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Abstract

This report is a summary of activities and progress in 2018 for the Nuclear Waste Management
Organi zationds TTepimarypupose Bfithe Gechaical Program is to support
the implementationof Adapt i ve Phased Management ( AfeMhg;
term management of used nuclear fuel.

The work continued to develop the repository design; to understand the engineered barrier,
geological and other processes important to the safety case; and to assess the candidate siting
areas.

NWMO continued to participate in international research activities, including projects associated
with the SKB Asp6 Hard Rock Laboratory, the Mont Terri Underground Rock Laboratory, the
Greenland ICE Project, the OECD (Organisation for Economic Co-operation and Development)
Nuclear Energy Agency and BioProta.

N WM O Geshnical program issued 15 NWMO technical reports, published 24 journal articles,
and provided over 40 presentations at national and international conferences.
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1. INTRODUCTION

The Nuclear Waste Management Organization (NWMO) is implementing Adaptive Phased
Management (APM) for the long-term management of used nuclear fuel. This is the approach
recommendedinin Choosing a Way Forward: The Future
Nucl e a r(NWMO Q0% and selected by the Government of Canada in June 2007.

The technical objective of the APM approach is a Deep Geological Repository (DGR) that
provides long-term isolation and containment, to ensure safety of people and the environment
while the radioactivity in the used fuel decays.

The deep geological repository is a multiple-barrier system designed to safely contain and
isolate used nuclear fuel over the long term. It will be constructed at a depth of approximately
500 metres, depending upon the geology of the site, and consist of a series of tunnels leading to
a network of placement rooms where the used nuclear fuel will be contained using a multiple-
barrier system. A conceptual design for a DGR is illustrated in Figure 1-1 for a generic rock
setting (the design will be varied for actual crystalline or sedimentary rock conditions).

The NWMO is presently in the Site Selection phase. No site has been selected to host the DGR.
The process for selecting a host community is described i nMoving Forward Together: Process

Manag e

for Selecting a Site for Canadabés Deep(N\BMI ogi cal

2010). The steps for evaluating the geological suitability of willing and informed host
communities consists of: a) initial screenings to evaluate the suitability of candidate sites against
a list of preliminary screening criteria, using readily available information; b) preliminary
assessments to further determine if candidate sites may be suitable for developing a safe used
fuel repository; and c) detailed field investigations to confirm suitability of one site.

Initially, 22 communities had expressed interest in the program. By 2018 the number of
communities engaged in the site selection process had been narrowed to five, based on
preliminary desktop assessments of potential geological suitability and potential for the project
to contribute to community well-being. The status of each community as of December 2018 is
shown in Figure 1-2. Allreportscomplet ed ar e published on the
(http://www.nwmo.ca/sitingprocess_feasibilitystudies).

The NWMO continues to conduct technical work to support design, site assessment and safety
case for a DGR, in parallel with work to engage with and establish a partnership with
communities. This report summarizes technical work conducted in 2018. In the near term, this
information will support selection of a preferred site by 2023. In the longer term, this will support
an impact assessment and licence application at the selected site. NWMO®& overall
implementation plan is described in Implementing Adaptive Phased Management 2019-2023
(NWMO 2019).

NWMOO s
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Figure 1-1: lllustration of a Deep Geological Repository Reference Design
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Figure 1-2: Communities Expressing Interest in the APM Siting Process and
Status as of 31 December 2018



2. OVERVIEW OF NWMO TECHNICAL PROGRAMS

The APM Technical Program includes site investigations, preliminary design and proof testing,
and developing the safety case for a used fuel DGR. Work conducted and progress made
during 2018 is summarized in this report.

The work is summarized in the following sections divided into Engineering, Geoscience,
Repository Safety and Site Assessment.

This work involved 15 universities, as well as a variety of industrial and governmental research
partners. A list of the 2018 technical reports produced by NWMO is provided in Appendix A.1.
Appendix A.2 and A.3 provide a list of journal articles and conference presentations made by
NWMO staff and contractors.

