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ABSTRACT 
 
Title: Assessment of Delayed Hydride Cracking in Used CANDU Fuel Bundles 

during Dry Storage 
Report No.: NWMO TR-2010-13
Author(s): Timothy Lampman and Paul Gillespie 
Company: AMEC NSS 
Date: December 2010 
 
Abstract 
This report summarizes various experimental and modelling activities performed to evaluate if 
Delayed Hydride Cracking (DHC) could be occurring in used CANDU fuel stored in Ontario 
Power Generation Dry Storage Containers.  The conclusion of this work is that DHC is not 
expected in the used CANDU fuel. 
 
DHC requires a hydrogen concentration in a material that exceeds its solubility, a stress 
gradient that concentrates the dissolved hydrogen thus forming solid hydrides, and a 
sufficient stress to fracture the formed hydrides.  If all conditions are present, DHC is 
expected to occur.  Early studies identified that the hydrogen concentration in used fuel was 
sufficient for DHC, but it was uncertain whether the magnitude of the stress in CANDU fuel 
would be sufficient for DHC under dry storage conditions. 
 
To investigate this further, AMEC NSS developed finite element stress models of CANDU fuel 
bundles used by Ontario Power Generation and Bruce Power.  The stress models were 
developed so they could account for the condition of used CANDU fuel.  A key area of the fuel 
bundle that is a concern for DHC is the endplate-to-endcap weld where there is a very sharp 
weld discontinuity.  A case study of the fuel in dry storage conditions was performed to 
determine the stress intensity factors at the tip of the weld discontinuity.  The results suggest 
stress intensity factors no larger than 3 MPa m1/2. 
 
In understanding if this stress intensity factor is sufficient to initiate DHC, Kinectrics developed 
a methodology and apparatus to determine the critical stress intensity factor for initiation of 
DHC at the endplate-to-endcap welds.  Both 28- and 37-element fuel designs from different 
manufacturers were tested.  The results of the testing suggest the critical stress intensity 
factor is in the range of 7.6 MPa m1/2 to 13.6 MPa m1/2. 
 
Since the calculated stress intensity factor is well below the critical stress intensity factor, 
DHC is not expected to occur during dry storage.  Though there are some uncertainties 
remaining in this work, they are not considered to be significant enough to affect the 
conclusion that DHC is not expected during dry storage, given the indicated margin between 
the applied and critical stress intensity factors. 
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1. INTRODUCTION 

 
This technical report summarizes the results of analysis to evaluate if Delayed Hydride Cracking 
(DHC) could be occurring in used CANDU fuel bundles during storage in a Dry Storage 
Container (DSC).  This work is part of the Used Fuel Integrity (UFI) program at the Nuclear 
Waste Management Organization (NWMO), which was initiated to provide assurance that used 
CANDU fuel that has been stored in a dry environment for up to 100 years can be safely and 
efficiently handled during post-storage operations. 
 
Past investigations into the condition of CANDU fuel during dry storage have provided 
confidence that bundles do not significantly degrade and their integrity is maintained under 
normal storage conditions (Lovasic and Gierszewski, 2006; Lampman and Daniels, 2005).  
However, more recent work in the UFI program indicated that fuel bundles in dry storage might 
be susceptible to DHC, particularly in the endcap-to-endplate welds (commonly termed the 
assembly welds).  As a result, a strategy to investigate this degradation mechanism was 
developed in order to assess whether DHC could occur during dry storage (Lampman and 
Daniels, 2005). 
 
Parametric ANSYS Finite Element (FE) models of 28- and 37-element CANDU fuel bundles 
were developed to calculate the stresses within used fuel bundles during dry storage (Lampman 
and Popescu, 2008; Popescu and Lampman, 2010; Lampman and Popescu, 2010).  Several 
experiments were performed with unirradiated fuel bundles to validate the models. A sensitivity 
study of the model was performed to determine the parameters that have the greatest effect on 
the bundle response and determine the best-fit parameters to be used in the finite element 
models.  Comparison of the unirradiated fuel bundle models with the experimental data shows 
good agreement for axial and bending loads. 
 
The finite element fuel bundle models were updated to account for the effect of irradiation on 
material properties.  Calculations of the stress distribution were performed for different post-
discharge bundle geometries modelled under initial dry storage conditions.  Calculation of the 
stress intensity factor at the weld discontinuities of the assembly welds were performed for 
comparison with the critical stress intensity factors required for delayed hydride cracking. 
 
In parallel with the development of the finite element fuel bundle stress model, Kinectrics 
developed a test apparatus and test methodology to determine the critical stress intensity factor 
required to initiate DHC and the delayed hydride crack velocity (DHCV).  Testing was performed 
on both 28- and 37-element non-irradiated fuel bundles from both General Electric – Hitachi (28- 
and 37-element) and Cameco Fuel Manufacturing (37-element) to investigate different bundle 
designs and manufacturing. 
 
An earlier study performed by AMEC NSS within the UFI program reviewed the condition of all 
discharged fuel from Ontario Power Generation (OPG) and Bruce Power (BP) reactor cores 
(Lazaroski et al., 2005).  This work identified two basic "populations" of used fuel discharged 
from OPG and BP cores: the segregated population consisting of approximately 0.2% of all 
discharged fuel and the remaining bulk population.  The segregated population generally 
consists of bundles which are defected or damaged and will be stored separately from the bulk 
population.  The focus of the work described in this document is to examine the potential for 
DHC in the much larger bulk population of fuel that will be stored in a DSC. 
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2. BACKGROUND 

The average CANDU fuel bundle is discharged from the reactor with a burnup of approximately 
210 MWh/kgU after a residence time of up to one to two years.  The coolant temperature in the 
core is between 260°C and 300°C and the external pressure applied to the bundle’s sheath is 
about 10 MPa.  Recently, analysis of the range of wear and deformation of all the fuel bundles 
discharged from Pickering, Darlington, and Bruce stations was performed for the period from 
1972 to 2004 (Lazaroski et al., 2005).  This report indicates that the majority of the 
approximately 1.5 million fuel bundles discharged in this period has nominal wear and 
deformation, but that there is a small proportion that may have some significant wear and 
deformation.  This report summarizes work performed to evaluate if the presence of DHC in the 
discharged fuel bundles is possible during storage in an Ontario Power Generation DSC. 
 

2.1 Storage of Used CANDU Fuel in Dry Storage Containers 

When a fuel bundle is discharged from a reactor, it undergoes a brief temperature excursion of 
approximately three minutes up to a temperature typically less than 400°C before placement in 
the Irradiated Fuel Bay (IFB).  The fuel bundles are then cooled by the surrounding water in the 
IFB at a temperature of approximately 25°C for a minimum period of 10 years.  There is no 
evidence of fuel degradation during this period. 
 
When the fuel bundles are removed from the IFB at OPG and Bruce Power nuclear power 
plants, they are loaded into fuel storage modules (with the exception of Darlington NGS where 
the bundles are immediately stored in the modules after discharge from the reactors), which are 
then loaded into the DSCs.  The structure and contents of a typical DSC is shown in Figure 1. 
 
