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Abstract

This experimental undertaking has primarily focused on determining the
dependency of Pellet-Cladding Mechanical Interaction (PCMI) conditions
and the resulting Iodine Stress-Corrosion Cracking (ISCC) failures on resid-
ual stresses within a wide range of manufactured CANDU Zircaloy-4 clad-
ding (sheathing). ISCC failures remain a fuel performance concern for wa-
ter-cooled reactors, including CANDU reactors, accommodating a multi-
tude of power maneuverability events, at high discharge burnups. A multi-
year examination of more recent and vintage Zircaloy-4 sheathing samples
and their associated post-production stress state from two independent sources
is provided. A relationship between the residual stress history in manufac-
turing processes of Zircaloy-4 and ISCC has been investigated, by static load-
ing of slotted ring samples in iodine-methanol solutions (10 g-L™") at room
temperature. Results indicate that inherent residual tensile stress state of the
sheathing above a certain threshold is strongly correlated to the failure in
ISCC process.
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1. Introduction

Pellet-Cladding Mechanical Interaction and Iodine-Induced
Stress-Corrosion Cracking

Zirconium and its alloys (>98% Zr) have hexagonal close packed (hcp) crystal
structure and exhibit highly reproducible anisotropic thermal, elastic and plastic
properties, due to thermo-mechanical processing route adopted by the industry
to fabricate a tube product that meets or exceeds service requirements. Much of
the latter credit is due to metal producers and fabricators for their operational
culture. Zircaloy-4 (UNS R60804), in particular, is the backbone in-core structural
materials in thermal reactors such as CANDU reactors, by virtue of a superior
combination of intrinsic properties, such as compatibility with uranium oxide,
low neutron absorption cross section, high melting point, good thermal conduc-
tivity, low thermal expansion and high temperature creep behavior, Stress-Corro-
sion Cracking (SCC) resistance, reduced hydrogen uptake and its resulting em-
brittlement, and oxidation stability.

Pellet-Cladding (sheathing) Mechanical Interactions (PCMI) have been recog-
nized as the cornerstone of major fuel sheathing reliability shortcomings in the
form of sheathing service failures since 1970s, at times proving insidious and
costly [1]. PCMI origin dates back to the testing of General Electric Vallecitos
Boiling Water Reactor using enriched uranium and stainless-steel sheathing ma-
terial in 1963, and subsequent elucidation that Iodine Stress-Corrosion Cracking
(ISCC) was the underlying cause, was published in 1965 [2]. The onset of systemic
failures reached a high point, when on-line refuelling in the CANDU-prototype
Nuclear Power Demonstration (NPD) reactors and Douglas Point had started in
1969, with further escalation with the start-up of Pickering-1 (the first CANDU
full-scale plant) in 1971 [3]. The PCMI has its roots in simultaneous evolution of
local chemical and mechanical stresses inside Zircaloy sheathing, physically en-
capsulating the uranium dioxide fuel (UO,) pellets, and acting as first full reten-
tion barrier between the radioactive fuel and exterior coolants [4]. Under mechan-
ical stress, UO; pellet expansion induces a strain-controlled loading on the sheath-
ing at approximately 1 s™! circumferential strain rate [5]. This phase is referred to
as PCMI (Pellet Cladding Mechanical Interaction).

The following synergy of environmentally assisted requirements for the initia-
tion of ISCC in the Zircaloy sheathing have been identified [6]: i) a critical increase
in local stress, or strain from UQO, pellet expansion; ii) a corrosive environment
provided by volatile fission products, predominately iodine; iii) a minimum incu-
bation time; and iv) a susceptible material. The spectrum of combined concentra-
tion of factors on the ISCC susceptibility of Zircaloy sheathing encompasses a
wide range of attributes such as metallurgical state of alloy (composition, strength
level, texture, residual stress history in fabrication), in-reactor stress intensity, io-
dine concentration, oxide layer type and thickness, and irradiation conditions [7].
Iodine escapes from the fuel to the highly radiolytic fuel-sheathing gap through