An important aspecto f t h e stediMdlg@rogram is collaboration with radioactive waste
management organizations in other countries. In 2018, the NWMO has formal agreements with
ANDRA (France), KORAD (South Korea), NAGRA (Switzerland), NDA (United Kingdom),
NUMO (Japan), ONDRAF (Belgium), POSIVA (Finland) and SKB (Sweden) to exchange
information arising from their respective national programs to develop a deep geologic
repository for nuclear waste.

One important aspect of this collaboration is work undertaken at underground research facilities.
In 2018, NWMO supported projects at the SKB Aspo Hard Rock Laboratory in Sweden, the
ONKALO facility in Finland, the Mont Terri Underground Rock Laboratory in Switzerland, and
the Grimsel Test Site (GTS) in Switzerland. These provide information in both crystalline (Aspo,
ONKALO, GTS) and sedimentary (Mont Terri) geological environments.

NWMO was involved with the following projects in 2018:
I POST Project (Fracture Parameterization for Repository Design & Post-closure Analysis)
at Aspd and ONKALO;
FISST demonstration project at ONKALO;
Deep Borehole Experiment (DB, DB-A) at Mont Terri;
Long-term Diffusion (DR-B) at Mont Terri;
Full Scale Emplacement Experiment (FE-G, FE-M) at Mont Terri;
Hydrogen Transfer (HT) test at Mont Terri;
Iron Corrosion i Bentonite (IC-A) test at Mont Terri;
Long-term Pressure Monitoring (LP-A) at Mont Terri;
Microbial Activity (MA) at Mont Terri;
Materials Corrosion Test (MaCoTe) at GTS; and
Gas-Permeable Seal Test (GAST) at GTS.
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The NWMO also collaborated with NAGRA, SKB and POSIVA on an ice drilling project (ICE) to
establish constraints on the impact of ice sheets on groundwater boundary conditions at the ice-
bed contact. The work uses field studies of the Greenland ice sheet, collected as part of the

Greenland Analogue Project (2009-2012; final reports published in 2016) and as part of a larger



National Science Foundation project focused on ice dynamics. This project focused on three
aspects of boundary conditions that ice sheets place on groundwater systems: 1) transient high
water-pressure pulses; 2) glacial-bed water-pressure gradients; and, 3) constraining the flooding
and transmissivity of water across the bed. The ICE project ran through the end of 2017, with a
final report planned for publication at project completion in 2018-2019.

The NWMO continued to participate in the international radioactive waste management program
of the Organisation for Economic Co-operation and Development (OECD) Nuclear Energy
Agency (NEA). Members of this group include all the major nuclear energy countries, including
waste owners and regulators. NWMO patrticipated in the following NEA activities:

1 Working Group on the Characterization, the Understanding and the Performance of
Argillaceous Rocks as Repository Host Formations (i.e., Clay Club);

Crystalline Club (CRC);

Integration Group for the Safety Case (IGSC);

IGSC Safety Case Symposium;

Thermodynamic/Sorption Database Development Project;

IGSC FEP Database Project;

Radioactive Waste Management Committee (RWMC);

RWMC Reversibility & Retrievability Project; and
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Preservation of Records, Knowledge and Memory Project.

The NWMO also continued its participation in the DECOVALEX and BIOPROTA working
groups. DECOVALEX is an international working group on Thermal-Hydraulic-Mechanical
(THM) modelling. NWMO participated in the Task E on modelling a heater experiment in the
clay rock at the Andra Bure underground facility. BIOPROTA is an international working group
on biosphere modelling. The main projects in 2018 were the C-14 Project and the BIOMASS
2020 Update.



3. REPOSITORY ENGINEERING

The main activities in the Repository Engineering program during 2018 were: used fuel
transportation; the proof testing program, engineered barrier science, and design. Summaries of
the research and development activities are provided in the following sections.

3.1 USED FUEL TRANSPORTATION
3.1.1 Used Fuel Transportation System Development

Canadads used nuclear fuel is currently safely ma
These facilities are located at nuclear reactor sites in Ontario, Quebec, and New Brunswick, and

at Atomic Energy of Canada Limitedés sites at Whi
River Laboratories in Ontario as illustrated in Figure 3-1.
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Figure 3-1: Interim Storage Facility Locations

As part of its responsibility for long-term management of this used fuel, the NWMO will be
responsible for the transport of this fuel to its selected repository site. Based on current
projections and announced life plans for the reactor fleet, approximately 5.5 million bundles will
need to be transported to the repository site from these interim storage facilities.

