to RAI 5 (a), AREVA stated that they intend to collect a number of additional data 
points on oxidation from LTAs currently under irradiation (Reference 4). 

In response to RAI 5(b), AREVA states that [''''''''''''''''' ''''''''''''''''''''''' '''''''''''''''''''''''''' '''' '''''''''''' ''''''''''' ''''''''''''''' 
'''''''''' ''''''''''''' ''''''''''' '''''''''''''''''''' ''''''''' ''''''''''''''''''''''' '''''' '''''''''''' ''''''''''''''''''''''''  ''''''''' '''''''''''''' ''''''''''' '''' ''''''''''''''''''' '''''' ''' 
'''''''''''''''''''' ''''' ''''''''' '''''''''''''''''' '''''' '''''''''''''''' ''''''''''''''''''''''''''']. 
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AREVA also directed the NRC staff to papers presented on Q12™ at TopFuel, an annual 
conference/topical meeting on nuclear fuels.  The paper presented in 2015 (Reference 7) 
contains a quantification of oxide thickness on guide-tube-like samples of 23 micrometer on one 
side.  For a typical Westinghouse Electronic Company (Westinghouse) fuel assembly, this 
represents on the order of 5 percent corrosion or 10 percent corrosion taking into account both 
sides.  Compared to the expected increase in yield and tensile strength over the irradiated 
lifetime of the guide tube these numbers are small. 

The NRC staff has determined that AREVA’s approach to modeling guide tube oxidation is 
appropriate.  While there are few data points to fit the fuel clad correlation to, AREVA has added 
a ['''''' '''''''''''''''''''] margin to ensure that the calculation is conservative.  The NRC staff also 
considered that the calculations for which the oxide thickness plays a role are also conservative 
at end-of-life, as the calculations do not take radiation hardening into account.  

AREVA has also proposed an update process for the guide tube oxide model, in response to 
RAI 1 (References 3 and 4).  AREVA states that if data are collected for guide tubes, or 
samples exposed to similar conditions, exceed the UDL curve defined in Section 8.2 of the TR, 
['''''''' '''''''''' ''''''' ''''''' '''''''''''''''''''' '''' '''''''''''''''''' '''''''''' ''' ''''''''''''''''''''''' ''''' '''''''''''''' ''''' ''''''''''''''''''' '''''''''''  ''''''''''''''''''' ''''''''''' 
'''''''''''''''' ''''' ''''''' '''''''''' '''''''''''''''''''' '''''''''' ''''''''' ''''''''''' ''''''' '''''''' '''''' '''''''''''''''''' ''''''''''''''''''' '''''''''''' ''''''''''''''''' ''''''''' 
''''''''''''''''''''].  The NRC staff finds this acceptable. 

3.5.3 Spacer Grid Oxidation Model 

While the spacer grid model proposed in the TR also takes the form of fitting factors applied to 
the clad model, there are many more data points taken from PIE of spacer grids from 4 total 
LTAs from two different reactors.  [''''''''' ''''''''''''''''''''''''' ''''' ''''''''''''''''''''''''''''''''' '''''''''''''''''''''' '''''''''''''''''' ''''''''''''' 
'''''''''' '''''''''''' '''''''''''' ''''''''' ''''' '''''''''''''''''''''''''' '''''''''''''''''''''''''''' ''''' ''''''''''''''''''''' '''''''''].  AREVA has again decided 
to place a ['''''' '''''''''''''''''] conservative UDL to spacer grid oxidation.  The NRC staff finds the 
treatment of spacer grid oxidation to be acceptable, as AREVA has collected data which show 
that the oxidation model accurately predicts measure grid oxidation, and has chosen a design 
limit which adds additional conservatism. 

Similar to the guide tube oxidation model update process discussed in Section 3.5.2, AREVA 
has also proposed an update process for the spacer grid oxidation model in its response to 
RAI 1 (Reference 4).  As AREVA collects additional data on spacer grid oxidation, this data will 
be compared to the predictions using the model as described in Section 8.3 of the TR.  ['''' '''''''' 
''''''''''' '''' '''''''''''''' ''''' '''''''''''''''' '''''''' '''''''''''''' '''''''''''''''''''' ''''''' ''''''''''''''' ''''''' '''''''''''''''' ''''' ''''''''''''''''''''' '''''''''''''''' ''''''''' 
''''''''''''''' ''''''''' ''''''' '''''''''''' ''''''' ''''''''''''''''''''' ''''' ''''''''''''' '''''' ''''''''''''''''''''''' '''''''''''''''''''''''''''''''''  '''''''''''' ''''''''' '''''''''''''''''''''''''''' 
''''''''' ''''' '''''''''''''''''''' ''''''''''' ''''''' '''''''''''''''''''''''''''' '''''''''' '''''''''''''''''' '''''''''''''''' '''''' '''''''''''''''''''''''' '''' ''''''' ''''''''' ''''''''''''''''''''''].  
The NRC staff finds this update process to be acceptable. 