A fuel storage module consists of an array of 48 horizontal tubes, each of which accommodates 
two used fuel bundles.  Each DSC is loaded with four modules in the fuel bay.  The DSC is then 
removed from the IFB, drained, and vacuum dried.  This process results in another temperature 
excursion of the used fuel, but the fuel is not expected to reach temperatures greater than 
150°C (Lovasic and Gierszewski, 2006) and will gradually decrease with storage time. 
 
Used fuel may be stored in DSCs for extended periods as great as 100 years before it would be 
transferred to the next phase of waste management.  An evaluation of different degradation 
mechanisms that may be present in used CANDU fuel during this period has been performed by 
Lampman and Daniels (2005).  The storage environment and conditions are generally 
considered to be benign and do not promote degradation of the fuel.  However, uncertainties in 
the understanding of the stress levels in fuel bundles stored horizontally were identified.  
Specifically, it was uncertain at the time whether the bending stress at the assembly welds of 
used CANDU fuel bundles would be sufficient to initiate delayed hydride cracking. 
 

2.2 Delayed Hydride Cracking 

DHC is a slow, hydrogen-assisted cracking mechanism that is essentially driven by hydride 
formation and fracture in high stress fields.  Hydrogen and deuterium that is in solution in the 
Zircaloy-4 matrix can diffuse to high stress locations.  As it reaches the high stress area, the 
hydrogen precipitates out of solution if the local concentration is greater than the solubility of the 
Zircaloy-4 matrix.  This results in hydride platelets that are oriented perpendicular to the stress 
gradient at the crack tip.  As more hydrogen migrates to this region, the hydride grows until it 
becomes unstable due to its size in the matrix and fractures, resulting in the crack advancing.   
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Figure 1: Design of the Canada Power Generation Dry Storage Container 

 
This process repeats itself until either the crack has progressed through the material or the 
stress is relaxed.  Rashid et al. (2000) have identified five basic conditions that must be met for 
DHC to occur in used fuel cladding.  Some of the conditions are specific to used fuel cladding 
considerations, but they can be generalized to two basic conditions for DHC to occur at the 
assembly welds: 

 Sufficient hydrogen and deuterium must be present in the material so that hydrides will 
form.  Therefore, the hydrogen concentration must exceed the solubility limit at the 
material’s temperature. 

 A sufficient stress must be present to drive hydrogen migration to the crack tip and 
fracture the subsequent hydride. 

 
The first condition for DHC to occur appears to be satisfied in discharged CANDU fuel bundles.  
During operating conditions, fuel bundles absorb deuterium due to oxidation of the Zircaloy-4 by 
the coolant.  Post-Irradiation Examination measurements of hydrogen and deuterium 
concentrations indicate that the average equivalent hydrogen concentration in the bundle 



 - 4 - 

ranges from 45 ppm to 85 ppm by weight.  The results of McMinn et al. (2000) indicate that the 
maximum solubility of irradiated Zircaloy-4 at 150°C is approximately 20 ppm by weight. 
Therefore, the concentration of hydrogen and deuterium in used CANDU bundles is high 
enough that, given sufficient stress, DHC can occur at the start of storage in a DSC. 
 
The second condition is the presence of a high enough stress field to drive diffusion and fracture 
of the hydrides. Reviews of available experimental work did not identify information on the 
critical stress intensities needed for DHC of irradiated Zircaloy-4 at temperatures below 150°C.  
However, previous assessments of delayed hydride cracking (DHC) have been made for used 
fuel cladding by Ikeda (2002) and Rashid et al. (2000).  These assessments are based on 
information about DHC at normal operating conditions in Zr-2.5%Nb and there is little evidence 
to predict the behaviour of DHC at dry storage conditions.  For the Rashid et al. report, the focus 
was on LWR and BWR fuel where degradation of the cladding was examined.  The report 
indicates that DHC will not occur in the cladding due to low stress levels.  This is expected to be 
true for CANDU fuel element sheaths as well.  However, CANDU bundles contain assembly 
weld regions that provide a greater stress enhancement than cladding and thus make the welds 
more susceptible to DHC. 
 
The presence of DHC during dry storage is a critical concern.  If it occurs, then loss of fuel 
integrity is expected which would have an impact on bundle load and vibration limits.  However, 
it was unclear whether this would occur during dry storage.  This document discusses an 
investigation to examine if DHC is possible at the start of dry storage.  To do this, the following 
parameters were evaluated for a storage temperature of approximately 150°C: 

 the critical stress intensity factor required for DHC in assembly welds , and 
 the stress intensity factors in used CANDU fuel assembly welds during storage in a 

DSC. 
 
This report summarizes the work done to establish these parameters and evaluates the 
possibility of DHC occurring during dry storage. 
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3. FINITE ELEMENT APPROACH TO MODELLING CANDU FUEL BUNDLES 

To understand if DHC can occur within the used fuel bundle, an understanding of the stress 
levels within the bundle, and specifically, the stress intensity factor (KI) at the location of crack 
initiation, is required.  To calculate KI values in assembly welds of dry-stored used CANDU fuel 
bundles, AMEC NSS has developed finite element fuel bundle models and performed 
calculations of KI values of used fuel bundles in fuel storage module tubes.  This work has been 
documented in detail in several reports (Lampman and Popescu, 2008; Popescu and Lampman, 
2010; Lampman and Popescu, 2010), and this report only summarizes key developments and 
findings. 
 

3.1 Description of Finite-Element CANDU Fuel Bundle Models 

Full finite element models of the 28- and 37-element CANDU fuel bundles were created using 
the ANSYS finite element software package.  Parametric models were developed to allow for 
variations in the fuel bundles’ geometry, composition, and material properties.  This allowed for 
modelling of used fuel geometries, variations in the modelled components of the fuel bundle, 
such as the fuel pellets, and modelling of irradiated and unirradiated Zircaloy-4 material 
properties. 
 
The overall solid model of the 28-element fuel bundle is shown in Figure 2 and one 
corresponding finite-element model is shown in Figure 3.  The models contain all the 
components of the fuel bundle, including spacer pads to model contact between adjacent fuel 
elements.  Many different types of finite elements are used in the model to optimize its size and 
convergence time.  Additionally, to minimize the size of the model and solution times, linear 
finite elements (i.e., no mid-size nodes) were used throughout.  The size of the model depends 
on the parameter values, but for most analyses the 28-element model contained between 
300,000 to 500,000 degrees of freedom. 
 
Details of the finite-element model are given in the development and sensitivity study reports 
(Lampman and Popescu, 2008; Popescu and Lampman, 2010).  However, several aspects of 
the model are notable in discussing the final analysis results: 
 

 The fuel element models could be varied on an element-by-element basis.  Therefore, 
fuel elements which contained modelled UO2 pellets could be inserted into the model 
where needed, while other elements would not contain modelled pellets.  This allowed 
for the maximum modelling options to reduce the model size while incorporating the 
appropriate details where needed, such as for an element where a load is directly 
applied.  This also allows for the development of new fuel element models, which can be 
easily incorporated into other analyses, as needed. 
 

