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ABSTRACT
Fuel channels in CANDU (CANadian Deuterium Uranium) nuclear reactors consist of two nonconcentric tubes; an inner pressure tube (PT) and a larger diameter calandria tube (CT), within
which the PT is contained. The gas annulus space between the tubes, known as the gap, ensures
that hydride blisters do not form on the outer diameter of the PT, as these can lead to potential
cracking. Consequently, accurate measurements are required to ensure that contact between PT
and CT is not imminent. The PT-CT gap is monitored from within the PT using an electromagnetic
eddy current probe called the gap probe. The gap probe has previously been investigated to
extract additional information from the channel past its intended purpose, including a method
to profile the inner PT surface by examining probe lift-off effects. This thesis looks at two other
areas of enhancement of the gap probe’s functionality; extracting the liquid injection shutdown
system (LISS) nozzle proximity to fuel channels, and extracting PT microstructural information by
monitoring local PT electrical resistivity. LISS-PT proximity information was extracted from an
experimental setup that could vary PT wall thickness, PT resistivity, PT-CT gap, LISS-PT proximity
and gap probe lift-off. Empirical models were identified over two effective detection ranges, and
out-performed remote field eddy current methods near LISS-CT contact. In addition, as PT-CT gap
algorithms become more sophisticated, the ability of being able to extract local PT resistivity from
gap inspection data will become available. The utility of local PT resistivity depends on research
linking resistivity to characteristics of interest to CANDU reactor operators. This work identified
that as PTs experience operating temperatures between 250-320 °C and their microstructure
transforms, specifically decomposition of the beta-phase, the resistivity is found to decrease by
up to 10%. This result has implications for some gap inspection algorithms that assume constant
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electrical resistivity. This change in resistivity due to heat treatment, if measured, could be
leveraged to provide axial and circumferential microstructural information that could be used by
probabilistic and deterministic fuel channel degradation models.
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CHAPTER 1
INTRODUCTION
When an industry is looking to save resources, whether it be money, material, or time on asset
inspections, non-destructive testing (NDT) is a reliable first choice. NDT is a non-destructive
alternative to destructive testing, which has the additional cost of destroying test samples.
Examples of NDT techniques include ultrasound, eddy current, radiography, magnetic
Barkhausen noise, ect. Industries in aerospace, oil and gas, and energy production all employ
forms of NDT to locate and monitor degradation of critical infrastructure. Common examples of
degradation are crack formation or alloy corrosion over a wide variety of alloys, geometries, test
environments and constraints. Cost savings can be as large as millions per inspection, which can
be achieved by saving money in time, materials used, or—in the case of environments with
radiation—reduced radiation dose to workers. Implementing these multi-million-dollar
inspection techniques begins typically with a requirement for inspection capability being
identified by an industry, followed by researchers developing or improving an inspection
technique.
CANDU® (CANadian Deuterium Uranium) nuclear operators want to reduce the revenue lost,
approximately $1 million per day, when their reactors are taken offline for scheduled outages.
Shortening this outage window or making outage activities more valuable to offset lost revenue
translates in to a more economical clean-energy-alternative for Ontario, and the world. The
following research accomplishes both methods of improving outage windows by extracting more
value from already-collected data to either replace costly inspections or add value to current
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inspections. The value added here takes the form of improved estimates and accuracies on
critical reactor measurements, cost-saving alternative inspection techniques to replace existing
inspections, and the opportunity to extract important information previously unavailable to
nuclear operators. All of this is achieved by analysing data collected by the pressure tube (PT)-tocalandria tube (CT) gap probe that inspects CANDU® fuel channels.
PT-CT gap monitoring is an important inspection performed to avoid a reactor life-limiting failure
mode and presents many opportunities for adding more value to maintenance outages. CANDU®
fuel channels are horizontal and as they age start to sag. The spacing between the inner pressure
tube (PT) and outer calandria tube (CT) decreases to a smaller gap at the 6 o’clock position and a
larger gap at the 12 o’clock position, as shown in Figure 1. If the warmer PT and cooler CT were
to touch, PT integrity could be lost due to potential PT cracking from hydride formation. Gap
inspections are made using the gap probe which senses electromagnetic channel properties—for
example impedance changes in the probe due to PT-CT gap changes. These changes in impedance
are a result of changes in parameters that include PT wall thickness (WT), PT electrical resistivity,
and probe liftoff (LO) from the inner diameter of the PT. The inspection only extracts PT-CT gap,
but more information could be extracted from the channel, such as the channel’s proximity to
other nearby metallic conducting structures, or the channel’s mechanical condition as it
undergoes irradiation, corrosion from hydrogen, and long durations at elevated temperatures.
All of this is possible provided that the channel properties of interest produce a requisite
electromagnetic response and algorithms are available or can be developed to extract this
information from gap data.
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50 mm

Figure 1: Quarter- section of fuel channel with coils similar to those found on gap probe. A LISS nozzle is beneath
the channel. Reproduced from P. F. D. Bennett, P. R. Underhill, J. Morelli, and T. W. Krause, “Eddy current
proximity measurement of perpendicular tubes from within pressure tubes in candu nuclear reactors,” in 44th
Annual Review of Progress in Quantitative Nondestructive Evaluation, 2018, vol. 230009, pp. 1–5., with the
permission of AIP publishing.

The following thesis describes development of an algorithm to detect the proximity of Liquid
Injection Shutdown System (LISS) nozzles to fuel channels using gap probe data and investigates
reactor conditions that could change the PT’s electrical resistivity. Both measurements would
add significant value to scheduled outages but in two different ways. Currently, LISS-CT
measurements, which is the measurement of the distance between the LISS nozzle outer
diameter and the CT outer diameter, see Figure 1, are made optically to ensure contact does not
occur between the two, which could result in CT fretting. The inspection is very expensive due to
inspection costs, support costs provided by the utility, and radiation dose received by workers.
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This optical technique cannot see all sites of interest, the quality of results have been called into
question [1], [2], and there exists no alternative to compare measured values. As fuel channels
sag and approach LISS nozzles the gap probe can sense the tube’s proximity and, through this
research, algorithms have been developed to analyse the gap data to extract this LISS nozzle
outer diameter- PT outer diameter proximity with sub-millimetre accuracy. The gap probe can
access all sites of interest for LISS inspections, piggybacks off other inspection campaigns to save
outage time, and has potential to replace one or more optical inspections. LISS inspections using
gap data can be considered a new inspection technique using existing data, which is similar to
the second half of this research of studying PT resistivity changes due to in-reactor conditions.
Advanced gap algorithms today cannot only extract the PT-CT gap but could also extract the local
PT resistivity with a high degree of accuracy [3]. This new functionality can be used to monitor
the PT’s microstructure in-reactor, provided there is a relationship between resistivity and fuel
channel properties linked to microstructure. This thesis examines the effects of heat treatment
on PT resistivity to provide a foundation for next generation inspection techniques and to
improve current gap measurement algorithm accuracy and estimates. This new inspection
technique can allow for monitoring the alloy’s microstructure in-reactor non-destructively, can
replace alternative outage inspections previously used to collect this data, and could add
significant value to outage activities.
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1.1 - SCOPE, METHODOLOGY, AND STRUCTURE
This thesis follows a manuscript style format with eight chapters in total. Two chapters will be
manuscripts with the other six being background or discussion chapters. The first three chapters
include the introduction, background, and experimental technique sections. These sections will
include reactor geometries, material properties of the relevant alloys, how reactor conditions
could affect in-reactor electrical resistivity, and how experimental measurements in a laboratory
setting can support the conclusions made in the two manuscripts. The following two chapters are
manuscripts. The first manuscript examines the effect of heat treatment on the PT resistivity and
its bearing on gap measurement predictions and accuracy along with new opportunities for inchannel microstructure monitoring. The second manuscript illustrates the model used to monitor
LISS-PT proximity using gap data, while accounting for all in-reactor variables. The last three
chapters are the discussion, conclusion, and future work sections, which discuss the manuscripts
in relation to each other and their bearing on current practices and knowledge in the industry
today.
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CHAPTER 2
LITERATURE REVIEW
The goal of this section is to provide the reader with context and background to accompany the
motivation provided in the introduction. The presented material will allow the reader to
confidently read the accompanying manuscripts and relate the findings to the larger context of
the nuclear non-destructive testing research field. To achieve this outcome, this literature review
is divided into two sections. The first section provides context for how eddy current inspection
are conducted and how they can be leveraged to provide additional information about the fuel
channel such as material properties and LISS nozzle proximity. This includes defining terms and
describing physical phenomena, along with how traditional signal analysis can yield additional
information. The second section provides context regarding factors in the fuel channel that can
contribute to a change in PT resistivity, which is of interest to the nuclear industry. The second
section includes modeling resistivity in heterogeneous binary alloys, and describes how to
measure resistivity in practice.

2.1 - EDDY CURRENT INSPECTION
The solutions developed in this thesis are made possible by an eddy current probe that inspects
CANDU® fuel channels. Understanding how the probe performs its measurements will illuminate
the potential feasibility of extracting additional fuel channel information.
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Eddy current testing is a form of non-destructive testing, which utilizes electromagnetic
induction. The inspection process can be described using well understood physical laws. Typically,
a combination of drive and pickup coils are used and this is referred to collectively as a probe;
however, single coil probes or coil array probes are also available. Exciting the drive coil with a
constant amplitude sinusoidal voltage generates a time dependent magnetic field and its effect
on nearby electrical circuits can be described by Faraday’s law. When the drive coil is brought
near conductive material, circulating eddy currents are induced that oppose the change in flux
according to Lenz’s law, as shown in Figure 2. It is a combination of the drive coil’s magnetic field
and the field’s produced by eddy currents in nearby conductors that excite the pickup coil and
produce a pickup signal. The frequency of the drive coil’s magnetic field, along with the
properties of the conductor and probe all have an effect on the conductor’s current behaviour,
and frequency and probe designs typically are optimized to improve inspection results. Eddy
current testing is used to detect the proximity of conductors, and the presence of cracks and
corrosion, among other quantities of interest [4]–[7], using the fundamental behavior described
above along with signal interpretation. The success of an eddy current inspection also requires
use of signal processing algorithms to extract inspection information.
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Figure 2: Illustration of eddy currents induced in a conductor. The blue field lines are the time-dependent magnetic
field lines produced by the drive coil, while the red currents in the conductor are the eddy currents. The yellow
field lines radiating from the conductor are the opposing magnetic field lines, which combined with the direct field,
excite a pickup coil (not pictured here). Image modified from [8].

In the fuel channel the pickup coil is excited by the eddy current’s magnetic field and a signal is
produced. The pickup coil signal is often presented as a Lissajous figure on the complex plane,
which is how the data is visualized and to which algorithms are applied to minimize error in gap
estimates [9]–[12]. From this AC voltage signal, two DC signals can be obtained for subsequent
analysis, the in-phase and quadrature components. Both are determined by utilizing the
orthogonality of sinusoidal functions. The components are obtained by multiplying the pickup
signal by a reference signal, at the drive signal’s frequency [4], [13]. The product is then
integrated over time. The reference signal is either in-phase with the drive signal or 90° out of
phase with it. Integrating yields the DC in-phase and DC quadrature signals, respectively, see
Figure 3 [13]. Plotting the quadrature signal against the in-phase signal yields curves/traces like
the one shown in Figure 3. Data points in Lissijous plots are often translated by adding or
subtracting a constant to produce an offset signal, and rotated around certain points based on
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convention within the research community, or to highlight certain behaviour. For example, liftoff is conventionally rotated to be increasing in the negative horizontal direction (X direction).
Changes in either the in-phase or the quadrature components are a result of the changes in the
impedance of the probe or the conductive geometry nearby. These changes can be analyzed
using algorithms to produce quantities of interest such as PT-CT gap, electrical resistivity, or the
proximity of nearby conducting structures like LISS nozzles in CANDU® reactors.

Figure 3 shows a PT-CT gap Lissajous plot. The trace has been offset so that the voltage response at a 5 mm gap is
at the origin. The trace has also been rotated so that increasing liftoff is in the -X direction at a 5 mm gap. The X
and Y scales are arbitrary.

2.2 - CANDU® NUCLEAR REACTORS
By understanding the inspection environment in CANDU® reactors the reader will appreciate the
complexity of fuel channel inspections and the potential to extract additional channel
9

information using eddy current testing. CANDU® nuclear reactors employ between 380
(Pickering, Point Lepreau reactors) and 480 (Bruce Power reactors) [14] horizontal fuel channels,
each consisting of a 6 m long Zr-2.5%Nb pressure tube (PT) held within a larger diameter Zircaloy2 calandria tube (CT). The fuel channels contain 12 fuel bundles, each 0.5 m long, which undergo
fission. The heat produced from this reaction (~250°C at the inlet end and ~310° C at the outlet
end) is drawn away by pressurized heavy water coolant [15]. The heat in the coolant is transferred
via heat exchangers to a light water working fluid, which is directed to steam turbines [15]. The
working fluid is turned into steam that drives the steam turbines attached to generators and
electrical power is produced. When the reactor is online, the warmer PT (~250-310°C) and cooler
CT (~80°C) are held separate by four garter spring spacers, which have diameters of either 4.8
mm (tight fitting) or 5.7 mm (loose fitting) depending on the reactor unit [9]. The space between
the two tubes is called the gap, and is filled with a thermally insulating gas, CO 2 for example, as
shown in the cross section schematic in Figure 4 [15].
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Figure 4: Cross-section of fuel channel with a LISS nozzle beneath. The channel is supported horizontally by the
calandria vessel as the weight of the channel and fuel bundles cause the channel to sag towards LISS nozzles.

The gap changes when the initially-centered PT sags and approaches the CT over time due to
heat, pressure, the weight of the fuel bundles and irradiation damage. The horizontal tubes
develop sag and the initial ~8 mm gap at the bottom of the tubes is reduced. Heat, pressure, and
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irradiation of the PT also causes PT elongation and the inner diameter to increase from an initial
~104 mm to an allowed inner diameter of 111 mm [9]. The volume of the PT material is conserved
during this axial and diametral expansion (also referred to as creep), which results in the wall
thickness reducing from an initial ~4.2 mm to an allowed limit of 3.7 mm before mitigating actions
(defueling and/or channel replacement) are required [15].
Conditions along the channel are not uniform, which impacts gap and complicates gap
inspections. The PT is exposed to temperatures ranging from 70-310 °C, pressures up to 130 MPa
[16], fast neutron flux up to 3.5 x 107 n⋅m-2⋅s-1 (E > 1 MeV), and corrosive heavy water (D2O)
coolant, see Figure 5 [16]. Neutron flux and temperature are non-uniform in the channel, both
axially and circumferentially. This is a result of flow bypass, coolant warming up from the inlet to
outlet end, a non-constant neutron flux distribution along the length of the channel and from
fuel bundle to bundle. Increased diametral creep at the centers of the fuel bundles develops,
with less creep arising in-between bundles, that results in the presence of PT constrictions at
bundle ends, see Figure 6. Non-uniform diametral creep along the PT, combined with sag,
increases the likelihood of PT-CT contact, which is undesired [15].
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Figure 5: Neutron flux and coolant temperature profiles for typical fuel channel. 6 o’clock and 12 o’clock refers to
the bottom and top of the horizontal fuel channel, respectively. Figure from [17].