Key components of the used fuel transportation system include:

i transportation modes;



conveyances and fleets;

routing;

transportation infrastructure;

interfacing facility infrastructure at interim storage facilities and at the DGR,;
transportation packages;

nuclear security / escort requirements;

emergency response and recovery requirements;
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logistics, i.e. cycle times including transit times and non-transit times for on- and off-
loading of transport packages; and

1 operations, i.e. operations at facilities, operations during transport for modes of transport,
escort operations, communication, tracking and monitoring.

Technical, operational and cost evaluations of options for the used fuel transportation systems
and key components (listed above) are ongoing, and are a focus of detailed study for 2018. The
objective is to compare various options for transportation systems including modes (i.e. road,
rail, and combination), package designs, and operational considerations considering region
specific attributes and infrastructure. The purpose is to confirm and update the reference
transportation system design for the 2021 Life Cycle Cost Estimate. This work is expected to
conclude in 2019.

3.1.2 Transportation Package Material Testing

The used fuel transportation packages are designed to withstand severe accident conditions.
The certification basis for these packages includes both field testing and numerical modelling.
Basic material properties for the materials used in these packages can be obtained from the
ASME (American Society of Mechanical Engineers) or the ASTM (American Society for Testing
and Materials) code. However, additional material properties beyond yield strength are required
for some advanced stress or strain analyses of extreme conditions. These properties must be
obtained through physical testing. NWMO has conducted a series of mechanical tests on
sample material coupons to establish a database of material properties beyond what it is
currently available.

Materials being tested include stainless steel forgings, plates, and round bars. To capture the
variation of the material properties due to various materials fabrication processes and
environments, material coupons from multiple material heats were collected from different
manufacturers. Additionally, the coupons were taken from various locations within a given heat
to capture the variation across the heat as well as across the volume of materials received.

The coupons collected were then subjected to a series of tensile tests to obtain mechanical
properties of the material, suchasYoungdés modul us, yield strength,
elongation at various temperatures (i.e., room temperature, 100°C and 600°C). Specialized
equipment, as shown in Figure 3-2, was used to obtain the true stress-strain curve from
initiation of the test to rupture of the specimen. An example of such a curve is shown in Figure
3-3. The material properties obtained will be used in the finite element modelling of the used fuel
transportation packages for enhanced mechanical integrity evaluations.

u
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Figure 3-2: Tensile Test Equipment to Obtain the True Stress-Strain Relationship
from Initial Load to Fracture at Cambridge Materials Testing Ltd.

ASME SA-965 F304L Forging, Heat #: S3401 and S4291, 1/4t,
Transverse, 20°C, Sample #: 763473 and 763474
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Figure 3-3: Averaged True Stress-Strain Curve of ASME SA-965 F304L Forging
Obtained from the Tensile Test



3.2 USED FUEL CONTAINER (UFC)

In 2018, the NWMO focused on UFC serial production and optimization of the UFC
manufacturing processes. This is part of the Proof Test Program to validate the design of the
reference Used Fuel Container (Figure 3-4). Advancement in design qualification,
manufacturing and inspection technology are documented in the following sections.

Manageable weight (2.8 tonnes)
and size (0.6m diameter x 2.5m
length)

Integral backing weld joint
design with partial penetration
seal weld

Integral copper coating

Standard pressure vessel steel
materials and sizes

Hemispherical heads Capacity of 48 bundles

Figure 3-4: lllustration of Used Fuel Container with Design Features Identified

3.2.1 Used Fuel Container Design

The UFC Design Specification is a comprehensive document that summarizes the design of the
UFC. It was completed in 2017 and submitted to the CNSC (Canadian Nuclear Safety
Commission) for a pre-licensing technical review in 2018. The purpose of this review is to
identify gaps between the UFC design at the current stage and existing regulatory requirements
and expectations. This review is not for licensing purposes (i.e. certification), but helps the
NWMO improve the design and documentation to achieve a licensable UFC product.