 Fuel element models allow for initial, pre-load bowing of the element.  This allows for the 
modelling of used fuel geometries, as shown in Figure 4, prior to loading into the module 
tube. 
 

 The effect of irradiation and temperature on the Zircaloy-4 material can be captured by 
changing the elastic modulus in the model.  In this analysis, unirradiated and irradiated 
material properties were taken from MATPRO (MATPRO, 2003). 
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Figure 2: 28-Element Fuel Bundle Solid Model 

 

Figure 3: 28-Element Fuel Bundle Finite Element Model 
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Figure 4: Post-Discharge Geometry of a Used Fuel Bundle Showing Orientation in the 
Reactor Core 

Experimental data on fuel element deformation due to applied mechanical loads was collected 
by Stern Laboratories to validate the fuel element models.  Single elements were removed from 
unirradiated bundles, the endplates on both sides were clamped, and a load was applied at the 
center of the element perpendicular to its axis.  Measurements of applied loads and resultant 
deformation were recorded.  A sensitivity study was performed with the fuel bundle model for 
comparison against the experimental data.  The results of this work for the 28-element fuel 
model are shown in Figure 5 where the sensitivity cases are seen along with the best estimate 
case.  The parameter values used for the best estimate were reviewed and are within 
manufacturing allowances and agree well with known measurements of individual parameters.  
Therefore, the best estimate sensitivity case was used for this analysis. 
 
The bundle model allows for the calculation of deformation of fuel bundles in dry storage.  
However, it does not calculate KI values for the specific assembly weld geometries.  To do this, 
a submodel of the assembly weld including the weld discontinuity, as shown in Figure 6, was 
developed and validated.  The calculated deformation around the assembly weld from the 
bundle model was mapped onto the assembly weld submodel and KI values around the weld 
discontinuity were calculated. 
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Figure 5: Sensitivity Study Results for 28-Element Fuel Bundle Model 

 

3.2 Evaluation of KI in Used Fuel Bundles 

The details of the case study to evaluate stress levels in dry-stored CANDU fuel and the 
associated KI values in the assembly welds is documented in Lampman and Popescu (2010).  
The analysis focussed on an evaluation of the 28-element fuel bundle model. 
 
 

 

Figure 6: 28-Element Assembly Weld Finite Element Submodel 
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Figure 7: Geometry of a Nominal Bundle in a Module Tube 

 
The irradiated 28-element fuel bundle model was used to calculate the stress distributions and 
KI values for several dry storage scenarios.  For all calculations, the hollow fuel element model, 
which ignores stiffening effects of fuel pellets, was used to give conservative results1.  The 
following analysis cases were evaluated: 
 

 Irradiated fuel bundle in free space with a typical post-discharge geometry (an example 
is given in Figure 4). 
 

 Irradiated fuel bundle in a module tube with an as-manufactured geometry. 
 

 Irradiated fuel bundle in a module tube with a post-discharge geometry. 
 

 Irradiated fuel bundle in a module tube with a limiting element bow due to crept fuel 
channel. 
 

The geometry of a fuel bundle in a module tube is shown in Figure 7.  It has been assumed in 
this analysis that the orientation of the fuel bundle in the module tube is identical to the 
orientation of the bundle in the fuel channel. 
 
For all analyses, the stress distribution in the endplate was plotted (an example is given in 
Figure 8) to determine at which assembly weld the axial stress was the greatest.  The welds 
with the greatest axial tensile stress were identified.  From this information, several assembly 

                                                
1 The material properties and geometry of irradiated fuel pellets is variable and difficult to model.  During irradiation, 

the microstructure of the pellets varies across its radius and the pellets will crack.  To account for this uncertainty, 
they were not modelled, thus increasing the predicted element deflections and associated KI values at the 
assembly welds. 
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welds were chosen for further analysis to determine the maximum KI around the assembly weld.  
The results of this for the four cases evaluated are given in Table 1. 
 
 
 

 

Figure 8: Axial Component of Stress Distribution in the Endplate for a Used Fuel Bundle 
in a Module Tube 

 
 
 

Table 1: Summary of Calculated Stress Intensity Factors for Dry Storage Case Study 

Analysis Case (28-Element Fuel Bundle) Bundle Ring 
Maximum KI 
(MPa m1/2) 

Post-Discharge Geometry in Free Space 
Outer 1.48 

Intermediate 0.83 

Nominal Geometry in Module Tube 
Outer 1.01 

Intermediate 0.97 
Post-Discharge Geometry in Module Tube Outer 2.45 

Crept-Channel Geometry in Module Tube 
Outer 1.53 

Intermediate 3.04 
 
 
  

Units of MPa 
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4. CRITICAL STRESS INTENSITY FACTOR FOR DHC 

In parallel with the development of the finite element fuel bundle stress model, Kinectrics 
developed a test apparatus and test methodology to determine the critical stress intensity factor 
required to initiate DHC and measure the delayed hydride crack velocity (DHCV).  Testing was 
performed on 28- and 37-element unirradiated fuel bundles from General Electric Hitachi  
(GE-H) and Cameco Fuel Manufacturing (CFM) to investigate differences in DHC initiation 
between different bundle designs and manufacturers. 
 

4.1 Test Methodology 

The test apparatus and procedure, as well as the results of testing of elements from different 
CANDU fuel bundle manufacturers, have been described in a series of reports issued by 
Kinetrics (Shek and Wasiluk, 2009; Shek, 2010).  The test procedure and results are 
summarized briefly here. 
 
All testing was performed on samples taken from unirradiated fuel bundles without fuel pellets 
that were acquired from GE-H (28- and 37-element bundles) and CFM (37-element bundles).  
The bundles were produced using standard manufacturing processes and the geometry and 
material properties of the assembly welds is consistent with that of fuel bundles manufactured 
for use in the reactor cores. 
 
The individual test samples are prepared from the fuel bundles.  To simulate hydrogen and 
deuterium concentrations in used fuel, the test bundle assembly welds are first hydrided to a 
target concentration of 40 ppm by weight using the electrolytic hydriding and thermal diffusion 
method (Shek and Wasiluk, 2009).  This concentration was chosen to be in excess of the 
terminal solid solubility for hydride precipitation at the test temperature (150oC) to ensure 
initiation of DHC would be independent of the hydrogen concentration.  The individual test 
samples were then removed from the fuel bundle using electric discharge machining to prepare 
samples as shown in Figure 9. 
 
 

 

Figure 9: 37-Element Sample for KIH Test (Shek, 2010) 
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The test apparatus is illustrated in Figure 10.  The fuel element sample is secured to the loading 
apparatus by the portion of the endplate still attached to the sample.  The sample was loaded by 
pulling on a cable placed around a groove in a collar attached to the fuel element.  This induces 
a tensile bending stress in the region of the assembly weld on the opposite side of the direction 
of the applied load.  The test sample, loading collar, and endplate clamp are all placed inside a 
furnace to maintain the test temperature of 150°C throughout the test.  The endplate clamp can 
be rotated so that the direction of loading around the weld, and thus location of maximum tensile 
stress, can be varied. 
 