Figure 6: Non-uniform diametral creep in typical CANDU 6 pressure tube. The local minimums along the channel
are in-between fuel bundles were there is a reduction in neutron flux and diametral expansion. A more-detailed
example can be seen in Ref. [18].

Monitoring the tubes’ separation is required to avoid a failure mode for the PT and fuel channel
overall. If the warmer PT contacts the cooler CT a large temperature gradient will develop in the
PT. This gradient accelerates the absorption of deuterium at the PT-heavy water interface on the
inner diameter of the tube [16]. Elemental deuterium is present at this interface due to PT
corrosion, which liberates deuterium from the heavy water coolant [19]. When the concentration
of deuterium in solid solution in the PT reaches a maximum, called the terminal solid solubility
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precipitation (TSSp) limit, the deuterium will precipitate out of solution and form hydrides at
localized regions of high stress [20]. Hydrides are a brittle metallic phase and reduce the fracture
toughness of the PT. Hydride precipitation can cause crack growth, delayed hydride cracking of
the PT and its consequent failure. To ensure this does not take place accurate monitoring of the
gap is required [21].
The condition of fuel channels inside CANDU® reactors is monitored using a variety of destructive,
such as scrape sampling [18], and non-destructive technologies including ultrasound [19] and
eddy current testing [22]. Multi-frequency eddy current inspection is used to reliably monitor the
PT-CT gap from within the PT. A surface riding probe called the gap probe, as shown in Figure 1,
travels in a helical trajectory down the fuel channel and is used to extract the gap at all positions
along its path[9], [22]. During a gap measurement, variation in several parameters can adversely
affect the extracted gap value and its associated accuracy [23]. These include variations in PT
resistivity (ρ), PT wall thickness (WT) and probe lift-off (LO) [19], which is the distance between
the inner radius of the PT and the nearest surface of the eddy current probe(see Figure 1). These
parameters are referred to as essential parameters [24]. Additional parameters that are
important to the success of the inspection but may not vary during inspection are referred to as
influential parameters [24], and in the case of gap inspections influential parameters are the PT
and CT diameters, CT WT, and CT resistivity.
The gap probe uses conventional multi-frequency eddy current testing with a transmit-receive
probe design, which typically contains a single drive coil and one or more receive coils. The drive
coil is excited by a superposition of time harmonic voltages at 2, 4, 8 and 16 kHz [9] that produce
time dependent magnetic fields. These fields induce eddy currents in surrounding conducting
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media according to Faraday’s Law, as described in Section 2.1. The pickup coil is excited by the
magnetic fields generated by the locally induced eddy currents. By comparing the pickup coil’s
response in the channel to signals measured in a calibration facility, the gap can be determined
[19]. This comparison is made using an algorithm that takes multiple inputs such as calibration
data, in-channel eddy current and ultrasonic WT measurements, in-channel physical PT
dimensions called gauging, and assumed essential parameters’ variation to produce a gap
estimate with a quoted accuracy. Nearby conducting structures that can affect gap signals are
not included in calibration measures, which can result in gap calculation issues.
Inside the calandria vessel there are both vertical and horizontal metallic structures that pass
near the fuel channels, which can affect gap inspections. Nuclear operators are interested in
knowing the proximity of these structures to, ultimately, avoid contact. These include Liquid
Injection

Shutdown

System

(LISS)

nozzles,

also

known

as

Liquid

Injection

Nozzles (LIN) [25]–[27], radiation mechanism detectors, and control rod shafts, as shown in
Figure 7[28][25]. On occasion, sagging of the fuel channel brings the channel within proximity of
structures that interact with magnetic fields generated by the gap probe. The gap probe signals
become modified and confidence in gap estimates and their associated accuracies at these
locations is reduced. This interaction with the gap probe provides an opportunity to develop
algorithms to extract their proximity.
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Figure 7: Schematic of CANDU® 6 reactor [29].

2.3 - ELECTRICAL RESISTIVITY
As touched upon in Section 2.1 and 2.2, electrical resistivity plays an important role in eddy
current testing as it provides information about the material under study [4], [5]. Resistivity is a
material property that dictates the electron transport behaviour in metals and is independent of
sample geometry. Resistivity and can be approximated for materials using multiple empirical and
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derived relations such as Matthiessen’s rule, Bloch-Grüneisen model, and effective medium
theory [30]–[32]. For example, monitoring resistivity can provide information about phase
composition [31], [32], system temperature [30], [33], impurity concentration [30], [34], and
provide material discrimination [4], [6]. Measuring the resistivity and then applying a model to
connect the resistivity to microstructural data forms a common basis for inspection techniques
[31], [35]–[38]. Extracting resistivity from fuel channel signals first requires developing
electromagnetic boundary value solutions that are used in PT-CT gap models. Fortunately, these
have already been developed [9]–[11], [22], [23], [39], [40]. Specifically for the fuel channel
alloys, there is a lack of research examining or modeling in-reactor effects on Zr-2.5 wt% Nb
resistivity, effects which have been observed to affect the resistivity of other nuclear alloys, and
this is discussed later in the Literature Review in Sections 2.5- 2.10. This missing information in
the public domain impacts the multi-million dollar gap inspection costs due to assumptions made
in their existing models. By understanding the details of gap modeling, gap inspections, and gap
modeling assumptions, which are the subjects of the following two sections, the connection
between resistivity and inspection costs will become apparent.

2.4 - GAP MODELING
Modeling of eddy current response in the presence of multilayer conducting structures first
began when researchers applied simplified flat plate models from the 1960’s to approximate the
fuel channel’s non-concentric tube geometry [9], [22], [40], [41]. Starting in the 1960’s, Dodd and
Deeds [42], [43] developed analytical solutions for the impedance of an eddy current coil due to
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changes in a nearby conductive flat plate. Since then, researchers have applied these models to
describe similar changes that occur during two coil PT-CT gap inspections. These models have
advanced to a point where their precision and sensitivity to multiple channel parameters
presents the opportunity to augment the gap probe’s inspection functionality. Desjardins et al.
[44] developed exact solutions to describe the electromagnetic coupling which occurs between
multi-coil eddy current probes and nearby conductors. Luloff et al. [40], [45] and Klein et al. [23]
later combined this work with that of Dodd and Deeds and Burke et al. [46]–[48] to develop
analytical and semi-analytical solutions for transmit-receive probes near layered flat plates and
within two concentric tubes [11]. The final geometry best describes the geometry found during
gap inspections, however implementation of the solutions is computationally expensive [23].
Luloff [49] and Klein [23] also produced finite element models to compare with analytical
solutions and this is discussed elsewhere [23], [49].
Luloff [49] and Klein [23] made several recommendations for future work. Select
recommendations included improving understanding of essential parameter variations during
inspections and to develop additional models for inspection geometries that occur in-reactor that
cannot easily be modeled analytically. Among the three essential parameters of probe LO, wall
thickness and PT resistivity, Klein [23] identified that potential PT resistivity variations was the
largest source of gap measurement error. PT WT and probe LO variations were compensated for
respectively, either by use of ultrasonic measurements, or spring pressure on the probe body
holding it against the PT, thereby enforcing a minimal LO. In contrast, unknown PT resistivity
variations could result in incorrectly extracted gap values or gap measurement inaccuracies,
along with changes in nearby LISS nozzles or CT ovality [22], [50]. It is the above
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recommendations for improving understanding of PT resistivity variations during inspections and
examination of the effect of inspection geometries that occur in-reactor, which cannot be easily
modeled analytically, that are the focus of this thesis.

2.5 - FUEL CHANNEL INSPECTION ASSUMPTIONS

In the measurement of gap using eddy current response combined with ultrasonic
measurements, physical dimensions and calibration, described in the previous sections,
assumptions were built into the procedure that should be revisited. These assumptions include
assuming certain essential parameters do not vary during inspection and that all available
information is extracted from the collected data [22]. The presence of additional conductive
structures, besides the PT and CT, are not compensated for in the gap estimate procedure. During
aging, the channel can sag and approach LISS nozzles that run horizontal, perpendicular, and
beneath the channel. This proximity can affect gap signals at these locations, which can be
leveraged to extract additional in-channel information such as LISS-PT proximity. Due to the 1
mm helical scan pitch, the algorithm calculates the gap within successive rings separated by 1
mm [9]. The algorithm assumes a constant CT diameter and wall thickness, and constant
resistivity for the PT and CT [51]. However, if these parameters change over the lifetime of the
channel, or vary along the length of the channel or within a circumferential scan, this could have
repercussions for the calculated gap and its stated confidence bounds [23]. Variations in
operating conditions, axially and circumferentially, have been shown to affect resistivity in other
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nuclear alloys and this is discussed below in preparation for examining these assumptions in the
manuscripts.

2.6 - REACTOR EFFECTS ON MATERIAL RESISTIVITY IN OTHER ALLOYS

The primary alloy of focus for this thesis is Zr-2.5 wt%Nb, which is the alloy used to manufacture
pressure tubes (PTs) in CANDU reactor fuel channels. It is typically considered a two-phase alloy
with an HCP alpha-Zr primary phase, and a BCC beta secondary phase [52], [53]. The equilibrium
BCC phase is Nb rich (beta-Nb) but the as- fabricated BCC phase is Zr rich (beta-Zr). The fuel
channel ages within the extreme environment of a nuclear reactor, which is known to affect
microstructures in ways that affect electron transport behavior. Operating temperatures that
range between 250 and 310 °C are sufficient to cause slow phase transformations in Zr- 2.5
wt%Nb from beta-Zr via omega-Zr towards beta-Nb [22], [54]. Phase transformations at elevated
temperatures for certain alloys have been monitored non-destructively in the past using
continuous resistivity measurements [55], [56]. In the work by Mohanty and Bhagat [55], changes
in electrical resistivity due to phase transformations, stabilization, and amount of phase
precipitation were observed for High Strength Low Alloy steels alloyed with copper. Hysteretic
resistivity-temperature effects were observed during heating cycles, and once modelled, the
amount of copper that precipitated in the alloy could be determined by monitoring resistivity
changes [55]. In the work by Fujita and Nittono [56], face-centered cubic to face-centered
tetragonal transformations in In-Cd, In-Pb, and In-Tl were monitored using continuous resistivity
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measurements. Not only were discontinuities in the resistivity of the alloys around the
martensitic phase transformation temperature observed, but depending on the atomic percent
of Cd in the In-Cd alloy, the temperature coefficient of resistivity was observed to change around
the transformation temperature, and could be used as a non-destructive method of extracting
the alloy composition [56]. Similar studies for Zr- 2.5 wt % Nb are not present in the public
literature.
In the CANDU reactor design, the irradiation fields vary along the length of the fuel channel and
are known to cause changes in microstructure, mechanical and electrical properties [57]–
[60].Irradiation has been shown to cause strength hardening of PT material through dislocations
being pinned at irradiation defect clusters [57], [58]. In a similar manner, heat and irradiation
combined have been shown to affect resistivity in opposite directions [59]. Alexander et al.[59]
studied the effect of low temperature irradiation on a V-4Cr-4Ti alloy under consideration for use
in the international thermonuclear experimental reactor (ITER) [59]. Besides irradiation
hardening effects, like those observed in Zr- 2.5 wt% Nb, they found the resistivity was affected
differently depending on the temperature of irradiation [59]. At temperatures of 108 °C, the
resistivity increased with irradiation. It was assumed that the increase was caused by an increase
in point defect clusters (which act as electron scattering sites), combined with no significant
interstitial migration due to the low temperature. At irradiation temperatures of 200 °C, the
resistivity was approximately the same as non-irradiated samples. Here, they [59] assumed that
elevated temperatures aided migration of interstitial solutes to point defect clusters, which
reduced the total scattering affect of these two contributions. When irradiated at 240 °C, the
resistivity was lower than the measured non-irradiated samples at 240 °C. The cause was
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assumed to be enhanced migration of interstitials combining with point defect clusters and inturn, reducing their overall scattering effect in the alloy. A marked drop in the resistivity was seen
between 200 and 240 °C, which is attributed to the temperature of migration for Nitrogen being
exceeded and becoming more mobile [59]. Similar studies on the connection between irradiation
induced microstructural changes and resistivity for Zr- 2.5 wt % Nb are also not present in the
literature, but have been studied in Zircalloy -2 and Zircalloy -4 [60].
Changes in solute concentrations have also been found to effect resistivity, in a similar manner
as alloy composition can affect resistivity. Under normal operating conditions, hydrogen pick up
in PTs increases with time, resulting in hydride formation in the metal. This brittle phase can
reduce the critical crack size and is monitored closely. In the work by Mishima et al. [34], the
terminal solid solubility temperatures (precipitation and dissolution, respectively)

were

monitored for unalloyed zirconium with different amounts of hydrogen by measuring the
resistivity. By calculating a change in the temperature coefficient of resistivity, which is the rate
at which a material’s resistivity changes with temperature, around the terminal solid solubility
temperature using resistivity measurements, the concentration of hydrogen in the alloy could be
determined [34]. Mishima et al. measured this effect as 1.9 μΩ⋅cm per atomic percent of solute
hydrogen [34]. Kinectrics [61] and Tashiro et al. [33] applied the relationship between changes in
resistivity, the terminal solid solubility (TSS) temperatures, and hydrogen solute concentrations
towards the development of the TSS tool. The tool monitored solute hydrogen concentrations in
the PT by measuring relative resistivity changes with temperature using an eddy current sensor
[61]. The work by Kinectrics on PT material suggests a potential to monitor hydrogen
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concentrations in the PT by resistivity measurements using the gap probe, which is of great
interest to nuclear operators.
The effects of irradiation and solute hydrogen have been studied for Zircalloy- 2 and
Zircalloy- 4, which are alloys used in the fuel channel and fuel bundle assemblies. Beale et al. [60]
both irradiated and hydrided Zircalloy metal coupons and measured the change in resistivity.
Linear trends were observed between the increase in resistivity and increase in flux and hydrogen
concentration. While both factors caused an increase in resistivity, both effects were separated
and are expected to cause less than a 1 μΩ⋅cm change in resistivity over typical flux and hydrogen
ingress concentrations for PT material. Whether the magnitude of the resistivity change is similar
in Zr- 2.5 wt % Nb is still to be determined.