3.5.4 Hydrogen Pickup Model 

Similar to the oxide model, AREVA has modified a hydrogen pickup model developed for Q12™ 
cladding and fit it to data for spacer grids and guide tubes.  The general equation for hydrogen 
pickup due to corrosion includes a dependence on the best estimate oxidation models 
described in Sections 3.5.2 and 3.5.3 of this SE.  This fuel rod hydrogen pickup model was fit to 
data from the same four samples as the guide tube oxidation model, resulting in a fit coefficient 
of [''''''''''].  To this best fit calculation a further conservatism of ['''''' '''''''''''] is added for all cases 
with a predicted pickup of greater that ['''''' '''''''''''']. 
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The NRC staff finds this hydrogen pickup model acceptable.  

AREVA has also proposed an update process for modifying the hydrogen pickup model as more 
data are collected, which is described in the response to RAI 1(b) (Reference 4).  As more data 
is collected, [''' ''''''''' '''''''''''''''''''''' ''''''''''''''' '''' '''''''''''''' ''''' '''''''''''''''''' ''''''' ''''''''''' '''''' ''''''''''''''''''' '''' ''''''''''''''''' ''''''''' ''''' 
'''''''' ''''''''' ''''''' '''''''''''''''''''''''''''''' '''''''''''''''''''''''' ''''''''''''''''''''''''' ''''''''''''''''''' ''''' ''''''' ''''''''''''''''''' '''''''''''''' ''''''''''''''' ''''''''' '''''' 
''''''''''''''''''''''''''''' '''' ''''''''''''''''''''' ''''''''''''''' ''''' ''''''' '''''''''''''''''''''''' ''''' '''''''''''''''''''''' '''''''''''  '''''''''' ''''''''''' ''''''''''''''''' '''''''''''''' 
'''''''' '''''''''' '''''' '''''''''''''''''''''''''''''''''' ''''''''''' '''''''' ''' '''''''''''''''''' '''''' ''''''''''' ''''''''''''''''''''''].  The NRC staff finds this 
update process acceptable, as it maintains the conservatism that the current model intends to 
achieve. 

3.6 Free growth and Creep 

AREVA provided information in the TR on free growth and creep of Q12™.  These attributes are 
not used in design evaluations but are presented to demonstrate that Q12™ behavior is well 
understood.  These properties drive fuel assembly and spacer grid growth, which is described 
by an empirical correlation in Section 10.0 of the TR. 

The NRC staff was also directed to a paper presented at the TopFuel 2016 conference 
(Reference 6).  This paper includes free growth, creep, fuel assembly growth, grid spacer 
growth, and oxidation measurements collected from Q12™ PIE measurements.  These 
measurements are also compared to Zircaloy-4 data.  This information helps put these 
properties in context. 

AREVA amended the TR to indicate a change in the calculation of BOR-60 fluence 
measurements used in this section after the bulk of the NRC staff’s review was complete.  This 
led to a small increase in the expected effect hydrogen has on Q12TM creep and free growth 
behavior.  As these properties and correlations are not used in design or licensing calculations 
of predicted assembly growth, the NRC staff conclusions in this section have not changed. 

3.6.1 Free Growth 

Free growth of Q12™ was measured by AREVA using samples irradiated at the BOR-60 test 
reactor and a commercial PWR.  Both fresh and pre-hydrided samples were placed in the 
BOR-60 sodium cooled reactor to investigate any effect that hydrogen may have on free growth.  
The samples placed in the commercial PWR were in contact with primary coolant on both sides 
of the tube material, which is consistent with the environment that guide tubes experience.  

The data show that Q12™ free growth is stable within the fluence range experienced by guide 
tubes and spacer grids in a PWR.  Breakaway growth occurs at higher fluence than these 
components are expected to experience.  Hydrogen has an effect on growth at fluences near 
end-of-life exposures.  This breakaway effect is one of the contributing factors that indicate a 
need for the burnup condition and limitation.  The TR includes a correlation for free growth that 
was determined from the data collected. 