diffusion or thermal cracking and is proportionate to the fission gas release [8].
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Iodine isotopes are about 15% of the total U-235 fission isotopes [9]. Both iodine
and Zrl, are serious ISCC initiating species for Zircaloy-4 [10]. To affect PCMI
cracking from the interior, it is generally accepted that volatile fission by-products
must be present locally and be above a threshold concentration [11]. The iodine
concentration is highest in the fuel-sheathing gap [12], inducing a subsequent del-
eterious effect on the mechanical strength of the Zircaloy sheathing [4] [13]. High
local iodine concentrations are reported on the sheathing at pellet crack locations
[14]. Critical iodine concentrations for causing ISCC were tabulated earlier [15].
The main factor influencing ISCC is the chemical composition of Zircaloy
sheathing, culminating in changes in the structure, mechanical and physical prop-
erties of the alloy system. The changes in strength and resulting resistance to ISCC
are the primary by-products of the Zircaloy chemical makeup [16]. The experi-
mental data and analyses [17] [18] have correlated the texture of non-irradiated
Zircaloy-4, more than its chemical composition (for variations within the ASTM
specification), with a strong effect on ISCC. The in-reactor structural integrity
such as yield strength, fatigue and SCC are strongly correlated with the character-
istic final texture in the finished Zircaloy sheathing product. The texture is af-
fected by the tool design as well by the tube reduction parameters [19]. This fur-
ther reinforces a conclusion that the Zircaloy tube manufacturing process is a sig-
nificant factor in ISCC [20]. Residual stresses in materials arise in not only oper-
ational use, but stem from many a priori mechanical manufacturing and pro-
cessing methods involving material deformation, heat treatment and machining.
Almost every step of many machining processes can induce a wide variety of re-
sidual stresses with beneficial or detrimental effects. Particularly, the introduction
of subsurface residual stresses in these operations, in terms of their depth, sign
and magnitude may be the most influential factor in fatigue life, dimensional sta-
bility, brittle fracture and corrosion resistance. Since residual stresses are in self-
equilibrium, both positive tensile, and negative compressive values must exist if
residual stresses are present. These can be uniaxial, biaxial, or triaxial [21] [22].
Seamless Zircaloy-4 sheathing in CANDU reactors are manufactured in an in-
cremental compression forming process called pilgering, where the sheathing tube
is subject to a complex stress system. These stresses are not necessarily subject to
continuous quality control assessment and monitoring, and unfortunately, in too
many cases, residual stresses and their potential to improve or damage components
subjected to repeat load cycles may be overlooked, or it is assumed that additional
treatment either has eliminated them or introduced beneficial compressive stresses.
The residual stresses persist as long as the sum of residual stress and applied exter-
nal stress does not exceed the pertinent 0.2% yield stress (y02) of the materials. The
stresses required to cause SCC are small, usually below the macroscopic g0, and
are tensile in nature. When superimposed to repeated applied external stresses, re-
sidual stresses at the proper surface play a crucial role in the structural integrity of
components and structures [22] [23]. This is critical in the nuclear field, where

highly favourable (sub)surface residual compressive stresses in the Zircaloy sheath-
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ing, efficiently retard the applied PCMI loading and overcome formation and prop-
agation of cracks, thus enhancing fatigue resistance. Whereas residual tensile stresses
are generally harmful and decrease the SCC resistance. Adequate depth and mag-
nitude of the compressively stressed layer is important, in order to mitigate the
initiation of cracks. Corrosion fatigue is often considered a subset of SCC [23].
During normal operations, high thermal conductivity in the fuel and sheathing, in
conjunction with high sheathing strength and adequate creep resistance in the lat-
ter components are desired to withstand stress buildup in the sheathing [24]. Creep
is deformation occurring as a constant volume process, normally at low stresses
below the usual yield strength (;02). Detailed thermo-mechanical analysis was able
to show that during slow power ramping the sheathing and the pellet will creep,
reducing the stress state of the former [25].