2.7 - HEAT TREATMENT OF ZR- 2.5 WT% NB PRESSURE TUBE

It is known that the fuel channel has diverse temperature conditions that affect the
microstructure and in-turn its mechanical properties, and that heat treatment could change
resistivity [55], [56], [59], as discussed in Section 2.6. In this thesis we will examine how the PT
microstructure changes with heat treatment and how this information might be used to monitor
fuel channel conditions. Zr- 2.5 wt% Nb is primarily a two-phase alloy, with 2.4- 2.8 wt% Nb, 9001300 wt ppm O, less than 1300 wt ppm Fe, and less than 5 wt ppm of H before installation in
reactors [18]. Ingots are extruded at 814 °C and 27% cold drawn to give a nominal 4.2 mm WT
and 104 mm ID [51]. The HCP alpha-Zr phase (with up to 1 wt% Nb) is the primary phase and is
22

about 90 % of the volume. The secondary phase is a BCC beta-phase, which contains about 20
wt% Nb (and up to 1 wt% Fe) upon extrusion, often termed beta-Zr. Fe and Nb are beta-phase
stabilizers, which help to stabilize the metastable beta-phase at room and reactor operating
temperatures.
Typically, the Zr alloys used in the fuel assemblies are heavily textured and the PT is no different.
For the alpha-phase the {112̅0} , (0001) , {101̅0} planes are perpendicular to the radial,
transverse and longitudinal directions of the hexagonal closed packed crystal structure,
respectively [52]. For the beta-phase the (200) planes are perpendicular to the radial direction,
while the (110) planes are perpendicular to the longitudinal and transverse directions [62]. The
cold drawing process results in the alpha phase forming platelets with dimensions of 0.5, 5 and
20 μm in the radial, transverse and longitudinal directions, respectively [62]. Alpha grains are
stacked between beta grains with radial thicknesses a tenth of the alpha grain thickness, creating
a fine filament micro-structure. This filament microstructure facilitates impurity migration, such
as hydrogen, and decomposition of the beta phase results in lower DHC growth rates [17].
Knowing the amount of beta-phase decomposition could allow nuclear operators to estimate
DHC growth rates non-destructively and could lead to longer pressure tube operating lifetimes.
Prospects for this through resistivity measurements will be examined in this thesis.
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2.8 - BETA PHASE DECOMPOSITION AND DISLOCATION DENSITY

Understanding the lifetime behaviour of pressure tube beta-phase decomposition and
dislocation density provides a foundation as to how the resistivity variation could be distributed
through the PT in the fuel channel, as discussed in Section 2.6. Heat treatment causes the
metastable beta-phase to decompose, and transform into a metastable HCP omega-phase, which
is depleted in stabilizing elements Nb and Fe, and is similar to the alpha-phase [54], [63]. This inturn causes the remaining beta-phase wt% Nb to increase from 20 wt% to >90 wt% upon full
decomposition, and the fine filament network to transform to a more spherical, globular
precipitate structure that collects along the edge of alpha-grains [64], as shown below.

OmegaFormation

Figure 8: Transmission electron micrograph showing beta-phase filament transformed to omega-phase and
globular enriched beta-phase. Note the bands of globular enriched beta-phase between alpha-phase grains.
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Heat treatment and associated microstructural changes are not uniform over the lifetime or
length of the PT. During extrusion at 815 °C, the front of the tube begins to cool, while the rest
of the tube is still undergoing extrusion. This results in ‘front-end’, ‘back-end’ variability in the
micro-structure, and results in variability of alpha-phase grain size, creep rates and hydrogen
uptake [18], [65]. An oxide layer on the external surface of the PT improves corrosion resistance
and in-turn hydrogen uptake into the PT. This oxide layer is formed during an autoclaving process
at 400 °C for 24 hours under steam pressure to produce a desired oxide layer thickness [66]. If
the 24 hour treatment does not achieve the desired oxide thickness, the PT is autoclaved up to
120 hours in multiples of 24 hours. During autoclaving, what was initially a ~20 wt% Nb phase
can significantly change up to ~50, 60 and 66 wt% Nb at 24, 48, and 72 hours, respectively, and
can be a source of variability from tube to tube in reactors [67]–[69]. Dislocation density also
changes from its as-extruded, cold worked, and autoclaved states. Holt [64] measured the asextruded, cold-worked, and annealed dislocation density after 2 hours of annealing. Cold working
increased the as-extruded dislocation density from ~0.8 x 1014 m-2 to 15-18 x 1014 m-2 and
annealing at 400 °C for 2 hours decreased the density to 8 x 1014 m-2 [64]. Finally, once the PT is
installed, the PT experiences axial temperature variations from the inlet to outlet end,
circumferential temperature variation due to flow bypass, on the order of 20 °C from the 6 o’clock
to the 12 o’clock position, and large temperature swings between on-line and off-line operating
conditions over the course of its lifetime [17], [18], [65]. Operating conditions cause further beta
phase decomposition and dislocation density changes, however not uniformly, in both axial and
circumferential directions in the PT.
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2.9 - MEASURING RESISTIVITY

Electrical resistivity cannot be measured directly, like length, but can be measured indirectly
using several techniques. Two popular non-destructive methods for measuring resistivity are
eddy current [4], [6] and four-point testing [54], [70]. Other methods include potential drop [71]
and the two-point method [70]–[72]. Measurements using eddy current involve either
commercial or custom probe designs and apply eddy current testing theory [4]. The inductance
of the eddy current coil circuit changes depending on the test sample material properties.
Combining calibration measurements with knowledge of how the total inductance of the circuit
changes with sample resistivity, resistivity can be extracted with accuracies of less than 1 % using
the four-point method, and on the order of 1% for eddy current testing [70], [72].
The four-point method involves injecting a known current, 𝐼, into a sample and measuring a
voltage drop, 𝑉, between two points at distance, 𝑙, apart, separate from the current injection
points. This method does not require calibration standards. However, the cross-sectional area,
𝐴, between the voltage contact points must be constant and known in order to achieve the
highest measurement accuracy. Measurement quantities are then entered into Equation (1) to
yield the resistivity.

𝜌=

𝑉𝐴
𝐼𝑙
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(1)

2.10 - MODELING RESISTIVITY

The objective when modeling resistivity is to describe the resistivity using known properties of
the material that impact the resistivity. Properties include temperature, elemental and phase
composition, crystal structure, dislocation density and structure [31]. These can be measured
directly, be known a priori, or deduced from the sample processing route. Available models have
built-in assumptions and cannot be applied to all materials over all test conditions. One such
model, Matthiessen’s rule, given as
𝜌(𝑐, 𝑇) = 𝜌𝑖 (𝑐) + 𝜌𝑝 (𝑇),

(2)

describes how the resistivity of a single-phase dilute alloy changes with temperature, 𝜌𝑝 (𝑇), and
impurity concentration, 𝜌𝑖 (𝑐), in atomic or weight percent [30]. The limit where Matthiessen’s
rule breaks down, in terms of impurity concentration and temperature, is unique for each
material and has been quantified and compiled in texts such as Bass and Fischer [30].
Matthiessen’s rule cannot be applied to materials with more than two phases and alternative
models such as Bruggeman’s symmetrical effective medium theory (EMT) become
appropriate [32]. For a two-component system, as shown in Figure 9, EMT requires the far
electric field deviations to vanish locally, or in other words firmly in the far-field regime of the
electric field in the test sample, and to approximate the phases as spheres, resulting in the
effective resistivity being ,
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𝑓1

𝜌𝑚 − 𝜌1
𝜌𝑚 − 𝜌2
+ 𝑓2
= 0.
𝜌𝑚 + (𝑛 − 1)𝜌1
𝜌𝑚 + (𝑛 − 1)𝜌2

(3)

Figure 9: Two mediums separated by grain boundaries can be approximated to have a uniform resistivity as
shown in Equation (3).

Here, n is the dimensionality of the system considered, 𝜌𝑚 is the medium’s effective conductivity,
and 𝑓𝑖 and 𝜌𝑖 are the phase fractions and resistivities for the multi-phase system, respectively.
Equation (3) is exact for one dimensional systems but becomes an approximation when applied
to multiple phases and dimensions. When the ratio of the conductivities considered becomes
large (such as in conductor-insulator systems) models such as percolation theory and computer
simulations are preferred [31], [32].
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CHAPTER 3
EXPERIMENTAL METHODS
The following sections outline the experimental techniques used in the subsequent manuscripts.
This section is divided into two parts: techniques applied during LISS nozzle eddy current research
and techniques applied for electrical resistivity characterisation. In each of the two sections, the
instruments used, data manipulation and error calculation process are described in detail.

3.1 - LISS EDDY CURRENT EXPERIMENTAL TECHNIQUES
3.1.1 - S AMPLE C HARACTERISATION
This work used three separate tube types; PTs, CTs, and LISS nozzles. The PTs, CTs and LISS nozzles
were manufactured from Zr-2.5%Nb, Zircalloy-2 and SS304 stainless steel, respectively, where
the SS304 stainless steel is intended to simulate the typical LISS nozzle alloy, Zircalloy-2. The mock
LISS nozzle for this study needed to have a similar resistivity to Zircalloy-2, which has a resistivity
of 72 μΩ⋅cm, and SS304 stainless steel has a resistivity of 70 μΩ⋅cm[4]. From the work by Klein
[23], CT resistivity variations did not significantly affect gap accuracy. From this result, the 2
μΩ⋅cm difference between Zircalloy-2 and SS304 stainless steel resistivity, for a conductor farther
away from the gap probe than the CT, was not seen as a significant deviation from in-reactor
conditions. The SS304 tube was made from austenitic steel, which is non-ferromagnetic, and was
selected due to this property [73, p. 416]. Cold working austenitic SS304 can cause the alloy to
become ferromagnetic [4], but this was not the case with the present mock LISS nozzle. The LISS
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nozzles in-reactor have an outer diameter of 55.9 mm, a wall thickness of 2.8 mm, and
circumferentially four holes spaced 90 degrees apart with a 3.2 mm diameter [28], [74]. The mock
LISS nozzle had an approximate outer diameter of 50 mm and a wall thickness of 2.8 mm with no
holes for liquid dispersion. For each PT and CT used, the author measured the WT, and all PTs,
the resistivity was measured using the four point method [75]. For each PT, a combination of ball
micrometer and ultrasonic measurements was used to determine the PT WT around the
circumference. Using an Olympus Epoch 600 ultrasonic system [76] and a pitch-catch transducer,
the time of flight was measured at a point near a tube’s edge. The time of flight was found by
averaging over several back-wall reflections and comparing with the thickness measured at each
point using the ball micrometer. Time of flights were recorded circumferentially at three
equidistant axial positions and averaged to produce a circumferential mapping of the WT for each
tube.
Knowing the resistivity of each tube is important, as PT resistivity is an essential parameter for
gap measurement (see Section 2.4) [51]. PT resistivity was obtained using four-point resistivity
measurements on ring offcuts. This method is described in Section 3.2.2.

3.1.2 - E DDY C URRENT P ROBE

The eddy current probe used in Chapter 5 was made at the Royal Military College of Canada by
the non-destructive testing (NDT) research group. The body was 3D printed and the drive and
two receive coils were made using a coil winder with a turn counter and consisted of wound
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copper wire. An image of the probe can be seen in Figure 10. The coils were epoxied to the main
probe body and a transparent protective plastic sheet covers the coils to protect them from
mechanical wear. The coil leads were soldered to a CAT5 cable, which was then connected to a
RJ45 female plug. This RJ45 female plug could then be connected to the eddy current data
acquisition system[77].

Figure 10: Simulated gap probe with drive, near and far pickup coils. The blue film protects the surface of the coils.
The body is cylindrical, and spring loaded to fit within PTs with minimal lift-off variation.

3.1.3 - E DDY C URRENT A CQUISITION S YSTEM

Experimental data collected in Chapter 4 was obtained using an Olympus NDT Multi-scan MS5800
[77] instrument. This allowed for simultaneously measuring receive coil voltages at four distinct
frequencies. The MS5800 allowed for user-controlled reference points, allowing for the ability to
null the voltage response in the receive coil at known calibrations, for example a fixed resistivity,
WT and gap. The MS5800 is a self-contained eddy current instrument with a voltage source for
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the drive coil excitations, amplifications and filtering settings, and can measure the voltages from
multiple receive coils. The MS5800 has an input resistance connected to the source and an output
resistance across which the voltage is measured, as shown in Figure 11. The values of these
resistances are 100 Ω and 11 kΩ for Rin and Rout, respectively [77].

Figure 11: Circuit representation of the drive-receive coil set up in the eddy current probe. RD and LD are the
drive coil’s resistive and inductive components, respectively, and RR and LR are the receive coil’s resistive and
inductive components, respectively. M is the mutual inductance between the coils, and the input resistance and
output resistances are given by Rin and Rout, respectively [23].

3.1.4 - E DDY C URRENT D ATA A CQUISITION P ROCEDURE

Two types of eddy current measurements were taken, PT-CT gap measurements and LISS-PT
proximity measurements. For the PT-CT gap measurements, a unique PT and CT were selected,
based on the WT and resistivity of the PT, and placed in a device that adjusted the PT-CT gap
during the measurement, see Figure 12. The PT WT was not constant circumferentially, but was
determined using ultrasonic measurement as described above, and the probe’s coils were
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positioned circumferentially at the desired PT WT location. The WT under the probe’s coils were
averaged to give an average WT for that measurement. The PT and CT started at contact when
nulling, or balancing, the MS5800.

50 mm

Figure 12: LISS-PT proximity setup using mock LISS nozzle mounted on support arm and gap adjustment device.
Reproduced from P. F. D. Bennett, P. R. Underhill, J. Morelli, and T. W. Krause, “Eddy current proximity
measurement of perpendicular tubes from within pressure tubes in candu nuclear reactors,” in 44th Annual
Review of Progress in Quantitative Nondestructive Evaluation, 2018, vol. 230009, pp. 1–5., with the permission of
AIP publishing.

The gap is varied from contact to max gap at intervals of 1.28 ± 0.05 mm using the dial on the gap
adjustment device that translates the CT relative to the PT. During data acquisition, the PT-CT
gap is held stationary for approximately 10 seconds to allow multiple voltage samples at this
position. The process is repeated for multiple gaps to maximum gap and then held there, as the
gap adjustment device screw is backed out to the starting position and the CT is returned to
contact. Returning the CT to contact at the end of the measurements allows for thermal and
temporal drift to be removed from the data by assuming a linear drift behaviour. If probe LO
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variations were required, a strip of printing paper, 78 ± 3 μm in thickness, was positioned
between the PT inner diameter and probe coils at the start of the measurement prior to nulling
(balancing) the probe. The raw data exported contains the time, count, voltage amplitude and
phase information. This was repeated for all WT, resistivities and probe LO variations detailed in
subsequent chapters.
The second type of measurement was LISS-PT measurements. To begin, a PT position was
selected to fix the resistivity and WT, and the probe was positioned in the PT. A paper shim to set
the LO could be inserted at this time. The PT-CT gap was set using the gap adjustment device, see
Figure 12, and the device was nulled with a simulated LISS nozzle far away from the mock-up fuel
channel. The simulated LISS nozzle was held within a mounted arm that can translate horizontally
and was positioned vertically in relation to the probe’s drive and receive coils. After balancing,
the LISS nozzle is brought in to contact the CT outer diameter and the MS5800 data acquisition
begins. The LISS nozzle was translated slowly, while an optical encoder [78] attached to the arm
reports positional data to the MS5800. Horizontal translation of the LISS nozzle stops when the
arm contacts a stop block approximately 70 mm away from the CT and is slowly brought back to
contact the CT. Bringing the LISS nozzle back to contact the CT allows for drift to be removed
during post-processing, identical to the process described in the paragraph above. Translation
there and back is repeated, i.e. same scan repeated twice, to increase the number of data points
for the fixed essential parameters. The raw data exported contains the time, position, count,
voltage amplitude and phase information. This was repeated for all WT, resistivities, PT-CT gaps
up to 10.24 mm and probe LO variations detailed in subsequent chapters.
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The position of the LISS relative to the drive and receive coils was found using raster scans. The
LISS nozzle was moved using the 3D positioning system parallel and perpendicular to the mockup fuel channel. Peaks in the signal, distributed spatially, identified axial positions of maximum
sensitivity to the LISS nozzle relative to the probe coils, see Figure 13 , and it was this axial position
of maximum sensitivity that was used for the linear LISS-PT measurements.