The free growth information included in the TR helps to provide the NRC staff with assurance 
that the behavior of Q12™ under irradiation is understood.  
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3.6.2 Creep 

Similar to the free growth tests, creep samples were placed in a commercial PWR.  [''''''''''''''' 
''''''''''''''''''' '''''''''''''''''''' ''' '''''''''''''' ''''' '''''''''''''''''''' ''' '''''''''''''''''''''''''''' ''''''''''''  ''''''''''' ''''''''''''' ''''''''' ''''''''''''''''''''' '''''''''' 
'''''''''''''''''''''' '''''''''''''''''' ''''''''''''''''].  The samples were exposed to a fluence which exceeds that 
expected during operation. 

Fresh and hydrided Q12™ creep samples were also inserting into the BOR-60 fast reactor, 
under tensile stress.  Using data from both the tension and compression irradiation samples, 
AREVA developed a creep model.  

The creep information included in the TR helps to provide the NRC staff with assurance that the 
behavior of Q12™ under irradiation is understood.  

3.7 Growth Correlations 

Understanding fuel assembly growth is important in order to set appropriate design limits for 
assemblies using Q12™ structural material in spacer grids and guide tubes.  Axial growth is 
important to the design of hold-down springs, which maintain appropriate hold-down force on 
the fuel assembly throughout its life in the core by expanding or compressing to compensate for 
changes in assembly height.  Understanding grid growth is important to ensure that the grid 
design will continue to hold and support the fuel rods throughout the life of the assembly, and to 
ensure that the grid will not grow to the point where it might interfere with other assemblies 
during fuel movement in the core.  

AREVA asserts that Q12™ fuel assembly growth behavior is superior to zirconium alloys, due to 
the smaller magnitude of growth and greater predictability.  This is the primary factor driving 
AREVA to request approval for Q12™ as a structural material.  

3.7.1 Fuel Assembly Growth Correlation 

Assembly axial growth data has been collected through a Lead Test Assembly (LTA) program.  
The LTA program is comprised of ['''''''''] different fuel designs, and ['''''''''''] different reactors.  In 
total, there were [''''''] measurements taken when the topical report was submitted.  In response 
to a RAI from the NRC staff, AREVA also provided an additional [''''''] fuel assembly length 
measurements in Reference 4. 

3.7.1.1 Design-Independent (Generic) Fuel Assembly Growth Limits 

All LTA growth data is combined in a plot vs burnup, and design-independent upper and lower 
design limit (UDL and LDL) curves are drawn to bound the data conservatively.  These design 
limits will be used by AREVA to inform the design of assemblies where insufficient data has 
been collected for a design-specific UDL and LDL, discussed in greater detail below.  

During the audit, the NRC staff raised additional concerns about the appropriateness of these 
limits for fuel for Combustion Engineering (CE) plants, as the guide tube and hold-down spring 
design differs significantly from that of the Westinghouse and Babcock and Wilcox (B&W) fuel.  
AREVA provided the NRC staff with a comparison of CE assembly growth and Westinghouse 
assembly growth for fuel with Zircaloy 4 guide tubes to demonstrate that the behavior does not 
differ significantly. 
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The NRC staff have examined the data provided, as well as the evidence compiled in the free 
growth and creep sections of the TR, and find that the proposed UDL and LDL on assembly 
growth is acceptable for PWRs, independent of reactor design.  

3.7.1.2 Design-Specific Fuel Assembly Growth Design Limits 

AREVA also intends to use design-specific curves after sufficient post-irradiation assembly 
growth data has been collected.  Sufficient data is defined as [''''''' ''''''''' ''''''''''''''''''''' ''''''''''''''' 
'''''''''''''''''''''''''''''''' '''''''''''''' '''' ''''''''' ''''''''''''''''''''' ''''''''''''''''''''' '''''''''''''''' ''''' ''''''' '''''''''''''''''''''' ''''''''' '''' ''''''''''''''''''''''''''''''' 
'''''''''''''''' '''''' '''''''''''''''''' ''''''''''''''' '''' '''''' ''''''''''''''''''''''''].  