Zircaloy failure under the ISCC regime emerges from PCMI conditions, when
the synergy of existing tensile hoop stress and stress imposed on the sheathing by
fuel thermal expansions during steep power ascension rates, and corrosion reac-
tion by high iodine concentration at the inner surface, are combined in tandem
[4] [26] [27]. Initially, ISCC cracks proceed along the grain boundaries, and then
propagate across the grains to leave a fracture pattern as a rupture during the ISCC
process [4]. PCMI conditions and the associated ISCC process, as a by-product of
sudden power ramping, can limit the lifetime and safety of the Zircaloy-4 sheath-
ing [1]. Zircaloy sheathing has demonstrated a high probability of brittle fractur-
ing due to PCMI, during severe power ramping in test reactors [28] and water-
cooled reactors [29]. Ramp rates above 3% hour™ [30] in fuel rods with extended
service life over 10 GWd-t(U)™* [31], culminate in increased UO,-pellet thermal
expansion. The ensuing aggressive fission-gas product accumulation above a
threshold concentration [11] [32] [33] and gap closure, generates local tensile
hoop stresses on the inner surface of the sheathing, near radial fuel cracks or pel-
let-pellet interfaces [8] [34], at or above a stress threshold value. A sudden power
increase that sets up such magnification of stresses plays a key role in the creation
of PCMI conditions, normally leading to crack growth and failure in detectable
ISCC. The crack propagates in the radial direction under a hoop stress. Crack
growth rate has been expressed as a function of stress intensity [35]. The stress
state in the sheathing then becomes a direct function of UO,-pellet swelling dur-
ing large power transitions, with higher burnups, therefore increasing the tensile
stress state of the former [4] [36]. The burnup trials at 20 GWd-t(U)™ at the Bruce
Power Reactor (Tiverton, ON) revealed a high failure rate due to PCMI conditions
[32] [37]. Dynamic operations can cause considerable strains in CANDU fuel
sheathing. For instance, the minimum strain predicted to initiate SCC cracking
(0.1% - 0.5% [38]) is generally exceeded during power ramping in CANDU fuel,
wherein the hoop strain in the sheathing can reach values of 0.8% - 1.3% and drop
by 0.6% during a shutdown condition. Furthermore, the highest strains occur at
fast ramp rates (1 kW-m™-min™), because they reduce the time available for fuel

densification [39]. Under a power ramp regime, PCMI is minimized with high
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strength sheathing and its ability to accommodate pellet expansion via creep, to
delay sheathing ballooning and burst [40]. Threshold values of stress [41], stress
intensity factor, iodine concentration for detectable ISCC [42], and iodine levels
of PWR rods at normal and high burnups [43] [44] have been documented. A
surplus of iodine over cesium reaches the sheathing in a power ramp [45] but is
independent of fuel burnup [33].

PCMI conditions and the resulting ISCC failures remain a licencing concern
for water reactors, including CANDU reactors, accommodating a multitude of
power manoeuvrability events, higher discharge burnups and non-standard fuel
designs, in a less conservative and more financially incentivized state of operation
[3]. Although PCMI/ISCC mechanism accounted for very isolated failure rates of
Zircaloy sheathing in all Pressurized Heavy Water Reactors (PHWR) surveyed
during 2006-2015 [46], new safety requirements now include consideration of the
effects of power cycling at high burnups [47], and development of reliable sheath-
ing to mitigate PCMI conditions under these operating parameters [48]-[50]. The
stresses induced by dynamic thermo-mechanical equilibrium under a PCMI sce-
nario amplifies the fact that residual stress state of the sheathing above a certain
threshold is highly correlated to the failure in SCC process. Residual compressive
stresses protect the integrity of sheathing material from PCMI related ISCC,
whereas residual tensile stresses promote ISCC in tests of Zircaloy in iodine va-
pors at 300°C [51]. The Cold-Worked, Stress-Relieved (CWSR) microstructure
and texture for CANDU fuel sheathing have been better controlled in the ensuing
decades [52].