DHC initiation is determined using an increasing load technique. In this technique, an initial 
applied load insufficient to initiate DHC is applied to the sample and increased in small steps at 
regular intervals until cracking is detected.  Monitoring of crack growth is performed using the 
direct current potential drop technique (Shek and Wasiluk, 2009).  Each applied load was held 
for approximately 50 hours to provide sufficient time for hydrides to form and cracking to initiate.  
If no cracking was detected, the load was increased by approximately 5% and held again to 
monitor for crack growth.  Once crack growth has been detected, the applied load is noted for 
further analysis to calculate the critical stress intensity factor.  In some test cases, the tests were 
extended beyond simply determining the DHC initiation load to also measure the stable DHC 
crack growth velocity.  For the determination of DHCV, after the initiation load was determined, 
the applied load was increased by approximately 30% and held for 50 hours. 
 
At several points throughout the test the sample is heated to approximately 240°C.  This first 
occurrence of this is immediately after the first load is applied.  This served two purposes: first, it 
preconditions the sample by ensuring the solubility of hydrogen is minimized, and secondly, it 
heat tints2 the assembly weld discontinuity so that the initial geometry and crack depth are  
 

 

Figure 10: DHC Test Apparatus (Shek, 2010) 

 

                                                
2 The heat-tinting cycle oxidizes the exposed crack surface, thus affecting its visible hue (i.e., lightness, or darkness, 

of the surface). 
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known.  The second occurrence of the heat cycle is performed if a DHCV measurement is going 
to be made.  Prior to increasing the applied load by 30%, the sample is heated to heat tint the  
exposed crack.  Finally, at the completion of the test, another heat cycle is performed to further 
tint the final cracked surface. 
 
After the loading of the sample is complete, it is removed from the apparatus and the endplate is 
detached from the endcap, exposing the surface of the weld discontinuity and DHC crack.  An 
example of this fracture surface is shown in Figure 11.  From the heat-tinting cycles, the initial 
depth of the weld discontinuity, the DHC crack growth from the initiation test, and the DHCV 
crack growth can be determined.  Additionally, in most cases, it is clear where DHC growth first 
occurred: either on the top of the sample, or to the side. 
 
A finite element model of the sample is then used to determine KIH from each test.  The applied 
load measured when crack growth first occurs and the measured depth of the weld discontinuity 
from the heat tinting boundaries are input into the model and KIH is calculated (Shek, 2010; 
Wasiluk, 2010).  For the DHCV values, they are determined from the measured crack growth 
during the DHCV test and the elapsed time for this test. 
 

4.2 Test Results 

The tests performed, and some key results, are summarized in Table 2 and Table 3.  In total, 
there were two series of tests performed: initial commissioning tests with a GE-H 37-element 
bundle (Table 2); and the KIH study tests to primarily determine KIH under dry storage conditions 
and evaluate differences of fuel bundle design and manufacturer on DHC initiation (Table 3), 
which included a set of GE-H 37-element tests, a set of GE-H 28-element tests, and a set of 
CFM CANDU-6, 37-element tests.  For all tests, elements from the outer ring of the bundle were 
used.  In the KIH study GE-H tests (Table 3), DHC was initiated on the inner side of the element 
facing the interior of the bundle (ID loading location) as well as the outer side (OD loading 
location). 
 
From the KIH study tests, there does not appear to be an observable difference in the calculated 
KIH values between the different fuel designs and manufacturers as there is a greater scatter in 
the results within one test series than between different series.  The calculated KIH value for the 
assembly welds were between 9.4 MPa m1/2 and 13.6 MPa m1/2. 
 
There also does not appear to be a difference between KIH values on the ID and OD side of the 
weld.  Since KIH is a material property, differences in material geometries between the ID and 
OD side don’t appear to significantly affect the material formed from the welding process.  
However, a difference is noticed in applied loads required to initiate DHC.  A greater load 
appears to be required to initiate cracking on the outer side of the element than the inner. 
 
The applied loads required to initiate DHC in the CFM fuel bundle are higher than the GE-H 
bundles, but the KIH appears to be the same, although this observation is made with a small 
number of results.  This is most likely explained by the lack of an observed weld discontinuity in 
the CFM bundle: the material property is the same as the GE-H bundles, but the stress riser is 
not present in the CFM bundle. 
 
 



 - 14 - 

 

Figure 11: Metallographic Cross-Section of Assembly Weld after Inner Diameter KIH and 
DHCV Test (Shek, 2010) 

 
There is a difference in the KIH values determined between the commissioning tests and the KIH 
study tests.  In the commissioning tests, the location of initiation considered in the calculation of 
KIH was always at the top of the element.  From two of the samples post-test weld examinations, 
07-09 and 07-140, initiation appears to have started at approximately 45°3, with applied loads of 
65 N and 62 N and KIH values of 8.3 MPa m1/2 and 7.9 MPa m1/2, respectively.  For the KIH study 
test samples 09-106 and 09-120, DHC initiation started at 45° and this was accounted for in the 
KIH calculations.  The applied loads were 64 N and 63 N with KIH values of 11.2 MPa m1/2 and 
10.7 MPa m1/2, respectively.  Therefore, for the same sample type, there is agreement with 
measured load values for initiation, but the calculated values (bending stress and KIH) differ. 
 
The reason for the differences in the KIH values between the two test series may be due to the 
difference in the bundles used between the series for test samples.  However, the similarity in 
the measured applied loads and very similar weld geometries of the samples suggest the 
material performance was the same.  One difference between the test series was the period the 
sample was held after DHC was initiated.  In the qualification tests, the samples appear to be 
held at-load for approximately 200 to 800 hours, whereas the KIH study test series samples were 
held at-load for 200 to 260 hours after initiation.  It is possible the additional crack growth period 
may complicate the ability to determine where the crack growth originated. 
 
In terms of the location for DHC initiation during the KIH study tests, the 37-element samples all 
initiated to the side of the plane in which the load was applied (denoted as 45° in Table 3).  This 
is consistent with the modelling work performed by Kinectrics (Wasiluk, 2010).  For the 28-
element samples, the ID initiation was in the plane of the applied load (denoted as 0° in Table 
3), but to the side for the OD test.  This is likely also explained by the work of Wasiluk (2010).  
The modelling work illustrated that when the weld extended to the edge of the endplate, and the 
endplate was not fixed at the weld, the maximum stress intensity factor around the weld was 45° 
from the endplate edge. However, when the weld did not extend to the endplate edge, or the 

                                                
3  The report does not explicitly mention the location of initiation for the commissioning tests, but the crack depths 

measured were all taken approximately 45° from the top of the element and the crack had grown the most at these 
points. 