Figure 13: A LISS-CT 3-dimensional raster scan, where both the axial and radial positions of the LISS nozzle were
varied. The PT-CT gap is ~0 mm. The 4 kHz in-phase, quadrature and complex magnitude are shown in separate
colours for the receive coil.

3.2 - RESISTIVITY STUDY CHARACTERIZATION TECHNIQUES
3.2.1 - A XIAL S AMPLE P REPARATION AND C HARACTERIZATION
Characterizing the effects of heat treatment on Zr-2.5%Nb PT material required manufacturing
nominally uniform samples. PT axial lengths with an approximate rectangular cross section were
cut from a larger PT section acquired from Nu-Tech, stamped with the identifier GG624F. Nu35

Tech manufactured the PT section according to CSA standards with significant manufacturing
steps outlined in Ref [79]. Nu-Tech manufactured the un-autoclaved PT section for the Darlington
2 refurbishment in 2016-2017. The raw material underwent 4 re-melt cycles followed by a beta
quench of the hollow billet. The final tube section was hydrogen tested and inspected by eddy
current and ultrasonics as a part of NU-TECH’s quality assurance program [79].
Machinists at Queen’s and RMC sectioned the PT sample to produce a ring section with a slit and
11 axial lengths, each with approximately uniform rectangular cross-sections, as shown in Figure
14. Using a lathe, a ring section with a thickness of ~ 4 mm was removed before being mounted
in a custom-made internal and external collar to facilitate indexing of cuts in later manufacturing
stages. The collars ensured structural integrity and repeatable indexing, after the first slice was
removed from the tube, which would have resulted in tensile spring-back. Using a slitting saw
and rotary chuck, machinists removed 15 axial slices, cutting perpendicular to the tube face, with
an approximate length of ~165 mm and outer chord length of ~4 mm, as shown in Figure 14.
After sectioning, the ends of the slices were end-faced on the mill.
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Figure 14: Ring and Axial slices removed from larger PT section.

Following manufacturing of the axial slices, each slice was characterized in preparation for
calculating the cross-sectional area. This required both mass and length measurements. An
Ohaus Precision Standard TS400S 400 g digital scale, with an accuracy of 0.007 g, was used for
weight measurements [80], and axial slice lengths were measured using a Central Scientific Co.
USA translating optical microscope with a 0.01 mm resolution vernier scale. An Asimeto IP65
digital caliper with an accuracy of 0.002 mm [81] was used for WT measurements. All
measurements were repeated 3-5 times to improve measurement statistics for the crosssectional area.
The cross-sectional area for the ring sample was approximately rectangular, while the axial slices
were trapezoidal with curved parallel faces due to slices being oriented normal to the tube face,
as shown in Figure 15. The calculation for their cross-sectional area was more involved and two
separate methods were applied. The first method used a tabulated density of 6.521 g/cm3 for Zr2.5% wt. Nb [82], the measured mass, and the length. The second method used the outer curved
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surface chord length, c, and the axial slice WT, see Figure 15. By using the measured outer tube
diameter before machining, the chord length, and WT, the cosine law and the area of a circle can
be rearranged to yield the cross-sectional area (Equation (4)).

The results of both area

calculations showed good agreement as shown in Table 1. However, the density area calculation
had a lower relative error, due to fewer separately measured parameters, and was used in
subsequent calculations.

Figure 15: Schematic outlining the measurements made to determine the cross-sectional area (the greyed area).

(OR2 − (𝑂𝑅 − 𝑊𝑇)2 )
2𝑂𝑅 2 − 𝑐 2
−1
𝐴=
cos [
]
2
2𝑂𝑅 2
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(4)

Table 1: Results from both methods of calculating the area using the density and chord methods.
All errors are to one standard deviation (1σ).

Sample
Identifier

A
B
C
D
E
F
G
H
i
J
K

Cross Sectional
Area- Chord
Method [mm2]
17.12 ± 0.02
17.18 ± 0.02
17.17 ± 0.04
17.17 ± 0.04
17.31 ± 0.03
17.19 ± 0.02
17.25 ± 0.04
16.78 ± 0.05
17.26 ± 0.02
17.21 ± 0.04
17.27 ± 0.03

Cross Sectional
Area- Density
Method [mm2]
17.15 ± 0.01
17.17 ± 0.01
17.16 ± 0.01
17.20 ± 0.01
17.31 ± 0.01
17.24 ± 0.01
17.33 ± 0.01
16.84 ± 0.01
17.28 ± 0.01
17.19 ± 0.01
17.27 ± 0.01

3.2.2 - R ESISTIVITY M EASUREMENT P ROCEDURE

Resistivity was measured using similar techniques outlined in ASTM B193-16 Standard Test
Method for Resistivity of Electrical Conductor Materials [70]. Resistivity measurements require a
probe and a system to measure resistance between the contact points on the sample. A Keithley
6221 DC current source supplied a current of 100 mA into the sample in one direction, and the
voltage across the probe was measured using a Keithley 2182 nanovoltmeter controlled by a
separate LabVIEW program on a nearby laptop [83], [84]. The basic setup is shown in Figure 16.
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Figure 16: Four-point resistivity measurement setup using rectangular cross section.

Probes consisted of an insulating rod with two metal razor blades attached. The distance
between the probe contact points was measured using calipers. DC current was reversed and the
measurement was repeated to remove any voltage offsets in the system. For each current
direction, 20 voltage measurements were recorded using the LABVIEW program to improve the
standard error. By inputting the voltage drop between contact points, current, and measurement
dimensions into Equation (1), the resistivity was calculated.
Resistivity measurement error in this thesis is comparable to four-point potential drop resistivity
measurement error, which can achieve accuracies on the order of 0.1% [75]. To improve
measurement statistics, repeat measurements were employed and unless specified, errors were
reported as standard deviations on the mean. Using this method, resistivity error on the order of
0.01 μΩ⋅cm was obtained.
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3.2.3 - H EAT T REATMENT

Heat treatment of the axial samples can be broken down into three stages: pre-heat treatment,
heat treatment, and post-heat treatment. Sample resistivity was measured before samples were
prepared for heat treatment. Preparation for heat treatment involved marking sample ends with
indicators to ensure correct identification after heat treatment. Rubbing alcohol removed any
surface residue before samples were encased in evacuated quartz glass vials. The vials were also
labeled using ceramic letters as a redundant identifier. Times and temperatures for heat
treatment were selected to achieve sample variations in the microstructures that occur over the
length and lifetime of the PT. These times and temperature were selected to correspond to those
used by other researchers in order to leverage previous research results [68], [85]. Heat
treatment was performed on the sample at two separate temperatures, 400 and 450 °C, and
times ranged from 1 hour to 5000 hours, and 0.5 hour to 500 hours for the two temperatures,
respectively. Samples were distributed between two separate furnaces at the two specified
temperatures, 400 and 450 °C, and were removed after pre-determined time durations. After
removal, the sample properties were re-characterized and the resistivity was remeasured.
Dimensions were the same, within error, when compared to the pre-heat treatment
measurements. After re-characterization work was complete, a sub-specimen was prepared for
TEM imaging from the ends of the samples.
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CHAPTER 4
EFFECTS OF HEAT TREATMENT ON CANDU PRESSURE TUBE ELECTRICAL
RESISTIVITY
P. F. D. Bennett1,2, M. Topping1, P. R. Underhill2, J. Morelli1, M. R. Daymond1, and T. W.
Krause2
1

2

Queen’s University, Kingston, Ontario, Canada K7L 3N6
Royal Military College of Canada, Kingston, ON, Canada, K7K 7B4

4.1 – ABSTRACT
For eddy current based inspections, material electrical resistivity is an important parameter. For
example, material resistivity values for the pressure tube (PT) and calandria tube (CT) are
required to ensure accurate measurement of the PT-CT gap in CANDU® reactor fuel channels.
Currently, calibration for gap measurement is performed on a non-heat treated and
non-irradiated PT, and the resistivity used during calibration is assumed to reflect that of inreactor conditions. In contrast, changes in other parameters that affect gap measurement, such
as PT wall thickness and diameter are compensated using in-reactor measurements. To test the
hypothesis of whether in-reactor conditions, such as exposure to elevated temperatures could
change a PT material’s resistivity, this study examined the effect of heat treatment on the
resistivity of Zr2.5%Nb. At 400 °C and 450 °C, under anaerobic furnace conditions, sectioned PT
samples were held for varying periods of time in order to partially decompose -Zr and produce
varying fractions of -Zr. These temperatures were chosen to accelerate the phase
transformations that take place over a longer period of time under reactor operating conditions,
where temperatures are typically between 250 °C and 310 °C. The resistivity of the heat-treated
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PT samples was measured using the four-point method and changes in resistivity with time at
temperature were recorded. The magnitude of the resistivity was observed to decrease by up to
10% with time in the furnace. Reduction of resistivity with heat treatment was associated with
changes in the microstructure. Examination by transmission electron microscopy (TEM) showed
an increase in the volume fraction of hcp -phase, and associated bridging between higher
conductivity -Zr grains, which as a consequence, would result in an overall decrease of
resistivity. These results have implications for the uncertainty of PT to CT gap measurement,
where temperature variation arises along the channel and also between 6 and 12 o’clock at a
given axial position.

4.2 – INTRODUCTION
Technical justifications for inspections outline essential parameters along with the ranges in
which these parameters can vary to achieve stated inspection objectives [24, p. 7]. If a parameter
is assumed to remain constant, evidence is required to support the assumption, or the technical
justification would need to be updated if evidence supported the contrary. One such assumption
made when inspecting CANDU fuel channel integrity is that the in-reactor pressure tube’s
electrical resistivity remains constant for the life of the tube [22]. This assumption affects how
algorithms interpret spacing measurements and their confidence bounds between the fuel
channel’s inner Zr-2.5%Nb pressure tube (PT) and outer Zircalloy-2 calandria tube (CT), and
should be outlined in the technical justification for the inspection [24]. If these two tubes were
to touch, delayed hydride cracking could occur, and a costly fuel channel replacement would be
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necessary [14], [21], [86], [87]. Therefore, spacing estimates with their confidence bounds impact
both the reactor’s safety margins, and reactor inspection and maintenance schedules [24]. For
example, a less accurate gap measurement would require a shorter inspection interval and an
earlier pressure tube replacement. By inference, this would affect reactor operation economics.
In the following work, we assert that this assumption of constant resistivity over the lifetime of
the channel is not well justified. This result will improve past and future fuel channel inspection
reports and can be leveraged to extract additional information from CANDU reactors during
maintenance inspections.
During their operating lifetime, CANDU PTs experience both axial and circumferential variations
in temperature, neutron flux, high-temperature creep, pressure, and deuterium concentration
due to D2O coolant corrosion [16], [18], [52], [62]. These conditions are known to change the
microstructure and electrical resistivity in nuclear alloys with similar properties to those found in
PT’s, and are known to change PT microstructure [34], [55], [56], [59], [88]. But quantifying all of
these effects on resistivity, with regards to changes in Zr-2.5%Nb PT microstructure, has not been
performed. Microstructure phase transformations due to temperature variations are observed
to affect the resistivity and the resistance temperature coefficient in high-strength-low-alloy
steels and alloys such as In-Cd, In-Pb, and In-Tl [55], [56]. Similarly, V-4Cr-4Ti, an HCP alloy like
Zr-2.5%Nb [59], [85], experiences an increase or decrease in resistivity, when compared to the
un-irradiated material’s resistivity, depending on the neutron irradiation temperature and the
formation of defect/impurity clusters in the microstructure [59]. Finally, when hydrogen
concentrations in Zr- 2.5%Nb PT material were varied, researchers saw a resistivity increase of
0.11 μΩ⋅cm per ppm hydrogen using eddy current testing [88]. The axial and circumferential
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temperature, radiation and hydrogen variations along the PT could result in axial and
circumferential variations in resistivity. By individually quantifying these effects on resistivity in
Zr-2.5%Nb, new inspection opportunities could present themselves to non-destructively monitor
hydrogen concentration, irradiation damage, or microstructural phase composition in-reactor,
providing there is a tool that can measure local resistivity variations in-channel.
As mentioned earlier, the eddy current gap probe that inspects the PT-CT gap is equipped to
monitor resistivity changes in reactor [3], [11], [22], [40]. This eddy current probe combined with
PT-CT gap algorithms extracts the gap along the length of the fuel channel and modifications to
the algorithm could provide inspectors with local resistivity measurements; similar to how
surface PT ID profiling was developed and implemented [11], [19], [23]. A modified algorithm
that can produce local resistivity values could be applied to current and future gap inspections to
monitor current and future hydrogen concentrations, irradiation damage, or microstructural
phase compositions, but could also be applied to historical gap inspections to augment past fuel
channel inspections with microstructural information. The introduction of non-uniform channel
resistivity could modify past gap inspection results upon re-examination, and could be valuable
to scheduling future maintenance outages, along with deterministic and probabilistic fuel
channel modeling [17], [89].
What follows is a short overview of the effects of elevated temperatures on PT material. After
the manufactured PT has experienced its final cold work treatment, the PT experiences elevated
temperatures from autoclaving and in-reactor conditions that have been observed to change its
microstructure. For example, heat treatment above 300 °C of this two-phased alloy
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(operating temperatures in-reactor are between 250-310 °C) causes the metastable Zr-rich betaphase to decompose, and form a metastable HCP omega-phase, which is depleted in stabilizing
elements Nb and Fe and is similar to the alpha-phase [64], [85]. This, in-turn, causes the
remaining beta-phase wt% Nb to increase from 20 wt% to 98 wt% upon full decomposition, and
the fine filament network to transform to a more spherical, globular precipitate structure that
collects at the corner of alpha-grains [64]. Autoclaving PTs adds a protective oxide layer to the
outer surface that slows hydrogen uptake in-reactor, anneals dislocations and residual stress
from cold-working, and partially decomposes the beta-phase [67], [68], [85], [90]. The oxide layer
is produced during an autoclaving process at 400 °C for 24 hours under steam pressure to obtain
a desired oxide layer thickness. If the 24 hour treatment does not achieve the desired oxide
thickness, the PT is autoclaved up to 120 hours in multiples of 24 hours. During autoclaving, what
was initially a ~20 wt% Nb phase can significantly change up to ~50, 60 and 66 wt% Nb at 24, 48,
and 72 hours, respectively, and can be a source of variability from tube-to-tube in reactors [67]–
[69], see Figure 17 [54].
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Figure 17: TTT-diagram for Zr-2.5 wt%Nb pressure tube, modified from [85] and labelled as ‘ Previous Work ’. The
bracketed numbers refer to the Nb concentration in the beta-phase. Brackets that contain two values are Nb
concentration obtained from (110) and (200) planes. ‘This Work ’ data points indicate the times and temperatures
used in this study.