One of the challenges of the UFC design is the lack of a technical standard for disposal
containers. Significant efforts have been spent by NWMO assessing the applicability of existing
industrial codes and standards, such as the ASME Boiler and Pressure Vessel Code (BPVC),
and developing suitable rules for the design of a used fuel container for a Deep Geological
Repository (DGR). These efforts led to the development of design methods and criteria for the
UFC Design Specification.

Based on the UFC Design Specification, the mechanical design qualification activities were
launched at the end of 2017 and continued into 2018. The purpose of the design qualification is
to demonstrate that the UFC design fulfills the intended containment function in the DGR



environment, meets the regulatory requirements, and follows best engineering practices. The
qualification activities are divided into three parts with each part containing a number of
analyses or calculation activities. The first part contains the compilation of input data and
calculation of specific loads to be used in the analyses. The second part focuses on the
evaluation of the mechanical integrity of the steel structural vessel. The third part focuses on the
evaluation of the copper coating.

The first part and the majority of the analyses activities in the second part were completed in
2018, except for the evaluation of impact loads (e.g., the dynamic impact loads resulting from a
container drop, mechanical impact during operation and rock impact during a placement room
cave-in event). The analyses showed that the UFC structural vessel is able to maintain its
mechanical integrity under evaluated operational and repository loads, including the extreme
loads from the hypothetical event associated with a future glaciation and fire accidents. The
evaluation of the UFC resistance to impact is in progress and will be completed in 2019.

UFC design improvement activities were continued in the past year. A dimensional tolerance
stack-up analysis was performed to confirm manufacturability of the UFC. Options on improving
manufacturability based on the current fabrication processes were also explored, such as
alternative weld joint design and the possibility of fabricating the UFC lower assembly (i.e., shell
welded to lower hemi-spherical head) as a one piece component.

The conceptual design of the UFC internal structure which houses 48 used fuel bundles, known
as the Insert (Figure 3-5), was completed in late 2017. The Insert design was modified to
implement better safety and manufacturability features. Prototypes of the Insert were fabricated
in 2018. Physical testing, design optimization, and determination of a cost-estimate for high-
volume production are activities for 2019 and beyond.

Figure 3-5: Prototype of 2018 UFC Insert Design
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3.2.2 Used Fuel Container Manufacturing & Inspection
3.2.2.1 UFC Serial Production

In 2018, the NWMO began execution of the UFC serial production initiative of the Proof Test
Program. The objective of this work is to fabricate up to 20 UFCs using reference materials,
fabrication and inspection technologies and to verify the product against the reference design
requirements and quality acceptance standards. During the execution of this work, further
design refinement and manufacturing optimizations will be applied as necessary based on
feedback from testing, inspection, and validation programs.

In 2018, UFC component steel materials, transportation crates, and industrial racking were
procured. A Request for Proposal for machine shop services was issued. Machining of the UFC
components, welding, Non-Destructive Examination (NDE), and copper coating services will be
arranged and executed starting in 2019, to be completed by 2021.

Figure 3-6 shows the hot-formed hemi-spherical heads and the extruded cylindrical shell
fabricated for the UFC serial production. During manufacturing, the UFC structural vessel is
referred to as two components; the upper hemi-spherical head and the lower assembly (lower
hemi-spherical head welded to cylindrical shell).

Figure 3-6: Fabricated Hemi-Spherical Heads and Cylindrical Shells for the UFC
Serial Production

3.2.2.2 HLAW Closure Weld Development

NMWObs wel di ng vend{LaPobatérej QuebecSCahada) performed a
comprehensive Hybrid Laser Arc Weld (HLAW) process optimization study in 2015 to determine
weld parameter tolerances within which sound closure welds can be consistently made under a
specified range of weld joint fit-up conditions. HLAW is a welding process that combines laser
welding with Gas Metal Arc Welding (GMAW). GMAW is more commonly referred to as MIG
welding (Metal Inert Gas). Following this study, Novika prepared a reference Welding Procedure
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Specification (WPS) and Procedure Qualification Record (PQR) in accordance with ASME
BPVC Sections IX and Il (Division 3 Subsection WC) for use on prototype UFC lower assembly
and closure welds.