DHC crack 
from KIH 

t t

DHCV crack 

Weld 
discontinuity 
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endplate was fixed at the weld, the maximum KI around the weld was at 0°.  The 37-element 
outer-ring weld has a diameter that is nearly the width of the endplate, and therefore, both ID 
and OD loading should see DHC initiation at the sides.  However, the 28-element weld diameter 
is smaller than the endplate width, and the OD side of the weld extends to the edge of the 
endplate, whereas the ID does not.  This appears to explain why the location of DHC initiation 
varies from the ID to OD side for the 28-element bundles, whereas it does not for the 37-
element bundle. 
 
 

Table 2: Results of DHC Apparatus and Methodology Commissioning Tests 

 
Test # 

Test Bundle 
 

Element 

 
Loading 
Location

DHC Initiation 
 

KIH 
(MPa√m) 

 
Location 
for DHC 
Initiation 

Manu- 
facturer 

# 
Elements 

Load 
(N) 

Bending 
Stress 
(MPa) 

07-09 GE-H 37 6 - 65 184 8.3 - 
07-67 GE-H 37 2 - 62 163 7.7 - 

07-104 GE-H 37 13 - 62 167 7.9 - 
07-140 GE-H 37 15 - 62 170 7.6 - 
07-164 GE-H 37 8 - 62 155 13.6 - 

 
 

 Table 3: Results of KIH Study Tests 

 
Test # 

Test Bundle 
 

Element 

 
Loading 
Location 

DHC Initiation 
 

KIH 
(MPa√m) 

 
Location 
for DHC 
Initiation 

Manu- 
facturer 

# 
Elements 

Load 
(N) 

Bending 
Stress 
(MPa) 

09-106 GE-H 37 2 ID 64 282 11.2 45° 
09-120 GE-H 37 5 ID 63 282 10.7 45° 
09-136 GE-H 37 8 ID 72 334 11.1 45° 
09-148 GE-H 37 15 ID 76 367 13.1 45° 
09-124 GE-H 37 17 OD 83 346 12.2 45° 
09-125 GE-H 28 2 ID 53 227 10.1 0° 
09-130 GE-H 28 4 ID 53 214 10 0° 
09-144 GE-H 28 15 ID 56 220 13.6 0° 
09-172 GE-H 28 6 ID 53 225 9.4 0° 
09-182 GE-H 28 8 OD 67 285 11.6 45° 
09-135 CFM 37 6 ID 731 253 NA2 45° 
09-186 CFM 37 18 ID 85 277 12.2 45° 
09-204 CFM 37 5 ID 80 255 12.1 45° 
09-208 CFM 37 16 ID 80 325 NA3 45° 
10-16 CFM 37 9 ID 931 324 NA2 45° 

Table Notes: 
1 Crack initiation not picked up by potential drop measurement, load at initiation back calculated based on 
crack size and typical crack velocities to determine time at which cracking most likely initiated. 
2 KIH not reported since it is based on extrapolated load. 
3 Endplate portion of this sample contained portion of the radial web so finite element model could not be 
used to calculate KIH.  
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5. DISCUSSION 

The purpose of the finite element stress modelling presented in Section 3 and the DHC critical 
stress intensity testing in Section 4 is to evaluate if it is possible DHC cracking could be present 
in used CANDU fuel in dry storage containers.  Comparison of the modelled KI values for 28-
element bundles with the experimental KIH values provides a means to evaluate the presence of 
DHC in Pickering NGS used fuel.  The work performed for this program strongly suggests that 
DHC is not expected to occur in 28-element fuel bundles.  However, some uncertainties exist 
that were not addressed in this work. 
 

5.1 Finite Element Maximum Assembly Weld Stress Intensity Factors 

Full-bundle mechanical stress modelling of 28-element CANDU fuel models for varying 
conditions in horizontal dry storage was summarized in Section 3.  Stress distributions were 
computed throughout the bundle, and for assembly welds with the largest stresses, the 
maximum stress intensity factor at the tip of a 0.5 mm weld discontinuity was calculated.  For 
the purposes of dry storage, DHC of an outer-ring weld is of key importance, as it could result in 
a loose element that affects handling of the fuel bundle.  It may be possible that a cracked weld 
on the interior of the bundle affects the bundle's response to impacts and vibration, but it is 
unlikely it would affect handling of the bundle structure. 
 
One scenario evaluated a nominal bundle geometry (i.e., no initial deformation and perfectly 
straight elements) in a DSC module tube.  In this scenario, the maximum KI value was 
calculated to be 1.01 MPa m1/2 in an outer-ring element.  The maximum tensile axial component 
of the stress field across the weld was found to be approximately 20 MPa and the element mid-
plane displacement was approximately 0.3 mm. 
 
The nominal bundle geometry is not considered a realistic scenario for the majority of used 
CANDU fuel bundles because post-irradiation examinations show that the bundles creep during 
irradiation.  Using post-irradiation examination information as inputs into the fuel bundle 
geometry, another scenario was evaluated where a fuel bundle with a post-irradiation geometry 
was modelled in a DSC module tube.  In this scenario, the maximum KI value calculated was 
2.45 MPa m1/2 for an outer-ring element.  The maximum tensile axial stress component across 
the weld was 44 MPa and the element mid-plane displacement was approximately 0.9 mm. 
 
One other scenario was investigated where a bundle with an identical amount of bow of each 
element was modelled inside a DSC module tube.  The amount of bow was taken to be that 
necessary to conform with current sag profiles of CANDU fuel channels.  This scenario was to 
represent a situation where a bundle from an aged, sagged pressure tube is placed in a straight 
module tube.  The geometry of the bundle is not truly representative of the bundle geometry 
from an aged channel as it does not consider diametrical expansion of the pressure tube and its 
effect on the bundle's geometry.  However, it was investigated to see if ageing of the reactors 
could affect DHC initiation in used fuel.  The calculations indicated the maximum KI value would 
be for an intermediate-ring element with a value of 3.04 MPa m1/2.  However, the maximum KI 
for an outer-ring element was 1.53 MPa m1/2 with a maximum axial stress component of 
approximately 28 MPa and a mid-element displacement of approximately 0.6 mm. 
 
The KI calculations performed suggest the outer-ring values in used fuel may be as large as 2.5 
MPa m1/2.  As well, the effects of post-discharge geometry on stress intensities at the assembly 
welds may also be larger than stresses induced by constraint of the bundles in module tubes 
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under gravitational loading, assuming there is no significant re-orientation of the used fuel in dry 
storage. 
 

5.1.1 Effect of Zircaloy-4 Material Property Variations 

The stress model developed for this work assumed there was no variation in the material 
properties of the Zircaloy-4 throughout the bundle (Popescu and Lampman, 2010).  This is 
known not to be true of manufactured CANDU fuel bundles: the fuel sheath is specially textured 
compared to the rest of the Zircaloy-4 material which results in different mechanical properties, 
and there are multiple heat affected zones—assembly welds, closure welds, and appendage 
brazing areas—that would also affect the material properties.  However, the unirradiated model 
validation exercises showed excellent agreement between the modelled predictions of element 
bending and the experimental measurements (Popescu and Lampman, 2010).  This suggests 
that modelling the variations in Zircaloy-4 material properties throughout the bundle is not 
required to predict the bundle's response to element bending loads. 
 