Multitude of obstacles inherent with in-reactor PCMI tests, have prompted con-
siderable efforts in simulation of these conditions in the laboratory [26] [53]-[55].
A variety of different sample geometries have been examined (C-ring, standard
tensile samples, and tube sections) using different methods for inducing stress (in-
ternal pressure tests, expanding mandrels, tensile and compression tests). Stress-
Corrosion Cracking (SCC) in Zircaloy-4 fuel sheaths has previously been investi-
gated by static loading of slotted ring samples [51] [56] [57]. At 300°C, slotted
Zircaloy rings crack in iodine vapour at applied hoop stresses greater than 217
MPa, where the failure time depends critically on whether the iodine concentration
exceeds 3 mg I,-cm™ of Zircaloy material [51]. In addition, the applied stress con-
tinuously relaxes during the test, which means that the stress could decay below
the threshold stress for SCC during a long incubation period. These are disad-
vantages that make interpreting results difficult [4]. PCMI models provide reason-
able failure predictions at low sheathing stresses (<1%) in test ramp data. In situa-
tions when fission product release is significant [58], general sheathing stresses are
maintained well below yield by creep relaxation. In contrast, fuel rod codes that
treat PCMI as a predominantly mechanical interaction [59] must resort to the as-
sumption of unrealistically large stress concentration factors from the fuel pellet in
order to raise the sheathing stress to its 0.2% yield strength (g;02) failure limit.

ISCC is not the dominant mode of failure for CANDU reactors. Improved re-
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actor operating procedures to preclude severe power ramps, in addition to the
introduction of CANLUB graphite coating used exclusively in CANDU reactors
to protect Zircaloy-4 fuel sheathing [57], have been the cornerstone of reliability
of power generation in Canada. Although a comprehensive review of ISCC pro-
cesses has been presented earlier [60], a detailed examination of the most recent
literature reveals the noticeable absence of ISCC investigations pertaining to the
post-production stress history of Zircaloy-4, prior to the experimental undertak-
ing in this work.

The test programme described here has primarily focused on determining the
dependency of PCMI-ISCC on inherent residual stress within a wide range of non-
irradiated, stress-relieved commercially available CANDU Zircaloy-4 sheathing
and ubiquitous influence of iodine. A historical context is provided in terms of
Zircaloy-4 sheathing from two independent sources, and their associated post-pro-
duction stress state. In a first study of its kind, a more defining relationship between
ISCC and the nature and magnitude of indigenous residual stress and the resulting
changes in the mean stress to a constant hoop tensile stress, at or near the maxi-
mum 0.2% yield strength (g;02) of 400 MPa, by static loading of slotted Zircaloy-4

ring samples in corrosive conditions in iodine-methanol has been investigated.

2. Experimental Methods

2.1. Classic C-Ring Experimentation

CANDU-type tubes used in this study were Zircaloy-4 sheathing (diameter =
13.10 = 0.05 mm; thickness = 0.39 = 0.05 mm; length = 490 mm). Two different
lots of commercially available Zircaloy-4 sheathing samples, each with diverse
production vintage have been independently sourced from their manufacturers,
under very strict confidentiality agreements. All information regarding their
source, exact chemical composition, and manufacturing process remains propri-
etary, and therefore unknown to the authors, henceforth referred to as Zr-alpha
and Zr-beta. The as-received cold-worked stress-relieved, un-irradiated, non-hy-
drided Zircaloy-4 tubes, were sectioned into slotted Zircaloy-4 rings using a Bueh-
ler Isomet 1000 precision saw containing a circular diamond blade (151-mm-di-
ameter). This process eliminates overloading the cutting force, therefore minimiz-
ing sample stress by means of a gravity-fed thin (0.4 mm) precision low-speed saw
with IsoCut coolant, ensuring an exact and delicate sectioning with highest sam-
ple-to-sample consistency, in low-deformation radial cutting of narrow rings (5.00
+ 0.05 mm). This was followed by axial slitting to effect slot openings. The result-
ing C-rings were then sonicated in ethanol for 20 minutes to eliminate metal shav-
ings and dust. After drying, the slotted C-rings were weighed (+0.02 mg). Scan-
ning Electron Microscopy (SEM) examination, at sufficiently high magnification,
was used to determine the positive initial slot openings in the C-rings. The C-rings’
openings were imaged on a Quanta 250 FEG ESEM. The openings were manually
measured using the line-measuring tool. The 88 samples comprised of 40 and 48