Once sufficient data has been collected, AREVA will transition to using a UDL and LDL defined 
as the Owens 95/95 one-sided upper and lower tolerance limits on assembly growth with a [''''' 
''''''''''''''''''' ''''''''''''''''''''''''''' ''''''''''''''' ''''''' ''''''' ''''''''''''''''''''''''' '''' ''''''' ''''''''''''''' ''''''''''''''' ''''''''''''''''''''' ''''''''' ''''''''' '''''''''' 
''''''''''''''''''' '''' ''''''' ''''''''''''''''''''''' '''''''''''''''''' ''''' '''''' ''''''''''''''''''''''].  The limits will be calculated as described by 
AREVA in the response to RAI 2(d) in Reference 4.  The validity of these limits is predicated on 
the use of a standard hypothesis (i.e., t-test) to confirm the significance of the predictor 
coefficient and the use of the Anderson-Darling test to confirm the assumption that the 
regression model errors are normally distributed.  If the limits fail either of these tests then the 
generic limits must be used. 

As additional data is collected, AREVA will continue to update the design-specific limits.  If at 
any point the generic limits are less conservative than the design-specific limits (i.e., the generic 
limits fail to bound the design-specific limits), AREVA will continue to use the design-specific 
limits.  

Due to the rigor with which the statistical methods are to be applied to the collected 
post-irradiation assembly growth data, the NRC staff concludes that the use of design-specific 
tolerance limits as defined by the TR and the RAI responses is acceptable. 

3.7.2 Spacer Grid Growth Correlation 

AREVA has also developed a spacer grid growth correlation based on grid lateral envelope 
measurements.  The correlation is based off of measurements from [''''''''''''''' '''''''''' '''''''''''] grids.  
An upper design limit is fit conservatively to this data.  AREVA believes that [''''''''''' 
''''''''''''''''''''''''''''''''' '''''''''''''''' ''''''' ''''''''''''''' ''''' '''''''' ''''''''''''''''''''''' ''''''''''''''' '''''''''' ''''''''''''''' '''''' ''''''''''''''' '''''''''' ''''''''' '''''''''' 
'''''''''''''''''''''' '''''''''''' ''''''''''''''''''''''' '''' '''''''' '''''''''''' '''''''].  The NRC staff agrees with this position.  A 95/95 
one-sided upper tolerance limit is calculated using the collective maximum grid data set.  This is 
used as the UDL for Q12™ grid growth. 

The NRC staff have reviewed this approach and found it acceptable.  Data collected on grid 
growth, free growth, and creep have all shown that Q12™ grids can be expected to grow 
[''''''''''''''''' ''''' ''''''''''']. 

3.8 Surveillance 

3.8.1 US Surveillance 

AREVA proposed in the TR a surveillance program in the US that included two types of lead 
test assemblies (LTAs).  In RAI 3 (Reference 3), the NRC staff requested more data collection 
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as a condition of moving to batch assemblies for other designs without PIE data on fuel 
assembly growth and bow.  AREVA responded (Reference 5) with a program to examine batch 
fuel after the fuel completed 3 cycles, which is discussed in further detail in Section 3.8.1.2. 

3.8.1.1 Lead Assembly Program 

AREVA currently has [''''] LTAs with Q12™ guide tubes in each of 2 domestic reactors.  One of 
these reactors is loaded with [''''''''''''] LTAs and one with [''''''''''''''''''''].  From the ['''''''''''''']-type 
assemblies, AREVA plans to collect [''''''''''''''' '''''''''' ''''' '''''''''''''' ''''' ''''] fuel assembly length, and ['''] 
fuel assembly bow measurements after each cycle, and [''''] guide tube oxidation measurements 
after the third cycle of operation.  [''''''''' ''''''''''''''' ''''''''''' '''' ''''''''''''' '''''''''''''''''''''''''' '''''''' ''''''' ''''''''''''' ''''''''''' 
'''''''''''''''' ''''''''''''''''''''''' ''''''' '''''''''' ''''''''''''''''''''''''' '''''''''''''''''''''''''''''''' ''''''' ''''''' ''''''''''''' ''''''''' '''''''].  AREVA plans to 
collect fuel assembly length and bow measurements from the ['''''''''''''''''']-type assemblies after 
each cycle. 

3.8.1.2 Batch Surveillance Program  

In response to RAI 3 (Reference 5), AREVA committed to a surveillance program for the use of 
Q12 in batch-quantity delivery of assemblies without prior data collection for that design family 
(defined as Westinghouse, CE, and B&W designed plants).  AREVA will perform PIE visual 
inspection and length measurements of 8 assemblies from the lead batch following the third 
cycle of irradiation.  Furthermore, follow-on batches of fuel utilizing Q12™ structural material will 
be limited to one additional plant within one year of the lead batch being loaded.  This is to 
ensure that data is collected prior to a large number of assemblies experiencing high burnup.  