On a more local level, material property variations throughout the assembly weld would be 
expected to have an observable effect on DHC initiation.  The DHC testing summarized in this 
report calculated KIH values from measured applied loads on the test samples.  A finite element 
model of the sample was prepared which accounted for an idealized geometry of the sample 
(i.e., a smooth, circular crack front), but it did not model the material variations in the weld as the 
material properties are unknown.  Similarly, the assembly weld submodels used to calculate KI 
values accounted for an idealized weld geometry and homogeneous material properties.  As 
such, the KI and KIH values determined in this work may not be true values for the CANDU 
assembly welds, but they were determined using the same assumptions and can be used for 
comparative assessment. 
 

5.1.2 Effect of Fuel Pellets on Fuel Element Bending 

The fuel pellets within the fuel sheath have a large effect on the stiffness of an element.  The 
fuel element model contained individual pellets and their contacts with adjacent pellets and the 
surrounding sheath.  This was required to match the mechanical response of the unirradiated 
fuel element during validation tests.  Prior to irradiation, the fuel pellets are solid, homogeneous, 
and have a well defined geometry.  However, after irradiation, the pellets contain radial and 
circumferential cracks and chips and the grain structure is no longer homogenous in the pellet.  
Insufficient data exists on mechanical behaviour of irradiated fuel pellets to accurately model 
their behaviour.  Due to the uncertainties in modelling irradiated pellets, they were removed 
from the irradiated fuel models used to evaluate stresses and KI values in dry-stored CANDU 
fuel bundles. 
 
To investigate the effect irradiated pellets may have on the fuel element bending and assembly 
weld KI values, a comparison of bending of a fuel element without pellets and one with solid 
pellets in very near contact with the sheath was performed (Lampman and Popescu, 2010).  
Under identical loading conditions, the introduction of the pellets reduced the mid-element 
displacement, or bending, by approximately 40% and the maximum assembly weld KI reduced 
by approximately 50%.  The solid pellet in contact with the sheath is probably a bounding case 
for stiffening of the element, but this suggests that the presence of irradiated fuel pellets would 
reduce the KI values at the assembly welds, possibly by a factor of two.  Therefore, the 
modelled response of used CANDU fuel bundles in dry storage without the pellet-to-sheath 
interaction is expected to be conservative with respect to DHC. 
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5.1.3 Effect of Weld Morphology and Crack Depth 

The DHC testing performed by Kinectrics (Shek, 2010) provided a large amount of good 
information on the assembly weld morphology.  The variability in the morphology was clear from 
the post-test weld cross sections.  In some cases, the weld and discontinuity seemed to have an 
elliptical shape in the plane of the weld, whereas in other cases the shape was more round.  
Kinectrics investigated the effect of elliptical versus round weld profiles on the computed KI 
values and found the difference to be within approximately 10% of each other (Wasiluk, 2010).  
Therefore, there is an uncertainty in stress intensity factors calculated using idealized 
geometries compared to the real geometries, but the effect appears to be minor. 
 
A feature of the assembly welds that would have a more significant effect on the calculated 
stress intensity factors is the discontinuity depth.  The stress model calculations assume a depth 
of 0.5 mm.  However, the discontinuity depths appear to be mainly in the range of 0.2 mm to  
0.3 mm (Shek, 2010).  The relationship between stress intensity factor and crack depth for a 
circumferential crack in a rod is, 

 √ , 
where c is the crack depth.  Therefore, accounting for a more realistic weld discontinuity depth, 
the KI values would be reduced by approximately 25% to 35%. 
 

5.2 28-Element DHC Initiation Test Measurements 

As given in Table 3, the unirradiated DHC testing of 28-element CANDU fuel found KIH values in 
the range of 9.4 MPa m1/2 to 13.6 MPa m1/2 for DHC initiation in outer-ring elements (Shek, 
2010).  Based on the tests performed, it is not possible to determine if there is a difference in 
initiation between the inner and outer diameter of the endplate.  The 28-element values are 
consistent with the KIH values ranging between 10.7 MPa m1/2 to 13.1 MPa m1/2 for the tested 
37-element fuel samples from the KIH study tests (Shek, 2010).  Values as low as 7.6 MPa m1/2 
were recorded by Kinectrics for a GE-H 37-element fuel during the commissioning tests, but the 
location of crack initiation is not clearly understood and could increase the KIH values.  Apart 
from the commissioning test results, it appears there is no systematic difference in the KIH value 
between the different fuel designs and manufacturers. 
 
While the KIH values appear to be consistent between manufacturer and fuel design in the KIH 
study test series, there are observable differences in initiation load and bending stress.  For the 
28-element bundle, the initiation load and bending stress for the inner diameter side of the 
endplate was approximately 53 N and 220 MPa, respectively.  However, for the outer diameter 
side of the endplate, the equivalent values were slightly higher at 67 N and 285 MPa and the 
crack initiated 45 degrees from the radial direction, which is likely a result of the different loading  
 

Table 4: Summary of DHC Critical Stress Intensity Factors for Irradiated Zircaloy-2 

Material 
Temperature

(°C) 
Irradiation 

Hydrogen 
(ppm) 

KIH

(MPa m1/2) 

Zircaloy-2 Cladding 
(Efsing and Pettersson, 2000) 

200 
33.9 MWd/kgU 560–1,000 12.5 ± 0.2 
35.9 MWd/kgU 1,200–1,900 12.7 

300 
33.9 MWd/kgU 560–1,000 9.9 ± 0.3 
35.9 MWd/kgU 1,200–1,900 9.9 ± 0.2 

Electron Beam Welded 
Zircaloy-2 
(Schofield et al., 2002) 

200–255 3–5 x 1025 m-2 55 8–12 
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conditions.  This observation suggests greater bending of the element is required to initiate DHC 
for elements bowed into the bundle than away.  An increased load to initiation of DHC on the 
outer diameter of the 37-element bundle was also observed, and differences in initiation loads 
between the 37-element bundle manufacturers are apparent. 
 

5.2.1 Effect of Irradiation 

The KIH values determined from this work are for unirradiated material, and a question remains 
as to the effect irradiation will have on the critical stress intensity factor.  There does not appear 
to be any published data on irradiated Zircaloy-4 KIH values.  However, some information on 
irradiated Zircaloy-24 cladding and electron-beam welded material is available and is presented 
in Table 4. 
 
The work on high-hydrogen, high-irradiation Zircaloy-2 cladding5 (Efsing and Pettersson, 2000) 
found KIH values similar to the unirradiated Zircaloy-4 weld results.  Efsing and Pettersson 
commented that the effect of irradiation in Zircaloy material was observed to be less than 
theoretical models.  For the 200°C temperature tests, the effect of irradiation lowered the 
measured KIH by approximately 10% of the unirradiated value with the effect increasing at 
higher temperatures.  The work on high-irradiation electron beam welded Zircaloy-2 (Schofield 
et al., 2002) measured KIH values within a range very similar to those measured as part of this 
work. 
 