In 2018, the NWMO contracted the Fraunhofer Institute (Berlin, Germany) to conduct

ther momechani cal modeling of NWMOG6s HLAW process
weld quality. This modeling was performed to determine the stress state of the partial

penetration weld (Figure 3-7) and surrounding areas of the weld joint. Fraunhofer investigated

the stresses resulting from the HLAW process on N
weld parameter or joint design modifications to optimize the weld. Results of the modeling of the

reference weld design/process are shown in Figure 3-8. As expected, modeling confirmed a

higher level of stress at the root area resulting from the partial penetration nature of the weld.
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Figure 3-7: Cross Section of UFC Partial Penetration HLAW Closure Weld Area
Showing Cylindrical Shell, Hemi-Spherical Head and Integral Backing Ring

Additional modelling was performed to check the resulting stress fields generated when varying
process parameters (laser/GMAW separation, GMAW arc power, and weld speed) in order to
reduce the stresses at the weld root area. Results and recommendations from the modeling
work (Figure 3-9) have been incorporated into the HLAW development program with test welds
being prepared and assessed by Novika Solutions.
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Figure 3-8: Computer Simulated Stress Fields around UFC Weld Joint
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3.2.2.3 Non-Destructive Examination Development

In 2015, Nucleom Inc. (Quebec City, Quebec Canada) commenced work on the Non-
Destructive Examination (NDE) development program for the inspection of the UFC closure
welds and external copper coating. The main objectives of the NDE development program were
to select, develop, and qualify establish ultrasonic and eddy current NDE methods appropriate
for the volumetric and surface examination of the UFC patrtial penetration welds and external
copper coating. The results of the program were finalized NDE methods, recommended
inspection equipment (probes, calibration blocks, etc.), and the expected inspection sensitivity
(target flaw size).

In 2018, these results were used to develop preliminary procedures for the inspection of full-
scale UFC components in the serial production demonstration campaign. These inspection
procedures detailed the techniques, equipment, and acceptance criteria used in non-destructive
inspections. The preliminary inspection procedures are to be trialed on full-scale UFC
components, and revised (if required) prior to use in the serial production campaign in 2019.

3.2.2.4 Copper Coating Development

After the successful application of both electrodeposition and cold spray processes for the
prototype UFCs in previous programs, a manufacturing optimization effort at the pilot scale was
initiated. The main objective is to refine the two technologies with respect to manufacturing
methods using technologies and equipment that are amenable for serial production.

Electrodeposition Process Development

Since 2012, NWMO has conducted a multi-phased program with the vendor Integran
Technologies Inc. (Mississauga, Ontario, Canada) for the development of a copper
electrodeposition technology via the use of a pyrophosphate (solution chemistry) system. This
program has resulted in the acquisition of baseline data, process optimization and technology
transfer for the application to prototype UFCs.

I n previous years, the NWMO and Integran have dem
producing a range of copper coated samples, from small (i.e., coupon size) scale through full-

sized hemispherical heads and lower assemblies. Following this, a program was put in place in

2016 to optimize and improve manufacturing methods for eventual use in the pilot line and serial

production campaign. Since then, three primary streams of work were carried out: (1) process

tolerancing on a coupon scale, (2) pilot line construction and commissioning, and (3) process

optimization, demonstration and validation for the production of hemi-spherical heads. During

the 2018 timeframe, the latter was performed and completed rendering the process for hemi-

spherical heads ready for serial production to be initiated during 2019.

Process optimization for the hemi-spherical head consisted of performing 13 plating trials while
implementing improvements focused on providing the best finish possible for the copper
coating, namely a significant reduction of defects such as pits, nodules, and machining induced
asperities. Major improvements were achieved by minimizing the occurrence of nodules in the
coating process and refining the steel substrate surface roughness specification.

Following the optimization trials, all processing parameters were locked-down and used for
demonstration and validation. During this phase of work, three hemi-spherical heads were
produced and subjected to thickness and visual inspection (see Figure 3-10). One of the three
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was destructively tested to verify all critical material performance requirements, including
chemistry (or purity), copper-to-steel adhesion, copper strength (hardness), and microstructure.
Table 3-1 provides a summary of the material performance test results. Figure 3-11 through
Figure 3-13 show samples of these test results. Future work (in 2019) for electrodeposition of
copper includes pursuing a similar process optimization effort for the lower assembly. This will
be carried out in a newly designed system that will be discussed in the next section.