C-rings for Zr-alpha and Zr- beta, respectively.
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2.2. Elastic Stress in a Slotted Zircaloy-4 C-Ring

Deflection Measurements

The deflections of slotted Zircaloy-4 rings were measured using a Class-1 preci-
sion lever system (Figure 1) [61]. A mass-load force exerted on one side will ele-
vate a lever jaw on the opposite side to increase the slot size of the slotted ring,
which is suspended over the lever jaw and a static jaw. For a slotted ring of known
radius and axial length the slot deflection is proportional to the mass-load force
and radius cubed, inversely proportional to mechanical strength (via Young’s
modulus), and to the ring thickness cubed [61]. Therefore, increases in the radius
and decreases in thickness of slotted rings caused by corrosive processes, e.g., can

be detected sensitively using this technique.

Figure 1. Deflection of slotted C-ring in a Class-1 precision lever system subject to 100.00
+ 0.01 g mass-load force [61]. C-ring (1), Linear displacement transducer (2), 100 g weight
3).

The rings were individually mounted on the apparatus and subjected to a fixed
mass-load of 100.00 £ 0.01 g, in succession. A linear Omega LD400 series displace-
ment transducer measures the ring deflection, which is captured by a LabVIEW™
program in real time. The lever jaw is continually maintained within +0.0004 mm
precision by calibration, after each measurement. The kinetic frictional force re-
mains constant for all slotted rings throughout the measurements. After each de-
flection test, the unloaded slot opening was re-measured to verify that mass-load
(100.00 £ 0.01 g) induced mainly elastic deformation.

SCC occurs beyond a threshold stress, and most likely initiates in regions of
maximum stress. For the slotted ring geometry (Figure 2), the maximum stress
occurs on the inner surface directly above the slot (ie., point A4, Figure 2(a)).
When the slot is stretched from its initial opening () to a final opening (w), the
analytical formula for maximum stress (oa) vs. the half-angle (a, see Figure 2(a))
is [62]:
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Et(w—w,)(1+cosa) W
O, =
g ZRZ{(ﬂ'—a)(l+ 2cos’ ) +1.5sin Za}

This formula for bending stress applies when the ring is elastically loaded. The
ring has a radius (R = 6.55 mm), thickness (#=0.39 mm), and a Young’s modulus
(of as-received Zircaloy-4 fuel sheath) given by [63]:

E =97.83-0.0657(T —273) )

At room temperature (7= 296 K), the Young’s modulus is 97.5 GPa. Typically,
the half-angle is approximately 11° (= 0.19 rad), corresponding to the initial slot
opening. As the half-angle approaches zero, Equation (1) simplifies to [64]:
_ Et(w-w)

37R? &

O

For the practical range of a values, the maximum elastic stress calculated in a
COMSOL Multiphysics (version 4.4) finite element analysis model shows excel-
lent agreement with Equation (1). In addition, the COMSOL model calculates the
distribution of stress in the ring (Figure 2(b)) and helps to determine when shape
variations cause Equation (1) to deviate from the true stresses in the ring. Further-
more, the COMSOL model can be modified to accommodate inevitable plastic
and thermal stresses. Moreover, it can predict the surface strains caused by in-

creasing the total gap deflection (w—w, ).

(@) (b)

Figure 2. Slotted ring geometry (a): Equation (3) parameters, (b): acquiring a distribution
of hoop stress (ox); colour plot indicates compressive stress (blue), tensile stress (red), and
unstressed ring (green) [65].

2.3. PCMI and 0.2% Yield Strength (oy0.2)

The typical hoop stress in CANDU reactors fuel sheathing is generally below 100
MPa. This stress is primarily due to the internal pressure of fission gases and the
thermal expansion of the fuel within. For a 1 mm total gap deflection (W—wj)
increase (Equation (3)), the COMSOL model predicts maximum strain and stress