DHC initiation is sensitive to the material and micro-structure, and the KIH values determined for 
Zircaloy-2 are not directly applicable to Zircaloy-4.  However, given the alloys are very similar 
and the apparent similarity in KIH values in the literature and determined by Kinectrics (Shek, 
2010), it is expected that the effect of irradiation will be similar on KIH between the two alloys.  
Therefore, irradiation will slightly lower the measured unirradiated assembly weld KIH values, 
possibly by an approximate amount of 1-2 MPa m1/2. 
 

5.3 Evaluation of the Presence of DHC during Dry Storage 

The results of the CANDU fuel bundle stress model analysis on 28-element fuel bundles 
suggest stress intensity factors in the assembly welds would not exceed 3 MPa m1/2.  Based on 
the conservatism in the models from lack of fuel pellets and deeper cracks than measured, the 
upper bound may be more realistically around 1 MPa m1/2.  The KIH testing suggested stress 
intensity factors in the range of 9.4 MPa m1/2 to 13.6 MPa m1/2 would be required to initiate DHC 
in the assembly welds.  The qualification tests suggest lower KIH values in the range of 7.6 MPa 
m1/2 to 13.6 MPa m1/2, although the location of initiation of the cracking is not well understood in 
these tests.  Considering the effect of irradiation, the KIH values would be lower, probably by 1-2 
MPa m1/2 based on Zircaloy-2 testing.  The difference between the expected KI and KIH values is 
still significant and DHC is not expected during dry storage of used 28-element CANDU fuel 
bundles in a DSC. 
 

                                                
4  Zircaloy-4 is a very similar alloy to Zircaloy-2 with the same crystal structure, a slightly higher iron content 

(approximately 0.04 to 0.11 %wt), and the removal of Nickel (accounting for approximately 0.08 %wt of Zircaloy-2) 
to reduce the amount of hydrogen uptake (Wah Chang, 2003). 

5  The samples have high levels of hydrogen and higher irradiations when compared to commercial CANDU fuel. 
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This conclusion makes sense from the perspective of total bending of the fuel element.  Large 
deflections of the fuel elements were noted during the DHC testing.  A 2.5 mm deflection of the 
free end of a 37-element fuel element sample (approximately 70 mm from the weld) resulted 
from the 48 N loading case (Shek, 2010).  All tested samples required larger loads, and thus 
larger deflections, to initiate DHC.  Therefore, a fuel element would need to bend by possibly 
more than 9 millimetres at the element mid-point to initiate DHC.  This level of bending is not 
expected, and may not even be possible in constrained module tubes. 
 
The stress intensity factors in used 37-element fuel bundles were not evaluated in this work.  
However, the conclusion that DHC is not present is expected to hold as the KIH values appear to 
be the same, the weight and overall dimensions of the bundle are similar, and the weld stress 
intensity factors are unlikely to be several multiples greater than the 28-element values as the 
bending constraints posed by the element interactions and module tube dimensions are similar. 
 

5.3.1 Remaining Uncertainties 

A key uncertainty remaining from this work is the effect of residual stresses in the assembly 
weld region due to manufacturing processes.  It was noted from the DHC testing program 
(Shek, 2010) that once the intact bundle was cut, the elements sprung out from the bundle's 
axis.  This suggests that there is a significant residual stress induced in the bundle from 
manufacturing.  However, the magnitude of the residual stress and its effect on delayed hydride 
cracking at the assembly welds is uncertain. 
 
It is expected that the magnitude of the residual stress field will be reduced during irradiation.  
During irradiation, the fuel is exposed to a high neutron flux at nearly 300°C for approximately 
one year before discharge.  During this period, the bundles creep into a new shape determined 
by the pressure tube constraints.  This has been observed in post-irradiation examinations of 
used CANDU fuel.  The residual stress in the bundle from manufacturing is expected to relax 
during the creep process.  However, the amount of creep relaxation was not analyzed in this 
work and remains unknown6. 
 
The actual orientation of the fuel bundles in dry storage modules is unknown.  It was assumed 
in this analysis that the orientation in storage is identical to the orientation in the fuel channel, 
but if this is altered, it may be possible to reach higher stress intensity factors at the weld 
discontinuity.  However, the KIH testing also indicates that mid-element displacements larger 
than several millimetres, which is much greater than calculated in the stress models, would be 
required to initiate DHC.  This increased level of deformation is not expected by varying the 
orientation of the bundle in dry storage. 
 
Another uncertainty in this analysis is the effect of varying used fuel geometries.  During 
irradiation, the spacer pads, which maintain the separation of adjacent fuel elements, wear and 
this would have an effect on the amount of element bending that may occur.  A relatively minor 
amount of Post-Irradiation Examination data exists and it was used to evaluate the effect of 
permanent element bowing on DHC, but other bundle conditions—such as mechanical damage 
due to interaction with fuel channel or fuel handling objects—have not been accounted for.  
Much more detailed Zircaloy-4 material properties would be needed, such as non-linear 
properties, to account for this, but this data does not exist for irradiated Zircaloy-4.  These 

                                                
6   Anecdotally, fuel bundles have been manufactured and used for demonstration purposes for decades and there 

are no known instances of unexpected cracking of the assembly welds. 



 - 21 - 

mechanical damage observations on used fuel are rare, but such a condition may possibly 
promote DHC. 
 
While the bowing of used CANDU fuel elements has been considered in the models, the 
deformation of endplates has not.  Currently, the modelled endplates are perfectly flat, but 
during manufacturing the endplate at the welds tends to be pushed into the bundle relative to 
the non-weld endplate sections.  Furthermore, irradiation can lead to endplate doming (concave 
or convex distortion) or parallelograming (axial skewing) of the endplates.  The effects of this 
geometry on DHC initiation during dry storage have not been analyzed. 
 
The effect of irradiation on the Zircaloy-4 material properties is also a source of uncertainty.  An 
expected effect on the KIH value for the weld material has been discussed based on a literature 
review of similar materials, but direct observation of this effect was not made.  The effect of 
irradiation on material properties used in stress modelling was taken from MATPRO (MATPRO, 
2003), which should be reasonable, but verification of the properties was not possible.  The 
magnitude of the effect of the UO2 fuel pellets on element bending is unknown, but a 
conservative approach was taken to bound the stress analysis so the irradiation uncertainties 
are relatively minor. 
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6. CONCLUSIONS 

The work summarized in this document was performed as part of the NWMO's Used Fuel 
Integrity program to evaluate the condition of used fuel during dry storage.  More specifically, 
this work examined whether DHC is a likely degradation mechanism during dry storage in OPG 
Dry Storage Containers for periods extending up to 100 years.  The results of the experimental 
DHC initiation study and finite element stress modelling of CANDU fuel bundles suggest that 
DHC will not occur in used fuel during dry storage. 
 