Dislocation density also changes from its as-extruded, cold worked, autoclaved, and in-reactor
states. Holt [64] measured the as-extruded, cold-worked, and annealed dislocation density after
2 hours of annealing. Cold working increased the as-extruded dislocation density from ~0.8 x 1014
m-2 to 15-18 x 1014 m-2 and annealing at 400 °C for 2 hours decreased the density to 8 x 1014 m-2
[64]. Once the PT is installed, the PT experiences axial temperature variations from the inlet to
the outlet end, circumferential temperature variation due to flow bypass, and large temperature
swings between on-line and off-line operating conditions over the course of its lifetime.
Operating conditions cause further beta phase decomposition and dislocation density changes,
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however not uniformly, in both axial and circumferential directions in the PT; further, irradiation
by high energy neutrons can result in a reversal of beta-phase decomposition away from the
thermal equilibrium [18], [64], [65], [69], [91].
Due to PTs experiencing several effects in-reactor that could potentially change their resistivity,
this work focuses on time-temperature variations in order to understand this phenomenon in
isolation. Axial and circumferential temperature variations in-reactor for long time periods result
essentially in spatially-varied heat treatment. In this work we compare the initial resistivity of
non-heat-treated PT samples to their heat-treated counterpart and later correlate resistivity to
microstructural properties that can be leveraged to augment in-reactor maintenance inspections.
Resistivity measurements of Zr-2.5% wt. Nb are limited [34], [60], [88], and studies have not
investigated the effects of heat treatment (or irradiation damage, or creep) in the open literature.
This work studies the effects of heat treatment, primarily the decomposition of the beta-phase,
in Zr-2.5% wt. Nb in relation the to resistivity, which is a novel relationship.

4.3 - EXPERIMENTAL METHODS
PT samples were sectioned to produce 11 long thin axial lengths with the approximate
dimensions of 4 x 4 x 165 mm with the long axis oriented in the longitudinal PT direction. Precise
sectioning was made possible by securing the tube in both internal and external collars for
sectioning perpendicular to the outer diameter using a slitting saw. The cross-sectional area was
calculated using the mass, tabulated density of 6.521 g/cm-3 [82], and length. Area and length
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were later used when calculating the resistivity using Equation (5), where 𝑉 and 𝐼 are the voltage
and current, and 𝐴 and 𝑙 are the cross-sectional area and length between the probe contact
points, respectively.
𝜌 = 𝑉𝐴⁄𝐼𝑙

(5)

Resistivity was calculated using similar techniques outlined in the ASTM B193-16 Standard Test
Method for Resistivity of Electrical Conductor Materials using the basic setup shown in Figure 16
[70]. A Keithley 6221 DC current source supplied a current of 100 mA into the sample in one
direction, and the voltage across the probe was measured using a Keithley 2182 nanovoltmeter
controlled by a separate LabVIEW program [83], [84]. The DC current was reversed, and the
measurement was repeated to remove any voltage offsets in the system. The probe contains
voltage contacts made of razor blades that are attached to an insulating rod. Twenty repeat
measurements were made using the LABVIEW program to improve the standard error. The
calculated error for the resistivity is comparable to four-point potential drop resistivity
measurement error, which can achieve accuracies on the order of 0.1 % [75]. Here, the accuracy
to two standard deviations was calculated as 0.08 % and the average resistivity of the 11 axial
samples was 54.26 ± 0.02 μΩ⋅cm (1σ) at 20 °C.
Times and temperatures for heat treatment were selected to achieve sample variations in the
microstructures that occur over the lifetime of the PT. Higher than operating temperatures were
used to achieve all sample variation in a realistic experiment timespan. Achieving the same
sample variations using reactor operating temperatures would have taken years. Heat treatment
was performed on the sample at two separate temperatures, 400 °C and 450 °C, and times ranged
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from 1 hour to 5000 hours, and 0.5 hour to 500 hours for the two temperatures, respectively.
These temperatures were chosen to facilitate comparison with previous work in the literature
performed at the same temperatures over the same time interval, specifically Griffiths et al. [68],
[85]. Sample ends were mechanically etched to identify samples and were vacuum-sealed in
quartz vials prior to heat treatment. Samples were distributed into two separate furnaces at the
two temperatures and were removed after the pre-determined time durations. After removal,
the sample’s cross-sectional area and resistivity were re-measured. The resistivity after heat
treatment was compared to the resistivity prior to heat treatment, and also to an non-heat
treated control sample to ensure repeatability of the experimental measurement. After recharacterization, a sub-specimen was prepared for transmission electron microscopy (TEM)
bright-field imaging from the ends of the samples.
Following the resistivity measurements, a small section was removed from the samples and
mechanically ground to 100 μm for transmission electron microscope (TEM) examination. TEM
foils were prepared via twin-jet electropolishing using an electrolyte of 10% perchloric acid in
methanol at -40 °C. TEM analysis was carried out on an FEI OSIRIS operating at 200 kV with a
probe current of 0.63 nA. Bright-field images were taken of the beta-phase and the decomposed
beta-phase.
Due to the small size of the decomposed beta-phase, it was not possible to obtain diffraction
patterns and therefore the precise identification of these phases was not carried out.
Griffiths et al. [85] used XRD to build the TTT diagram of the beta-phase decomposition. In this
work, TEM imaging was used to visually inspect changes in the beta-phase and used the TTT
diagram to predict phase fractions using Equation (6).
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4.4 – RESULTS
Figure 18 shows the measured difference in resistivity before and after heat treatment, where
the resistivity was seen to decrease relative to the non-heat-treated control. The heat treatment
time durations were re-expressed in-terms of fraction complete of the beta-phase
decomposition [68], [85], [92], [93]. To convert heat treatment duration to fraction complete
from Griffiths et al. [85], data was fit using the Avrami equation, Equation (6) [55], [94]. For a
fraction complete of 0 and 1, which corresponds to ~20% and ~98% Nb in the beta-phase, the
beta-phase data was scaled before fitting and MATLAB’s curve fitting toolbox produced
coefficients, 𝑘 and 𝑛, for Equation (6) [95]. 𝑘 and 𝑛 are known as Avrami constants, where 𝑘 is
dependent on time and concentration and 𝑛 characterizes the decomposition rate [55], [94].
When generating the fitting coefficients for the two separate temperatures only three data
points were available for the 450 °C data and eleven data points for 400 °C data, see Figure 17
and Ref. [54]. The trend-line in Figure 18 (B) is fit to the 400 °C data, passes though zero, and has
a slope of 5 μΩ⋅cm. The slopes of the two trendlines in Figure 18 (A) are within one standard
deviation of each other and the equations for both these lines are below in Figure 18 (A). The
standard deviation for both slopes was 0.045.
𝑛

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 = 1 − 𝑒 (𝑘𝑡 ) ,
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(6)

(A)

(B)

Figure 18: Change in resistivity as a function of time (A) and fraction complete (B) of beta-phase decomposition.
Resistivity decreased from the starting resistivity by up to ~5 μΩ⋅cm. The linear trend-line in plot (B) is fit to the
400°C data.

TEM results showed the beta-phase decomposition observed in this work is similar to that
observed by others [67], [68], [96]. The formation of the omega-phase globules at the
alpha-grain edges can be seen in Figure 19.
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Figure 19: Microstructure of 400 °C heat treated samples starting with (A) control, (B) 100 hours, (C) 1000 hours,
and (D) 5000 hours. Beta-phase decomposition is nearly complete in (D) as omega-phase globules are present and
the beta-phase filaments between the alpha-grains have been transformed.
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4.5 – DISCUSSION
4.5.1 - A XIAL AND C IRCUMFERENTIAL V ARIATIONS IN PT RESISTIVITY
The results shown in this work demonstrate a strong correlation between beta-phase
decomposition and electrical resistivity. With regards to PTs in-reactor, it is reasonable to assume
there will be spatial variation in resistivity along their axial and circumferential directions, due to
the variation of beta-phase decomposition throughout these directions. The heavy water coolant
increases in temperature as it cools the fuel bundles, which results in PT axial temperature
variations between ~250 °C- 310 °C [17]. In a similar process, flow bypass occurs towards the PT’s
outlet end, due to increased amounts of creep, and can vary as much as ~20 °C circumferentially,
with the 6 o’clock position (the bottom) being the warmest [17]. Over a prolonged time period,
axial and circumferential temperature variations will result in different levels of beta-phase
decomposition, and thus, different resistivity.
However, the beta-phase decomposition is not the only phenomena occurring during service that
will affect the resistivity measurements. Irradiation induced dislocations, growth and creep,
oxidation and H-pick up are occurring simultaneously in-reactor. Until controlled studies
examine these factors in tandem, we can rely on previous Zr-2.5%Nb studies to infer possible
resistivity effects. For example, irradiation of PT material causes small Nb precipitates to form in
the Nb supersaturated alpha-phase (which contains between 0.6 wt% - 1.0 wt% Nb) [52]. These
precipitates are not observed in areas of low flux (at the inlet or outlet ends), which means they
are formed by irradiation damage. Temperature and flux control the formation of defect cluster
sites, which attract solution impurities [62]. These precipitates strengthen the alloy and could
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lower the resistivity in a similar way as that observed in V-4Cr-4Ti alloys, mentioned earlier [59].
This would result in a lowering in the resistivity that follows the flux distribution along the PT
axially and circumferentially. Temperature and fluence have also been observed to cause a
reversal of beta-phase decomposition, which reaches a steady-state profile after fluences exceed
3 x 1025 n⋅m-2 [69]. Until this steady-state is reached the resistivity would evolve with the betaphase, see Figures 10 and 11 in Ref. [69].

4.5.2 - I MPACT ON G AP M EASUREMENT A CCURACY
The spacing between the PT and CT is referred to as “the gap” and is inspected using an
electromagnetic eddy current probe called the gap probe. The results of the PT-CT gap values
and associated accuracies depend on knowing the PT’s resistivity, and if and how it changes over
the service life of the PT [23]. The gap probe is equipped with a transmit-receive eddy current
coil pair that acquires measurements at the three frequencies, 4, 8, and 16 kHz [9]. The probe
extracts the gap using a combination of signals recorded during the helical scan along the length
of the channel with reference to calibration measurements [9], [22]. An algorithm combines the
measurements taken in-channel with calibration measurements and produces estimates of the
gap with confidence bounds. Due to the 1 mm helical scan pitch, the algorithm calculates the gap
at 1 mm intervals [9]. The algorithm assumes a constant CT diameter and wall thickness, and
constant resistivity for the PT and CT [51], and this work suggests that over the PT’s lifetime the
resistivity will change due to beta-phase decomposition. Furthermore, if the above constants
change over the lifetime of the channel, vary along the length of the channel or, especially, within
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a circumferential scan, as expected given the results of this work, this could have consequences
for the calculated gap and its stated confidence bounds [22], [23].
The algorithms that calculate gap in the industry are proprietary, making it difficult to estimate
the effect a 5 to 10% change in PT resistivity would have. Klein et al. [23], identified that variations
in PT resistivity were the third largest source of error in gap measurements in the 0 to 5 mm
range. Wall thickness and probe lift- off are taken into account during gap inspections, but
resistivity is not measured during inspections making it the largest unaccounted source of error.
Klein et al. [23] estimated that for every percent variation in resistivity, in the 0 to 5 mm gap
range, a 1.6 mm change in gap estimates could occur. This, however, was estimated using
advanced gap analytical models, and not qualified industry algorithms.

4.5.3 - V ARIABLE - TIME A UTOCLAVING AND I NITIAL R ESISTIVITY
PT manufacturing is tightly controlled to ensure uniformity, however researchers have noted
variability in the resistivity among as-received and autoclaved PTs when measuring the resistivity
of off-cuts from multiple tubes [9], [15], [23], [49]. One manufacturing step that can cause nonuniformity in microstructure amongst PTs is autoclaving. Autoclaving consists of heat treatment
at 400°C steam pressure to relieve residuals stresses after cold work in order to grow a thin oxide
on the exterior surface [97]. If the deposited oxide layer does not meet the end users
requirements, the tube is placed back in the autoclave for additional 24 hour durations up to 120
hours (see Section 2.8) [62]. This will result in varying degrees of beta-phase decomposition
among tubes. Griffiths et al. [67] observed this processing effect after a PT sample had been in
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an autoclave for 72 hours at 400 °C and the beta-phase was seen to significantly decompose, as
shown in Figure 20 [67]. If an as-received PT was then autoclaved for 24, 48, or 72 hours this
would result in an approximate uniform resistivity decrease of 1.7, 2.5 and 3.0 μΩ⋅cm,
respectively, from the as-received state. This is calculated based on the approximate linear
relationship between fraction complete and resistivity, and therefore Nb concentration in the
beta-phase and resistivity, as shown in Figure 18. Care should be taken when comparing PT
properties between different manufacturing states of the same PT or between PTs with varying
degrees of autoclaving when it comes to PT resistivity. For example, if gap calibration is
performed using as-received PTs, which will display higher resistivities than those of autoclaved
tubes in-reactor, calibration conditions will be further away from the in-reactor measurement
condition, which could increase measurement error.

Figure 20: Comparison of neutron and X-ray diffraction measurements of beta-phase lattice parameters (Nb
content) in 25% cold-worked Zr- 2.5nb pressure tube as a function of heat-treatment time at 673K. The right y-axis
was added to represent the approximate resistivity decrease from the as-received state at ~54 μΩ⋅cm. Figure
modified from [67].
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4.6 – CONCLUSION
Heat treating as received Zr-2.5%Nb at 400 °C and 450 °C for times up to 5000 hours resulted in
decomposition of the beta-phase and a decrease in electrical resistivity. Beta-phase
decomposition in Zr-2.5%Nb pressure tube material is correlated with electrical resistivity, with
a ~10% drop (from 54.3 to 49.8 μΩ⋅cm) in resistivity after full decomposition, when compared to
the as-received state. This opens the door to non-destructive microstructural assessments of the
fuel channel in-reactor, either using dedicated resistivity probes or probes designed for other
inspections, such as the PT-CT gap probe. PT resistivity that changes both axially or
circumferentially will impact PT-CT gap estimates and confidence bounds, which both assume
constant resistivity during analysis. For the case of in-reactor tubes, other in-reactor conditions
such as hydrogen ingress, irradiation, and dislocation density could, independently or combined,
affect resistivity and thus requires additional work.
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CHAPTER 5
MONITORING OF LISS NOZZLE PROXIMITY TO CANDU FUEL CHANNELS USING
THE EDDY CURRENT GAP PROBE
P. F. D. Bennett1,2, P. R. Underhill2, J. Morelli1, and T. W. Krause2
1
Queen’s University, Kingston, Ontario, Canada K7L 3N6
2
Royal Military College of Canada, Kingston, ON, Canada, K7K 7B4

5.1 – ABSTRACT

Fuel channels in CANDU (CANadian Deuterium Uranium) nuclear reactors consist of two nonconcentric tubes; an inner pressure tube (PT) and a larger diameter calandria tube (CT), within
which the PT is contained. The gas annulus space between the tubes, known as the gap, is
maintained by 4 coiled spring spacers placed along the channel. Physical separation between the
PT and CT ensures that hydride blisters do not form on the outer diameter of the PT as these can
lead to potential cracking. Consequently, accurate measurements are required to ensure that
contact between PT and CT is not imminent. The PT-CT gap is monitored from within the PT using
an eddy current probe. The fuel channels may also pass over perpendicularly oriented tubes
(nozzles) that are part of the liquid injection shutdown system (LISS). The proximity of (LISS)
nozzles not only compromises the gap measurement, but flow-induced vibrations from within
the moderator could lead to fretting during LISS-CT contact, and in-turn CT deformation and/or
fretting. LISS nozzle proximity to CTs is currently measured optically from within the moderator.
Measurement by an alternative means would provide additional confidence in optical inspection
results and supplement cases where optical observations are not possible. Investigation of the
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eddy current based gap probe as a tool to measure the proximity of LISS nozzles was carried out
experimentally. Eddy current response as a function of LISS-PT proximity, which is the distance
between the PT outer diameter and LISS nozzle outer diameter, was determined. When PT wall
thickness, PT resistivity, probe lift-off, and PT-CT gap variations spanned typical values found inreactor this dependence could be used to determine the LISS-PT proximity up to 20 mm with submillimetre accuracy at the time of the inspection. This method has the potential to provide LISSCT proximity using existing gap measurement data. Obtaining LISS nozzle proximity at multiple
inspection intervals could be used to provide an estimate of the time to LISS-CT contact, and
thereby provide a means of optimizing maintenance schedules.