Figure 3-10: Copper Coated Hemi-Spherical Head from Optimization Trials

Table 3-1: Summary of Electrodeposited Copper Material Performance Test Results for
Hemi-Spherical Head

Criteria Method Requirement (Method) Result
Copper Purity | ASTM E53: Gravimetry >99.9 % 99.9+ %
Adhesion ASTM B571: Modified bend | No delamination along PASS
test coating substrate interface
Strength ASTM E384: Microhardness | 9071 200 HV 95171 106 HV
Ductility ASTM B489: Controlled > 20 % elongation PASS
distortion around mandrel
Microstructure | ASTM E3: Microscopic Equiaxed / uniform (fine) PASS
inspection (etched cross- grain structure
sections)
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Figure 3-11: Bend Test Sample Showing No Delamination of Electrodeposited
Copper from the Steel after Several Cycles

Figure 3-12: Electodeposited Copper Test Sample after Controlled Distortion
around Mandrel Representing > 20 % Elongation



Figure 3-13: Electrodeposited Copper Microstructure Showing Equiaxed / Uniform
(Fine) Grain Structure

Serial Production Equipment Design & Fabrication for Electrodeposition

In 2018, the design of an improved electrodeposition tank was completed. This design took into
consideration the experience from2017concerni ng the main root .cause f
This design is customized for processing lower assemblies and is based on the same tank

configuration currently employed at Integran Technologies, Inc. for processing hemi-spherical

heads. Figure 3-14pr esents the design of the fANanovateE Tar
lower assemblies.

Upon completion of the design, fabrication was initiated in two phases and is expected to be
delivered, installed, and commissioned at Integran in mid-2019.
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Figure3-141 Il lustration of the NanovateE Tank

Cold Spray

Following the successful development of a copper cold spray method to completely coat UFC
components (hemi-spherical heads and lower assembly) by the National Research Council
(NRC) (Boucherville, Quebec, Canada) in 2012 and 2013, the NWMO had focused on adapting
this technigue to the UFC closure weld zone. The closure weld zone remains uncoated prior to
the loading of used fuel, and is to be coated after the attachment of the upper hemi-spherical
head, closure welding and weld inspection.

Significant optimization was carried out over 2014 to 2017 towards developing a reference
process including a heat treatment method, surface preparation (e.g., mechanical abrasion) and
laser preheating of the substrate. Where possible, automation was implemented in anticipation
of future use in a radioactive environment. The work in 2017 concluded with a demonstration of
the technigues on a representative scale.

In 2018, two additional streams of work performed. First, rotational equipment that had been
used for HLAW technology development was installed. The goal was to obtain an improved
UFC support and rotation device, especially in accommodating a fully loaded UFC (simulated
with a concrete plug inside). The rotation equipment was modified to accommodate the cold
spray process by creating an access point for the spray gun nozzle allowing it to traverse the
width of the closure weld zone (see Figure 3-15). The new version of the rotational equipment
was delivered and commissioned at the NRC.

Syst el
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() (b)

Figure 3-15: New Version of the Rotational Equipment: (a) Loading of UFC and (b)
Placement Trials of Cold Spray Gun and Nozzle in Closure Weld Zone Area

Secondly, an investigation was carried out to better understand the ductility behaviour
(percentage elongation) of the cold sprayed copper with focus on heat treatment conditions,
namely temperature and atmosphere (i.e., air and argon gas), while keeping the spray
configuration constant. The results of this study yielded a relatively linear relationship with
elongation (through tensile testing) and temperature (see Figure 3-16a). In addition to this, it
was also concluded that elongation is linearly correlated to hardness (see Figure 3-16b), and
therefore, hardness can be used as a convenient means to assess ductility on the cold sprayed
closure weld zone using a portable hardness tester for each spray configuration. Furthermore,
no notable effect of atmosphere was observed, thereby adding to the robustness of this
important process step. These results were transferred to the current heat band method for
applying the treatment to the closure weld zone of the UFC and found to be effective at meeting
and exceeding the minimum requirement.