The results from this PIE data collection will be compared to the UDL and LDL generic 
assembly growth limits discussed in Section 3.7.1.1 and will be communicated to NRC staff at 
the annual fuel performance meeting. 

The NRC staff has discussed these requirements at length with AREVA and believe this 
program to be sufficient.  AREVA has submitted substantial evidence that the growth 
characteristics of Q12™ are improved compared to the alloys currently in use, and has chosen 
an intentionally conservative design window.  This provides confidence that the alloy will behave 
as intended and expected.  The surveillances described in the response to RAI 3 provide 
additional assurance that, in the event that the alloy behaves unexpectedly, the behavior will be 
discovered prior to a substantial number of assemblies encountering a problem.  For these 
reasons the NRC finds this surveillance plan acceptable. 

3.8.2 European Surveillance 

AREVA also has a number of surveillance plans in place for the next two years for European 
LTAs with Q12™ guide tubes.  These help to reassure NRC staff that the guide tube behavior 
will be monitored appropriately to ensure early detection of any potential problems. 

3.9 Update Process 

In its original submission to the NRC, AREVA requested a broad update process which covered 
most of the properties and models discussed in the TR.  After the audit in June 2016, and the 
subsequent round of RAIs, AREVA submitted a revision to the TR update process section 
(Section 12.0) that restricted the models that may be updated without NRC approval.  The 
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models that are now included in this process are contained in Section 8.0 (oxidation and 
hydrogen pickup) and Section 10.1 (design specific fuel assembly growth models only).  These 
update processes have been addressed in detail within the sections of this SE that discuss the 
models which may be updated.  What follows is a summary of the update processes. 

3.9.1 Fuel Assembly Growth Model 

In the original TR, AREVA requested the ability to modify to the design independent growth 
curve after further data collection.  RAI 2 in Reference 3 requested further elaboration on the 
update process for the growth curves.  AREVA responded that the design-independent growth 
curve will not be updated under the update process in this TR.  If data is collected that shows 
the generic curve to be non-conservative, AREVA will follow its internal quality assurance 
program, as stated in the response to RAI 2(g) in Reference 4.  

3.9.2 Spacer Grid Growth Model 

AREVA included an update process for the spacer grid growth model in the original TR 
submitted to the NRC.  In the response to RAI 2 (Reference 4), AREVA submitted a modified 
version of Section 12.0 of the TR which removed this request.  The NRC approves of this 
updated version, and has not reviewed the spacer grid growth model update process in the 
original submittal. 

3.9.3 NRC Notification 

AREVA states that a summary of the updates made to models in this TR will be provided to the 
NRC in the form of a letter report for information.  If the updates are outside what is allowed in 
this TR, AREVA may not take credit for the update until it is approved by the NRC either as an 
update or supplement to this TR, or as a license amendment.  

4.0 LIMITATIONS AND CONDITIONS  

1) AREVA must follow the model update process as defined by the responses to RAIs 1 
and 2, as described in Reference 4. 

2) AREVA must follow the surveillance program as defined by the response to RAI 3, as 
described in Reference 5.  The NRC further imposes the condition that AREVA must 
complete the surveillance, and the associated comparison and validation of design 
limits, within one year of the discharge of these assemblies.  This is to further ensure 
that data is collected prior to a large number of fuel assemblies reaching high exposure 

3) Burnup limits imposed on fuel and fuel assembly designs will also apply to those 
assemblies using Q12™ structural material.  

4) Q12™ is only approved for use in PWRs as a structural material.  This limits its use to 
guide tubes, spacer grids, and instrument tubes. 

5.0 CONCLUSION  
 
The NRC staff has reviewed AREVA TR ANP-10334P, “Q12TM Structural Material,” introduction 
Q12™ for use as a PWR fuel assembly structural material.  The NRC staff concludes that the 
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Q12™ properties and models, as defined in ANP-10334P and subsequent RAI responses 
(References 4 and 5) are in accordance with SRP Section 4.2, and therefore are acceptable for 
use in PWR fuel batch reloads licensing applications within the limitations and conditions stated 
in Section 4.0 of this SE.  
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