5.2 – INTRODUCTION

Inspection of reactors are performed to ensure their safe and reliable operation. There are strong
economic incentives to inspect reactors as rapidly and reliably as possible, particularly during
periodic maintenance shutdowns when several inspections take place. Some inspections during
shutdown define the length of the maintenance outage and are referred to as being on critical
path. These include inspecting the pressure tube-calandria tube (PT-CT) gap [9], [39]. Other
inspections, while not on critical path, can increase outage costs due to the inherent cost of the
inspection. In the CANDU 6 design, Linear Injection Shutdown System Nozzles (LISS nozzle) are a
part of the secondary dedicated shutdown system, which consists of six horizontal Zircaloy-2
tubes that run perpendicular to the fuel channels at two levels in the reactor [98]. As the reactor
ages, the fuel channels sag downwards and approach the LISS nozzles underneath.
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Optical measurement of the distance between the LISS nozzle outer diameter and CT outer
diameters, termed LISS-CT distance, involves time, irradiation dose and support costs due to the
inspection being performed from the reaction mechanism deck, see Figure 21 [99]–[101]. The
process involves an optical camera being inserted down each of the two vertical viewing ports,
and images are analysed to extract the LISS-CT distance of multiple channels per viewing port.
The inspection is mandated by CSA standard N285.4 and contact between the CT and LISS nozzles
could result in CT fretting due to flow-induced vibrations of the contacting tubes [87]. The
inspection is not a periodic inspection and affects the typical scheduling flow used during other
outages [87], [101], [102]. The optical LISS-CT inspection is performed from the reaction
mechanism deck, which results in additional radiation dose to inspectors and is typically
contracted to nuclear suppliers, which has an associated cost in addition to utility support costs
to perform the inspection [101]. Due to there being no alternative inspection methods at the
desired level of accuracy, it is not possible to independently verify reported distances [1], [2].
Additionally, optical inspections cannot see all potential LISS-CT contact sites due to the relative
position of the vertical inspection ports and nearby fuel channels that may obstruct the camera’s
view [100]. A remote field eddy current (RFEC) inspection method for LISS-CT measurements has
also been developed [74], [102]. However, due to the RFEC probe design its uncertainty near
contact is larger than desired [74]. Therefore, utilities are interested in alternative inspection
methods to either verify or replace the optical and RFEC techniques [74], [100], [102].
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50 mm

Figure 21: Quarter-section of a fuel channel with a nearby LISS nozzle. Relevant inspection parameters are labeled
along with labels indicating the direction of the gap probe during inspections, and the LISS nozzle in this
experiment. LISS-PT proximity is the distance between the LISS nozzle outer diameter and PT outer diameter.

Previous work indicated that analysing PT-CT gap scans shows promise for monitoring LISS nozzle
proximity, because LISS nozzles near fuel channels can affect PT-CT gap signals [99]. When
installed, the lattice spacing between fuel channels is such that the eddy current gap probe signal
is only affected by fuel channel properties and cannot detect the LISS nozzle due to the large
initial LISS-CT spacing. As the channels sag, additional nearby conductors can affect gap extracted
at axial locations in the channel. For example, LISS nozzles or flux detectors as they pass
orthogonally below the fuel channel. Gap currently cannot be extracted to the desired level of
accuracy at these locations, but previous work [99] has identified that there is LISS nozzle
proximity information in the associated gap data, and that models could be developed to relate
the voltage signals recorded at those locations to LISS nozzle proximity. The model would need
to account for all essential parameters that affect PT-CT gap measurements, which include PT
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wall thickness (WT), PT resistivity (ρ), and probe lift-off (LO), along with PT-CT gap, which could
vary between sites and times of inspection [11], [51].
The benefits of mining historical gap data to extract LISS nozzle proximity are numerous.
Inspecting for LISS nozzles would not require an additional trip to the fuel channel, as required
by RFEC testing [74], [102]. Gap scans have been collected for many years and could be reexamined to map the approach of LISS nozzles to fuel channels over time for select channels,
unlike RFEC and optical scans. This historical information would aid in optimizing future outages,
reduce the frequency or outright remove the need to optically inspect for LISS nozzle proximity,
ultimately saving money, time, and worker-received radiation dose. Optical LISS inspections
currently cannot access all potential LISS-CT contact sites [100]. However, all channels, and inturn all potential LISS-CT contact sites, are accessible for gap inspection and therefore, for LISSCT proximity inspection.
The scope of this work includes determining if gap probe data can be used to monitor LISS-CT
distances. If this is possible, another objective is then to generate a fitting process to measure
the LISS nozzle proximity using gap data and the corresponding known essential parameters from
the inspection. The performance of the subsequent model should have a high degree of accuracy,
near LISS-CT contact, but with accuracy reduced at larger LISS-CT gaps, and a less critical area
compared to being near LISS-CT contact. This work covers the development of an empirical
algorithm, beyond the proof of principle discussed in Ref. [99], to measure LISS-CT proximity in
the presence of typical in-reactor variations of PT wall thickness, PT resistivity, PT-CT gap, and
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probe lift-off using PT-CT gap data. The use of data mining of historical PT-CT gap data to achieve
this inspection’s aim, with the associated cost savings and value added, is inherently novel.

5.3 – EXPERIMENTAL METHODS

Data presented in the Section 5.4 was collected using an experimental gap probe, a mock-up fuel
channel with a PT within a CT along with a simulated LISS nozzle, a data acquisition system, and
a mechanical apparatus to manipulate the relative tube positions. This experimental setup can
be seen in Figure 22. The gap probe used here simulates the probe used by industry. It is a
transmit-receive probe with coil axes normally orientated with respect to the PT inner surface.
Additional details about the probe are outlined elsewhere [23], [49]. PTs used here were
autoclaved and un-autoclaved Zr-2.5%Nb with wall thicknesses (WT) of 3.51 to 4.42 mm and
electrical resistivities (ρ) of 50.8 to 56.9 μΩ⋅cm, respectively. These span the essential parameter
ranges found in-reactor [9], [82]. From Chapter 4, full beta-phase decomposition would result in
a PT resistivity of 49.6 μΩ⋅cm, which is close to the 50.8 μΩ⋅cm PT used in this study, and asreceived PT resistivity can be as large as 56.9 μΩ⋅cm. Lift-off (LO), defined as the distance from
the PT inner surface to the outer surface of the gap probe’s pickup coils. On the simulated gap
probe used, the coils are sunk into the probe head to protect them from mechanical wear and
are covered by plastic sheeting. This means that the minimum probe lift- off can not be 0 mm,
but instead the distance from the top of the probe’s coils to the outer surface of the probe that
contact the PT inner diameter. This ‘built-in’ lift- off was measured to be 1.9 mm. Probe lift-off
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was varied from the built-in LO in 3 steps of 78 ± 3 μm, the approximate thickness of a sheet of
paper, to a total LO increase of approximately 230 μm. LO experienced by the gap probe during
inspections can be upwards of ~ 200 μm when traveling over garter spring indentations on the
PT inner surface [15], [103]. PT-CT gap was varied from 0 mm to 10.24 mm in steps of 2.56 mm.
Eleven unique WT-ρ combinations were achieved using the available PT samples, which are
summarized in Table 2. Combined with four LO positions and five PT-CT gaps, this resulted in a
test matrix with 220 unique test conditions. A single Zircaloy-2 CT was used, as CT parameter
variations in-reactor do not impact gap measurements as significantly as PT essential parameter
variations do, and as such, CT WT and ρ were maintained at 1.42 mm and 72 μΩ⋅cm, respectively
[23]. A SS304 tube, which has a similar electrical resistivity to Zircaloy-2 was used as a mock LISS
nozzle [4]. The SS304 tube was made from austenitic steel, which is non-ferromagnetic, and was
selected due to this property [73, p. 416]. Cold working austenitic SS304 can cause the alloy to
become ferromagnetic [4], but this was not the case with the present mock LISS nozzle. The tube
had an outer diameter of ~50 mm and ~2.8 mm WT [28], similar to those found in-reactor [28].
The gap probe, positioned within the PT during data collection, was connected to an Olympus
NDT Multi-scan MS5800 instrument for data collection and minor data processing. Excitation
frequencies for both the drive, near and far pickup coils were 2, 4, 8 and 16 kHz, which is similar
to the frequencies used in industry [9], where the near coil uses 4, 8 and 16 kHz, and the
frequencies used by the far coil have not been published. The excitation voltage amplitude for
each frequency in each coil was 1 volt. During data collection, the tubes were positioned using
two separate mechanical devices: one to set the PT-CT gap, and the other to set the LISS nozzlePT (or LISS nozzle-CT) proximity. These two devices are discussed in detail below.
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Table 2: List of wall thickness and resistivities of available pressure tube samples.

Identification Wall
Number
Thickness
[mm]

Resistivity
[µΩ⋅cm]

Identification
Number

Wall
Thickness
[mm]

Resistivity
[µΩ⋅cm]

1

4.33

52.0

7

4.26

50.8

2

4.33

50.8

8

3.86

53.9

3

4.54

52.0

9

4.33

53.9

4

3.94

52.2

10

3.51

53.9

5

4.37

50.8

11

4.43

53.9

6

3.98

56.9

__

__

__

During typical PT-CT gap scans, the reactor components are stationary, and the gap probe travels
with a helical trajectory down the length of the horizontally-oriented channel. In this
experimental setup, the probe was held stationary in a vertically-oriented simulated fuel channel,
the CT was mechanically translated relative to the PT, as shown in Figure 22, and the LISS nozzle
was translated vertically, to simulate the probe moving past a LISS nozzle, and horizontally, to
simulate changes in LISS-CT proximity. The LISS nozzle was positioned on a non-conducting arm
affixed to a TECSCAN 3-dimensional positioning system that could perform both uni-directional
line scans and bi-directional raster scans.
Two types of scans were performed: line and raster scans. For the raster scans, data was collected
efficiently by programming the MS5800 to externally trigger off signals sent from the TECSCAN
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positioning system. The raster scans produced 3D images of the response to the LISS nozzle
moving parallel and perpendicular to the fuel channel to replicate what the signals would look
like if the gap probe was translating past a nearby LISS nozzle and for the fuel channel
approaching a LISS nozzle over time. Line scans produced 2D datasets of voltage against LISS-CT
position as the LISS nozzle is translated perpendicular to the fuel channel. Data-files written by
the MS5800 contained the LISS-CT position data and the associated voltage response recorded
by the multi-frequency gap probe pickup coils. Details of the gap probe can be found in Section
3.1.

50 mm

Figure 22: Experimental setup with simulated fuel channel and LISS nozzle. The LISS nozzle is held in a wooden arm
attached to a TECSCAN 3-dimensional positioning system. Reproduced from P. F. D. Bennett, P. R. Underhill, J.
Morelli, and T. W. Krause, “Eddy current proximity measurement of perpendicular tubes from within pressure
tubes in CANDU nuclear reactors,” in 44th Annual Review of Progress in Quantitative Nondestructive Evaluation,
2018, vol. 230009, pp. 1–5., with the permission of AIP publishing.
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Data was collected by first selecting a location in a PT sample, thus fixing the WT and ρ and
selecting the number of shims to place between the probe and PT ID, thereby fixing LO. Next, a
gap scan was recorded from minimum-to-maximum PT-CT gap, similar to a line or onedimensional scan. Following this, a PT-CT gap was selected and held constant, and the LISS nozzle
was moved far away from the setup as a signal null was performed. Afterwards, the LISS nozzle
was repositioned touching the CT and the scan was restarted. Starting with the LISS nozzle
contacting the CT, the LISS nozzle was translated parallel to the CT face, indexed horizontally
away from the CT face at a fixed distance, and moved in a bi-directional raster scan out to a
predetermined maximum LISS-CT proximity of ~ 80 mm. While the LISS nozzle moved relative to
the simulated fuel channel, the MS5800 recorded LISS nozzle position and signal voltage for the
probe. The data-collection process was repeated for different test conditions.
Plots of signal amplitude against the spatial position of the LISS nozzle are helpful to visualize the
data along with impedance plane displays, and these are discussed in the Results Section 5.4.
Line scans were collected in a similar way by fixing the WT, LO, ρ and PT-CT gap, and position was
recorded using time-based triggering, which was read by the MS5800. These line scans positioned
the LISS nozzle at the axial position of maximum sensitivity to the LISS nozzle along the fuel
channel, as identified from 3D raster scans, which will be discussed below.
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5.4 – RESULTS

Two types of scanning techniques were used: the first was a bi-directional raster scan that
collected a 2-D grid of data along a plane containing the axial and radial direction of the fuel
channel, and the second was a uni-directional scan that moved the LISS nozzle along the radial
direction away from the fuel channel. The first scan provided more spatial information than the
second. However, when it came to generate a fitting algorithm, the first scan contained a large
fraction of superfluous data for subsequent fitting and was time-consuming to acquire. The
second scan was used in a fitting algorithm to produce LISS-PT proximity predictions, where LISSPT proximity is the distance between the LISS nozzle outer diameter and the PT outer diameter,
as shown in Figure 21 and is labelled as LISS-PT gap. This would correspond to data taken from
the 6 o’clock position during an in-reactor helical scan.
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Figure 23: A LISS-CT 3-dimensional raster scan, where both the axial and radial positions of the LISS nozzle were
varied. The PT-CT gap here is ~0 mm. The 4 kHz in-phase, quadrature and complex magnitude are shown in
separate colours for the near pickup coil.