The work performed on DHC initiation has focussed on the condition of used fuel at the start of 
dry storage where the temperature of the fuel is between 130°C to 150°C.  The post-discharge 
geometry of the fuel elements has been considered and the stress distribution throughout the 
bundle was calculated for 28-element fuel bundles resting horizontally in dry storage containers.  
The calculated stresses and deformations are relatively low with no mid-element bending more 
than 1 mm.  The assembly welds of the fuel bundles are known to have weld discontinuities, 
which are effectively cracks due to the sharpness of the discontinuity tip, and the stress intensity 
factors at the crack tips resulting from element bending were calculated.  All calculated values 
were relatively low and remained below 3 MPa m1/2.  These calculations were based on 
conservative models without the stiffening effect of the UO2 fuel pellets within the fuel elements 
and deeper weld discontinuity depths than observed in this program. 
 
To evaluate whether the calculated stress intensity factors were sufficient to initiate DHC, an 
experimental program was created to determine critical stress intensity factors for DHC in 
CANDU fuel assembly welds.  This work suggests that the KIH value for the unirradiated 
Zircaloy-4 assembly weld is in the range of 7.6 MPa m1/2 and 13.6 MPa m1/2.  The effect of 
irradiation on KIH was not tested, but based on similar materials it is expected to lower KIH by a 
relatively minor amount.  The CANDU 6 fuel bundles manufactured by Cameco Fuel 
Manufacturing did not appear to contain a weld discontinuity and initiation loads were higher, 
suggesting they are less sensitive to DHC. 
 
There are several remaining uncertainties in this analysis.  The effect of residual stresses from 
the manufacturing process has not been evaluated.  While unknown, it is not expected to have a 
significant effect on initiation due to creep relaxation of the fuel bundles while in the reactor 
cores.  The effect of used fuel with abnormal geometries, such as observable mechanical 
deformation, is also unknown.  However, as determined by Lazaroski et al. (2005), the 
percentage of fuel with abnormal geometries is less than 1% of all used fuel, and the majority of 
fuel within the 1% exhibits very minor deformation unlikely to result in DHC initiation. 
 
Comparison of the conservatively calculated maximum stress intensity factor of 3 MPa m1/2 with 
the minimum critical stress intensity factor of 7.6 MPa m1/2, which may be lowered by 
approximately 2 MPa m1/2, required to initiate DHC indicates that DHC is not likely an active 
degradation mechanism for dry-stored CANDU fuel in a Dry Storage Container as there is 
sufficient margin to account for remaining uncertainties. 
 
  



 - 23 - 

 
ACKNOWLEDGEMENTS 
 
The authors would like to thank Jose Freire-Canosa and Zvonko Lovasic of the NWMO for 
many contributions throughout the DHC program lifetime; Gordon Shek, Bogdan Wasiluk, and 
Harry Seahra of Kinectrics for the DHC initiation work; Adrian Popescu of AMEC NSS for 
significant contributions to the fuel bundle stress modelling; Jay Snell of Stern Laboratories for 
the unirradiated CANDU fuel bundle validation testing; and Darren Radford of AECL for early 
contributions to the design of the DHC initiation testing work. 
 
 
REFERENCES 
 
Efsing, P. and K. Pettersson.  2000.  Delayed hydride cracking in irradiated zircaloy cladding.  

Zirconium in the Nuclear Industry: Thirteenth International Symposium, ASTM STP 
1423.  West Conshohocken, United States of America. 

 
Ikeda, B.M.  2002.  Corrosion of cladding in a dry storage environment.  Ontario Power 

Generation, Nuclear Waste Management Division Report 06819-REP-03723-10001-
R00.  Toronto, Canada. 

 
Lampman, T.J. and T.A. Daniels.  2005.  Proposed tests and examinations to provide 

assurance of fuel integrity during dry storage and subsequent handling.  Ontario Power 
Generation, Nuclear Waste Management Division Report 06819-REP-03720-00009-
R00.  Toronto, Canada. 

 
Lampman, T.J. and A. Popescu.  2008.  CANDU fuel bundle stress model for used fuel dry 

storage analysis.  AMEC NSS Document NW007/RP/001 R00.  Toronto, Canada. 
 
Lampman, T. and A. Popescu.  2010.  Initial evaluation of mechanical stress distributions in 

spent CANDU fuel bundles.  Nuclear Waste Management Organization Report NWMO 
TR-2010-11.  Toronto, Canada. 

 
Lazaroski, M., T. Lampman, S. Wadsworth and E. Kohn.  2005.  Reference fuel characteristics 

at the start of dry storage.  Ontario Power Generation, Nuclear Waste Management 
Division Report 06819-REP-03720-00007-R00.  Toronto, Canada. 

 
Lovasic, Z. and P. Gierszewski.  2006.  Used fuel integrity during dry storage: Investigation 

Program.  Ontario Power Generation, Nuclear Waste Management Division Technical 
Report: 06819-REP-03720-00006-R01. Toronto, Canada. 

 
MATPRO.  2003.  SCADAP/RELAP5-3D code manual volume 4: MATPRO – a library of 

materials properties for light-water-reactor accident analysis.  INEEL/EXT-02-00589, 
Volume 4, Revision 2.2. 

 
McMinn, A., E.C. Darby and J.S. Schofield.  2000.  The terminal solid solubility of hydrogen in 

zirconium alloys.  Zirconium in the Nuclear Industry: Twelfth International Symposium, 
ASTM STP 1354.  West Conshohocken, United States of America. 

 



 - 24 - 

Popescu, A. and T. Lampman.  2010.  CANDU fuel element model development and sensitivity 
study.  Nuclear Waste Management Organization Report NWMO TR-2010-12.  Toronto, 
Canada. 

 
Rashid, Y.R., D.J. Sunderland and R. Montgomery.  2000.  Creep as the limiting mechanism for 

spent fuel dry storage.  Electrical Power Research Institute Report 1001207.  Palo Alto, 
United Stated of America. 

 
Schofield, J.S., E.C. Darby and C.F. Gee.  2002.  Temperature and hydrogen concentration 

limits for delayed hydride cracking in irradiated zircaloy.  Zirconium in the Nuclear 
Industry: Thirteenth International Symposium, ASTM STP 1423.  West Conshohocken, 
United States of America. 

 
Shek, G.K. and B.S. Wasiluk.  2009.  Development of delayed hydride cracking test apparatus 

and commissioning tests for CANDU fuel bundle assembly welds.  Nuclear Waste 
Management Organization Report  NWMO TR-2009-08.  Toronto, Canada. 

 
Shek, G.K.  2010.  Determination of the threshold stress intensity factor and velocity of delayed 

hydride cracking of endplate welds in CANDU fuel bundles with different design and 
manufacturers.  Nuclear Waste Management Organization report NWMO TR-2010-25  
Toronto, Canada. 

 
Wah Change.  2003.  Technical data sheet: reactor grade zirconium alloys for nuclear waste 

disposal.  Available at www.alleghenytechnologies.com/wahchang. 
 
Wasiluk, B.S.  2010.  The effect of CANDU fuels bundles endplate/endcap weld morphology on 

computed stress intensity factors at the welds.  Kinectrics Report K-014829-030-RA-
0001-R00.  Toronto, Canada. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