Figure 23 shows the areas along the axial and radial fuel channel directions where the gap probe
can detect the LISS nozzle on top of the gap response. At LISS-CT contact the gap probe can detect
the LISS nozzle along 80 mm of the fuel channel and the magnitude of the signal is large compared
to the overall min-to-max PT-CT gap excitation as shown in Figure 24.
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(A)

(B)

Figure 24: An impedance plane display of a min-to-max gap sweep with a LISS-CT sweep at each gap position.
When the LISS nozzle is far away from the fuel channel there will be no deviation from the PT-CT gap scan. At a
fixed gap, as the LISS nozzle approaches the CT the voltage signal rotates along the horizontal traces. The gap scan
is nulled to a 0 mm gap and has steps of 1.28 mm. LO is conventionally oriented to be increasing in the negative inphase direction.

As the LISS-CT distance increases the affected distance along the axial direction decreases,
relative to the gap response, along with the maximum LISS response. The gap probe can no longer
detect the LISS nozzle at LISS-CT distances > ~60 mm. With each raster scan passing parallel to
the CT face, an asymmetric distribution is formed with a peak that occurs between the drive and
receive coils for both the near and far coils. This peak position remains the same as the LISS-CT
distance increases. The second scan type, defined in the Methods Section 5.3, takes advantage
of this property by positioning the LISS nozzle at this axial location and reduces the scan time by
over 75 %. These peaks, plotted as a function of distance, take the form of a decaying exponential
distribution as shown in Figure 25.
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5.5 – ANALYSIS

One objective of this work is to determine if the LISS nozzle proximity can be monitored using
gap probe voltage signals. Voltage against LISS-PT distance data sets were found to be
approximately linear in voltage in semi-log space out to ~15 mm, and approximately quadratic in
voltage out to ~ 30 mm, as shown in Figure 25 for certain X, Y, or complex magnitude components
and certain frequencies. Here the complex magnitude for a voltage signal is the root-sum-square
of the X and Y components for that frequency. To simplify discussion, signals used in subsequent
fitting will be referred to as fitting signals or fitting vectors. For example, the near coil 4 kHz X
component, or N4X. After 15 mm, the data typically trends upward in a parabolic manner losing
signal strength, and at ~60 mm the LISS nozzle can no-longer be detected, as shown in Figure 25.
Signal analysis was carried out using LISS-PT distance. To convert to LISS-CT distance, the PT-CT
gap at this location, along with the CT WT must me subtracted out. The associated accuracy of
the LISS-CT distance is then dependent on the accuracy of the CT WT, PT-CT gap, and LISS-PT
measurements.
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(B)

(A)

Figure 25: (A) Voltage decreases as the LISS-PT distance increases. At ~60 mm the gap probe near coil can nolonger detect the LISS nozzle. (B) Semi-log plot of LISS-PT distance against log-voltage. The trend is approximately
linear out to ~ 15 mm and quadratic out to ~ 30 mm.

For this application, it was of greater interest to have a high degree of accuracy near LISS-CT
contact, than to be able to detect the LISS nozzle over a larger LISS-PT range. This is due to LISSCT contact being undesired, and having a higher degree of accuracy provides inspectors with
more confidence in determining if contact has occurred or not. To achieve this, two separate
fitting procedures were carried out. One method fit the collected data out to a LISS-PT distance
of 15 mm, while the other fit out to 30 mm. Both methods used least square fitting with the log
of the voltages from both pickup coils and their squares. These voltages were combined with
essential parameters of WT, resistivity, LO and PT-CT gap.
Least square fitting is iterative, as one can introduce additional parameters to account for lack of
fit and reduce the sum-square-error, but this can lead to overfitting. To monitor overfitting and
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to compare similar models, fitting conditions were used during iterative least square fitting. The
first condition used the Akaike Information Criteria (AIC) [104]–[106], defined in Equation (7)
where n is the number of data points in the model, SSR is the sum square residuals from a model’s
predictions, and K is the number of model parameters including the approximation of SSR.

𝐴𝐼𝐶 = 𝑛 ∗ ln(

𝑆𝑆𝑅
) + 2𝐾
𝑛

(7)

If the AIC has not reached a global minimum, then fitting continues by introducing the next
significant vector or fitting signal. Second, if the AIC had not reached a minimum, but the next
significant vector to introduce to the model was either resistivity, gap or LO, the final model
should be the model prior to introducing resistivity, gap or LO. Resistivity and gap are essential
parameters that cannot be readily extracted from the area along the channel when the LISS
nozzle affects gap probe signals, and LO cannot be measured/compensated for along the whole
channel [23]. While the near and far coils recorded data at 2, 4, 8 and 16 kHz, a final condition
was set, which limits the available frequencies for each coil that could be used in the developed
model. This condition was enforced in order for the models that were developed to be more
representative of industry operating conditions. For example, the near coil on industry gap
probes only operates using 4, 18, and 16 kHz frequencies, and not 2 kHz [9]. For comparison,
fitting was also repeated with no frequency restrictions, but the conditions of resistivity and AIC
were kept.
Iterative least square fitting was initially carried out on a non-rotated, non-orthogonal test
matrix; however, after 1-2 fitting signals were added, the next appropriate vector to add was
resistivity, gap, or LO. Due to the relationship between the voltage signals recorded by the gap
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probe and the test environment, it was assumed that the voltage signals contained information
about the parameters: resistivity, WT, gap and LO. To try to extract LISS-PT proximity using the
recorded voltage signals and to reduce the high correlation between the recorded signals in an
empirical model, the test matrix was made orthogonal, using a form of iterative Gram-Schmidt
multiple regression, or fast orthogonal searching [107]–[111]. To start, a vector is identified that
has the highest correlation with the LISS-PT distance and a linear regression is performed using
this vector. Afterwards, the remaining matrix vectors are made orthogonal to the initial fitting
vector using the Gram-Schmidt process. A second vector is selected based on its correlation with
the linear model’s residuals and potential to reduce the SSR maximally (steepest descent in SSR),
and the distance is now regressed using two orthogonal vectors. The remaining matrix vectors
are made orthogonal to the second vector and the process is repeated iteratively. Transforming
the matrix to be orthogonal during fitting produces superior models to the non-orthogonal test
matrix models, as seen in the calculated AIC and calculated root-mean-square of the error (RMSE)
between the observed and predicted with distance, as shown in Figure 26 below.
The frequency restricted final model (FM) selected from fitting the 0 to 15 mm range is given by,
𝐷(𝐿−𝑃𝑇)15 = 𝐴1 log|𝑉𝑁8𝑋 | + 𝐴2 𝑊𝑇 + 𝐴3 log|𝑉𝑁8𝑀 | + 𝐴4 (log |𝑉𝑁4𝑌 |)2 + 𝐶,

(8)

while the frequency restricted final model selected from fitting the 0 to 30 mm is given as,
𝐷(𝐿−𝑃𝑇)30 = 𝐴1 (log |𝑉𝑁4𝑀 |)2 + 𝐴2 𝑊𝑇 + 𝐴3 log|𝑉𝐹2𝑋 | + 𝐴4 log |𝑉𝑁16𝑋 |
+ 𝐴5 log |𝑉𝐹4𝑌 | + 𝐶.
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(9)

Fitting without frequency restrictions on the 0 to 15 mm range produced the same FM as
Equation (8), but in the 0 to 30 mm it range produced a different model, which was,
𝐷(𝐿−𝑃𝑇)30 = 𝐴1 (log |𝑉𝑁4𝑀 |)2 + 𝐴2 𝑊𝑇 + 𝐴3 log|𝑉𝑁2𝑀 | + 𝐴4 (log |𝑉𝐹4𝑌 |)2

(10)

2

+ 𝐴5 (log |𝑉𝐹2𝑋 |) + 𝐴6 log|𝑉𝑁16𝑋 | + 𝐶.
The coefficients A1 to An are constant, where A1 corresponds to the most significant fitting signal
in the model. The three models are similar, except the 0 to 15 mm model does not contain any
signals from the far coil on the gap probe. All three models exited the iterative least square fitting
procedure due to PT resistivity being the next most significant fitting vector. These models were
constructed on half of the test matrix, with the other half of the test matrix sequestered for
validation of the final models, as shown in Figure 26. The subscript for the voltage terms contains
three identifiers: N or F, which refers to the near or far pickup coil; 2, 4, 8 or 16, which refers the
frequency of the signal in kHz; and X, Y or M, which refers to whether the fitting signal was the X,
Y, or magnitude component. The magnitude component is the root of the sum in quadrature of
the X and Y components. For example, N8M refers to the near coil 8 kHz magnitude fitting signal.
The performance of the three models was compared by plotting the RMSE from a minimum LISSPT distance of ~ 1.4 mm, the wall thickness of the CT, out to 15 or 30 mm, as shown in Figure 26.
The RSME was calculated by using binned residuals and was plotted against the actual LISS-PT
distance. The residuals were binned to calculate the RSME with the bin center on the actual LISSPT distance and the total bin width set to 1 mm. The RSME for both models was sub-millimetre
out past a LISS-PT distance of 15 mm, where it then increased approximately linearly above a
millimetre, as shown in Figure 26.
76

(A)

(B)

(C)

Figure 26: RMSE against LISS-PT distance for the 0 to 15 mm models (A) and frequency-restricted 0 to30 mm model
(B), and unrestricted 0 to 30 mm model (C). Training models were constructed using 50 % of the test matrix, while
validation models were constructed on the other test matrix 50 %. FM stands for final model, and FM Aic 15 refers
to the model identified in Table 3. FM w. Ρ refers to the final model with the addition of resistivity as an additional
fitting signal, and IM refers to an Intermediate Model, described in the text below.

The SSR and AIC were calculated at each model stage during the iterative least square fitting
procedure. When the first term was added, with coefficient A 1, the AIC and SRR was calculated
and this was repeated as more terms were added to each model, as shown in Table 3. A5 ,A6 and
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A7 for the frequency-restricted 15 mm and 30 mm models and unrestricted frequency 30 mm
models, respectively, are the coefficients for the resistivity vector that could have been added to
the model (𝐴𝑖 ∗ 𝜌), had resistivity for the PT been available. The SSR and AIC were calculated
from the frequency-restricted 30 mm models using the first 15 mm of data points (SSR15 and
AIC15). From Table 3, one can see that the model that minimized the AIC in this region is the
model with terms up to A4, and so would not use the far coil’s 4 kHz X- component fitting signal
(see the global minimum in the A4 row of Table 3). For the unrestricted frequency model,
examining the SSR15 and AIC15 did not produce a different model then Equation (10), and instead
an intermediate model (I. M.) was plotted in Figure 26, which corresponds to keeping terms A1A3 in Equation (10).
Table 3: Sum-square residuals (SSR) and calculated AIC for the models fitting out to 15 and 30 mm. SSR15 and AIC15
refer to the SSR and AIC for the first 15 mm of the frequency restricted 30 mm models. The ‘Introducing…’ columns
refers to the SSR and AIC when A1, or A1 and A2 and so forth, were added in the iterative fitting process. Bolded
values are the final models identified in the text.

Restricted Frequency
Models
Adding
… Term
to 15
mm
Model

SSR

A1

2556

A2

Unrestricted Frequency
Models

Adding
… Term
to 30
mm
Model

Adding
… Term
to 30
mm
Model

SSR

SSR

AIC

-750

A1

11186

3465

3651

165

A1

10831

3251

1797

-1886

A2
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1343

2597
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A2

7664

954

A3

1435

-2610

A3
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2524

-1118

A3

6476
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A4

1333

-2846

A4
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A4
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A5
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-3119

A5
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-1599

A5
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-895
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__

__

A6
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-301

A6
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-974

__

__

__

__

__

__

__

__

A7

5526

-1210

AIC

AIC

78

SSR15

AIC15

5.6 – DISCUSSION

To calculate the LISS-CT distance from the LISS-PT distance obtained using the above model,
inspection data analysts need to know the PT-CT gap at the point of maximum sensitivity to the
LISS nozzle. One method for approximating the PT-CT gap at this point of maximum sensitivity is
to identify that the LISS nozzle excitation, at the most, affects the PT-CT gap signal along an ~ 80
mm stretch of the fuel channel for the near coil, as shown in Figure 23. Inspection data analysts
can interpolate the PT-CT gap based on the gap measured on either side of this affected zone.
Once an appropriate averaging calculation is made to infer the PT-CT gap in this stretch the LISSCT distance can be calculated using the LISS-PT distance modeling above. It should be noted that
at LISS-CT contact the LISS nozzle-affected axial distance, or zone, along the fuel channel is the
greatest (~ 80 mm), when the PT-CT gap is ~0 mm and decreases as the LISS-PT distance
increases. This means that after calculating the gap based on an initial affected zone of ~ 80 mm
and calculating that the LISS-PT distance is further away than contact, the gap could be iteratively
recalculated using a narrower LISS-affected zone, which would improve gap estimates in this
region. Alternatively, machine learning algorithms are available that may be able to recover the
superimposed signals using the available multiple frequencies and essential parameters, but this
was not examined in this thesis. Examples of Principle Component Analysis (PCA)-based machine
learning algorithms being applied to PT-CT gap data are seen in the work by Shokralla et al. [39]
and Contant et al. [10].
Focusing on the image (B) in Figure 26, there is a noticeable dip in the RMSE plot near the 5 mm
point. This is due to the model crossing the ideal fitting line (i.e. over-estimating on one side and
79

under-estimating on the other). By relaxing the frequency constraint (i.e. allowing the use of the
2 kHz signal from the near coil), additional fitting signals are made available during fitting, as
shown in Equation (10). When the iterative fitting process is repeated using this information, a
FM is generated that does not produce such a noticeable dipping trend in the RMSE, as shown in
Figure 26 (C). Observing again image (B) in Figure 26, there is not much difference between the
models shown in the 0 to 15 mm range. Gains are made by introducing resistivity as an additional
fitting signal to the FM in the 15- 30 mm range of the prediction space. This behaviour explains
why the AIC15 FM uses one less term than the frequency restricted 0 to 30 mm FM. The
improvements in the SSR after A4, obtained by introducing more fitting signals, arises in the 1530 mm range. The increase in the AIC15 after adding an A5 and A6 term indicates a trend towards
overfitting by the AIC15 that increases above the global minimum (see the global minimum as
highlighted in the A4 row of Table 3, and the increase in the A5, A6 rows). However, for the
frequency-restricted full range 0 to 30 mm FM, these additional terms lower the overall SSR and
are not identified by the AIC as overfitting. The FM was still terminated before adding a resistivity
term, with coefficient A6, due to the fitting constraints described earlier.
While the AIC does not reach a global minimum for the unrestricted frequency models, the SSR
levels out at the model with A1-A3 coefficients, and this model is labelled the IM model in Figure
26 (C). Looking at this model compared to the others in Figure 26 (C), it performs relatively well
in the 0 to 20 mm range, but begins to fall behind in performance relative to the other models
past 20 mm as shown in Figure 26 (C). This suggests that the additional terms added past A3
improve the model’s RMSE past 20 mm, and if models are selected based off of their performance
in the 0 to 15 mm range the model with A1-A3 coefficients would be a good candidate. A similar
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behaviour in the SSR leveling out past the A1-A3 models can be seen in Table 3 with the frequency
restricted models, suggesting these are excellent candidates for detecting the LISS-PT proximity
in the 0 to 15 mm range. To improve model performance past 20 mm, adding lower frequencies
and far coil fitting signals is a good choice, as seen by the fitting signals with coefficients A4-A6 in
Equations (8)-(10). This intuitively makes sense, as lowering the frequency improves the
electromagnetic skin depth and a wider coil spacing typically results in a larger effective detection
range, as seen for example, with RFEC and gap probe coil spacing [74], [102].
Typically, the fuel channel sags once the garter springs are loaded by the PT, and the PT-CT gap
along the 6 o’clock position is near the garter spring thickness, either 4.8 or 5.7 mm for tight- or
loose-fitting garter springs, respectively [15], [22]. This implies that as the fuel channel
approaches a LISS nozzle and the LISS-PT distance nears 15 mm, the LISS-CT gap, which is of
primary interest, is approximately between 10 to 15 mm. The resulting accuracy of the LISS-CT
measurement is then the summation of the LISS-PT accuracy, and PT-CT gap accuracy, which is a
combination of the multi-frequency gap extraction algorithm.
A sensitivity analysis cannot be easily carried out in this modeling due to the nature of the
inspection process. The gap inspection process, with the gap probe’s drive and receive coils
coupled to the environment [3], [11], [12], [45], [49], cannot have an essential parameter vary
independently without it affecting each of the coils’ voltage responses. Varying the PT WT and
PT resistivity, for example, will change all the voltages recorded by the pickup coils. This results
in a highly correlated test matrix. On the one hand, this is advantageous due to there being
multiple redundant signals for LISS-PT fitting. However, on the other hand, when it comes to a
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sensitivity analysis, this highly correlated test environment is not an asset, since a sophisticated
error analysis cannot be carried out. For random error, with a mean of zero, the FM’s first
derivatives need to be examined to gain an estimate of the effect this will have on the LISS-PT
estimates. A final comment in terms of the model’s performance regarding error, is that the FMs
are constructed using the log of voltage signals, and the voltage signals are large when responses
are recorded near LISS-PT contact. This characteristic means that small voltage deviations will
affect the LISS-PT estimates at larger LISS-PT distances more significantly than near LISS-PT
contact, which is a desirable property of this model.
When comparing the performance of the RFEC probe to the EC gap probe, many advantages
using the EC gap probe are evident [74], [102]. Both methods predict a LISS-CT distance using the
same algorithm structure where a LISS-PT distance is predicted, and then, using a PT-CT gap
estimate, the LISS-CT distance can be calculated. In predicting the LISS-PT distance, RFEC
produced a RMSE of 1.3 mm over a 0 to 60 mm range [74]. The gap probe can predict LISS-PT
distances out to ~ 30 mm with a RMSE less than 1.3 mm, making it superior at closer distances
[74, p. 8]. The RFEC algorithm for predicting LISS-PT proximity has to compensate for PT
resistivity, PT diameter (because the RFEC probe is not surface-riding) and PT-CT gap. The
algorithm described above for the gap probe does not need to compensate for any of these
variables [74]. PT resistivity negligibly affects LISS-PT measurements using the gap probe. The gap
probe is surface riding resulting in negligible effects due to PT diameter [23], and the effects due
to PT-CT gap are removed in the gap probe algorithm through nulling/calibration. A final
observation is that the frequencies used by RFEC for LISS-PT monitoring were 1.7, 3.4 and 5 kHz
[74], and were unconstrained by not performing the inspection during another qualified
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inspection. The frequencies used during a gap inspection, and subsequently during a LISS-PT
proximity inspection using the gap probe are 2, 4 and 8 kHz [22]. From the skin depth equation,
operating the gap probe at lower frequencies should improve the LISS-PT effective detection
distance, and the effective LISS-PT detection range using the EC gap probe would be increased
approaching that of the RFEC probe.
One additional advantage to using gap data to measure the LISS nozzle proximity as opposed to
using a combination of an RFEC probe with a PT-CT gap inspection, is that this model can be
applied to historical gap inspection data to extract the LISS-CT distance over time. This
information will provide reactor operators with additional information when it comes to
scheduling maintenance outages. This is not typically available with the RFEC inspection
technique as RFEC inspections are not included in the periodic inspection program [87], [102].

5.7 – CONCLUSION

In summary, the gap probe presents a unique opportunity to monitor the LISS-PT distance as
reactors age. Future gap inspections can now double as LISS nozzle proximity inspections and
past gap inspections can be mined to estimate future LISS-CT contact, which will aid in future
outage scheduling. The LISS-PT model presented here accounts for all essential variables, WT, ρ,
LO and PT-CT gap, that may affect CT to LISS proximity inspections and it achieves sub-millimetre
accuracy in the LISS-PT range of 0 – 15 mm. Implementing this alternative LISS inspection method
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is expected to reduce outage costs, and compliment optical inspections, allowing for the
opportunity to corroborate LISS-CT optical estimates.
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CHAPTER 6
DISCUSSION
The focus of this thesis is enhanced functionality of the gap probe. This can be achieved by
analysing data currently collected during an inspection and seeing if there are methods to
correlate collected data to properties of interest. This can be seen in the LISS-PT proximity work,
and in previous research by Shokralla et al. [19], which analysed data collected by the gap probe
to profile the inner PT surface. In both cases, collected data was analysed in-detail to extract
additional information of interest. An alternative means of enhancing functionality is to develop
a body of research that correlates two or more material characteristics of interest. This body of
research would provide motivation to develop an inspection method for one characteristic that
can then be related to others of interest. This was developed in Chapter 4 and is discussed in
more detail in the Future Work section.
The fuel channel is monitored closely to ensure the designed reactor operating lifetime is
reached. Several inspections techniques are used to monitor a host of fuel channel properties,
such as fuel channel sag rates, fuel channel microstructural composition and physical dimensions
over the operating lifetime, hydrogen and deuterium concentration in the PT, ect [9], [18], [25],
[62], [89]. The gap probe was designed for PT-CT gap measurements, but the physics of how the
probe acquires information, interacts with both the PT and CT microstructure, and is affected by
physical dimensions and spatial position of the fuel channel in the reactor provides other
opportunities for its application. The gap inspection is carried out based on a qualified inspection
[22], [24], but researchers over time have identified additional information that can be extracted
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within the qualified inspection, or new information that could be extracted if certain gap
inspection constraints were relaxed or changed. As mentioned earlier, Shokralla et al. [19] have
adapted the probe to perform surface profiling and Sedran et al. [1], [112] have adapted the
probe for CT ovality measurements, with no or minimal changes to the inspection procedure.
Additional information that the gap probe could extract is LISS-PT proximity [99] and PT resistivity
[10] (see Chapters 4 and 5, and the Future Work section), if the frequency and drive coil voltages
are modified. If the frequency and drive coil voltage were modified, horizonal flux detectors could
be detected using the gap probe [102], [113]. As researchers investigate additional uses for the
gap probe that are of value, utilities could enter into a cost-benefit discussion to determine if the
cost of updating existing qualified inspections is outweighed by the value of additional
information extracted from the channel.
An additional area where a lack of information on PT resistivity variations could have affected
fuel channel integrity discussions is CT ovality, as mentioned above. As installed, the PT and CT
are both circular. The PT, under pressure, remains circular except at spacer locations where
ovalization starts to occur [1], [112]. PT ovality is measured directly using the gap probe combined
with additional instruments attached to the fuel channel inspection module, for example
ultrasonic transducers [19], [22]. CT ovality is measured indirectly using circumferential PT wall
thickness measurements from ultrasonic probes, and the eddy current gap measurements using
the equation below, as shown in Figure 27 [1], [112]. At each angular position 𝜃, the CT inner
diameter 𝐼𝐷𝐶𝑇 is the sum of the PT-CT gap at 𝜃 and 𝜃 + 180°, the PT inner diameter 𝐼𝐷𝑃𝑇 , and
the PT’s wall thickness 𝑊𝑇𝑃𝑇 at 𝜃 and 𝜃 + 180°,
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𝐼𝐷𝐶𝑇 (𝜃) = 𝐼𝐷𝑃𝑇 (𝜃) + 𝑊𝑇𝑃𝑇 (𝜃)+ 𝑊𝑇𝑃𝑇 (𝜃 + 180°) + 𝐺𝑎𝑝(𝜃)
(11)
+ 𝐺𝑎𝑝(𝜃 + 180°).

Figure 27: Fuel channel with measurements used to indirectly measure CT ovality.

Indirect CT ovality measurements impact fuel channel and PT integrity discussions that include
time-to-contact, CT loading and deformation, spacer integrity, and deterministic and probabilistic
fuel channel assessments [112]. While CT ovality could be occurring to some degree, what could
also be occurring is a PT circumferential resistivity variation with little to no CT ovalization, which
would manifest as PT-CT gap variations as expressed by Equation (11). If true, gap algorithms
should take into account PT resistivity variations to improve gap measurements and confidence
bounds. It is assumed that this will help improve the disagreement in gap measurements at
spacer locations [112]; however, more work is required in this area to understand the
interactions between circumferential PT resistivity variations and CT ovality on gap estimates.
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The improvement in gap accuracy by incorporating resistivity variations in-channel will also
improve LISS-CT estimates and error, if calculated using the gap probe and LISS-PT distances.
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CHAPTER 7
CONCLUSION
In summary, the objective of this thesis was to examine two areas of enhancement for the
functionality of the CANDU PT-CT gap probe by utilizing novel data mining techniques. The first
area identified that reactor conditions, specifically operating temperatures, could result in the PT
electrical resistivity decreasing by as much as 10% of its as-received resistivity. Four-point
electrical resistivity measurements of a control PT specimen were compared to heat treated
specimens, both removed from a larger PT section. Heat treatment was carried out at 400 and
450 °C to achieve the full range of microstructural variation due to elevated temperatures, in this
case minimal to complete beta-phase decomposition, in a reasonable experimental time (~8
months). A decrease in resistivity was identified as correlated with log-time, fraction complete of
beta-phase decomposition, and in-turn Nb concentration in the beta-phase. This has implications
for PT-CT gap algorithms that assume constant resistivity [22], axially and circumferentially,
during inspections, and consequently, fuel channel integrity assessment. The second area of
study identified that inspection data from PT-CT gap campaigns contains LISS-PT, and in-turn LISSCT proximity information. Empirical models were developed over two LISS-PT ranges, 0 to 15 mm
and 0 to 30 mm with similar sub-millimetre accuracy out to a LISS-PT proximity of 20 mm, and inturn a LISS-CT distance of 15 mm. This method of extracting additional information from past and
present PT-CT gap scans can be used to generate times-to-contact between the LISS and CT,
facilitating scheduling maintenance outage windows, and can examine all CANDU fuel channels
located above LISS nozzles for potential contact, unlike current optical inspection methods. Both
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areas of study, if implemented, could result in significant cost savings and added value to the
Canadian nuclear industry.
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CHAPTER 8
FUTURE WORK
Future work can be divided into two areas of investigation. The first is to extend the LISS-PT fitting
results to real in-reactor data. The results of the empirical model run on actual reactor data can
be compared to optical inspection data that is available for a small percentage of fuel channels.
Using optical data and associated gap inspections around the time of the optical measurements
can form the basis for a calibration. Afterwards, the calibrated model can be validated on a
selected set of gap inspections and the performance of the trained model can be validated with
optical measurements for the associated fuel channels. Afterwards, or in parallel with the fitting
just discussed, a calibration mock-up fuel channel will also need to be developed by utilities to
adapt the empirical model to actual gap probes and LISS nozzles. This will adjust the coefficients
in Equation (8) and (9), but the fitting signal voltages are assumed to remain the same. This will
be an improvement over using optical inspection datasets with the accompanying fuel channel
gap inspections for the empirical model, because it is assumed that there are not many optical/
gap inspection pairs in the 0 to 30 mm LISS-PT range.
The second area of future work is to examine the full spectrum of reactor effects on
microstructure, and in-turn PT resistivity. Future gap algorithms can be designed to converge on
both a specific gap profile for a circumferential scan and also a resistivity profile. Resistivity as an
output could be used as a new gap probe inspection capability to asses PT microstructure by
measuring local resistivity variations. If this information was used as an input in gap algorithms
this information would improve PT-CT gap estimates. Specifically, consider the 16 kHz frequency
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and skin depth, the 16 kHz skin depth in PT material is ~3 mm, which is less than the average wall
thickness of 4.2 mm [22]. This results in the 16 kHz frequency component being less sensitive to
the PT-CT gap, but highly sensitive to probe lift-off variations and PT resistivity, making this
frequency an excellent candidate to monitor local resistivity variations in the PT [12], [19].
Therefore, the 16 kHz component could be used to extract local resistivity variations and be used
as an input into gap algorithms in a similar fashion as to how ultrasound transducers monitor
local wall thickness variations as an input into the algorithm [9]. This technique could improve
gap measurement accuracy along the length of the PT, especially near the outlet end of the PT,
where the PT temperature is the highest and is expected to have largest circumferential
variation [17], and therefore, is expected to have the largest resistivity variations. By knowing the
local resistivity value along the PT using the 16 kHz frequency component, empirical relationships
could then be applied to infer microstructural information that would augment and support PT
monitoring programs.
The reported effects of hydrogen ingress and irradiation on Zircalloy resistivity are small
compared to the effect seen from beta-phase decomposition in Zr – 2.5 wt % Nb (see Sections
2.6 and 4.2) [60]. When hydrogen concentrations in unalloyed Zr have been varied, a resistivity
change of 1.9 μΩ⋅cm per atomic percent of solute hydrogen is observed [34]. In Zr- 2.5%Nb PT
material, varying hydrogen concentration resulted in a resistivity increase of 0.11 μΩ⋅cm per ppm
hydrogen measured using eddy current testing [88], and in Zircaloy CT material hydrogen
concentration variation produced an increase of 0.001-0.015 μΩ⋅cm per ppm hydrogen also using
eddy current testing [60]. If it is found that the effect of irradiation and hydrogen uptake on Zr –
2.5 wt % Nb is similarly negligible when measured using a more precise technique, compared to
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the strong effect of the beta-phase decomposition on resistivity, shown here, this would allow
for a new in-reactor monitoring technique for beta-phase decomposition, independent of
hydrogen uptake. Providing advanced PT-CT gap algorithms could extract local resistivity
throughout the PT [3]. This high spatial resolution information, with the same resolution of a gap
inspection, could be used to improve PT fracture mechanics models, for example by modeling of
DHC growth rates with beta phase maps. For reference, gap inspections can perform
measurements with 360 data points per revolution with each revolution separated by 1 mm
axially along the length of the fuel channel [19]. Work by Bickel et al. [17], which looked at the
effect of beta-phase decomposition on hydrogen diffusion in ex-service PT material, showed that
the beta-phase filament network aids in hydrogen migration and facilitates higher DHC growth
rates at stress concentrators. DHC growth rates are lowered as the beta-phase filament network
decomposes and becomes interspersed with omega-phase particles [17]. A map of the betaphase throughout each PT in the reactor, over its operating lifetime, could be utilized by DHC
growth models to better define the tube’s effective lifetime before replacement. If developing
empirical models is not feasible, alternative relationships between material resistivity and
microstructure may be available using theoretical models such as effective mean theory,
Matthiessen’s rule, or percolation theory [30], [31], [114].
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