increases by approximately 0.10 % and 104 MPa, respectively. The maximum
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0.2% yield strength (o;0.) for non-irradiated, stress-relieved Zircaloy-4 sheathing
lies within 414 - 565 MPa (at room temperature), depending on metallurgical con-
ditions [66]. This corresponds well to the range of strains induced by severe power
ramps in CANDU nuclear reactors (0.8% - 1.3%) [39] and exceeds the minimum
strain range for inducing SCC in Zircaloy-4 sheathing (0.1% - 0.5%) [17]. Purely
elastic deflection of C-rings is expected only up to 300 MPa [67]. Beyond 300 MPa,
plastic stress will begin contributing to the overall stress. For constant pressure,
the maximum hoop stress at which ISCC was observed was around 400 MPa.
Above that value, failure did not occur via ISCC. The lower threshold stress, below
which failure by ISCC did not occur, was around 240 MPa for all the loading
modes, before 72 h [68]. Consequently, static hoop tensile stress tests in this study
were conducted with stresses applied around 400 MPa (oa; Equation (3)). Alt-
hough fuel sheathing is subject to equibiaxial stress conditions during a power
ramp, practical laboratory tests for SCC of Zircaloy-4 sheathing are performed by
uniaxial constant load hoop tensile stress (axial stress = 0). Under conditions of a
near equibiaxial stress state, SCC of Zircaloy in an iodine-bearing medium occurs
more rapidly than due to uniaxial loading [69].

Significant differences with in-reactor environment notwithstanding, C-ring
geometry subject to a uniaxial static hoop tensile stress, in an iodine-methanol
medium at room temperature, allows for accurate control of mechanical and
chemical stress environment in reproduction of cracking and fracture conditions
in this study. Specimens of Zircaloy-4 in an iodine-methanol medium without
applied load fail in several days; after loading by uniaxial tension, the specimens
fail in several hours [70]. Iodine-methanol medium replicates fracture processes
in iodine vapours very closely. Fractures obtained in internal pressure tests for
SCC in iodine vapors at 7= 350°C and in an iodine-methanol medium at room
temperature are largely identical [70]. Iodine forms complex compounds with al-
cohols, where one molecule of the alcohol is bonded to one iodine atom. The size
of the alcohol molecule is minimum in the case of solution of iodine in methanol.
Therefore, the sensitivity of Zircaloy to SCC in a solution of iodine in methanol is
higher than in solutions of iodine in other alcohols [71]. The latter is associated
with steric hindrance of higher molecular weight alcohols decreasing the rate of

intergranular corrosion and the resulting SCC susceptibility of Zircaloy-4 [71].

2.4. Zircaloy-4 C-Rings in a Stress-Corrosion Test Environment

Individual Zircaloy-4 C-rings from Zr-alpha and Zr- beta series were mechanically
loaded by a uniaxial constant load hoop tensile stress in the form of a rectangular
Polyether Ether Ketone (PEEK) block. A schematic diagram of this arrangement
is shown in Figure 3. The ease of processing, superior wear resistance and strength,
and formidable chemical resistance, form the foundation of choosing this novel
material as a mechanical wedge.

The PEEK wedge blocks were individually precision-machined (6.40 - 10.00 +
0.01 mm) to deliver a constant hoop tensile stress of 400 (+2%) MPa [68] for each
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C-ring, caused by increasing the total gap deflection (W—w,) in Equation (3).
Post-deflection geometric radius (R) in the latter equation was then determined
(+0.01 mm) by integration of the initial slot opening and the wedge block specific
to each slotted ring with the original radius of 6.55 mm. Since Zircaloy-4 under
uniaxial tension, in an iodine-methanol medium, fails in hours [70], the mechan-
ically wedged C-ring samples in this study were submerged in a 30 mL glass of
freshly prepared iodine-methanol solution (10 g/1000mL) [71] at room tempera-
ture for 4.0 hours. The high iodine concentration is not representative of iodine
concentration in the fuel-sheathing gap [12]. Anhydrous methanol (water <
0.01%) and iodine (99.9%) were used in this study. After emerging from iodine-
methanol solution, the wedged C-rings were immediately rinsed in fresh metha-
nol repeatedly. Subsequently, the wedges were dismounted uniaxially, and the C-
rings were allowed to dry. All samples were re-weighed (+£0.02 mg) and the sur-
viving C-rings that did not suffer complete fracture faijlure and splitting, were re-

examined under SEM for the resulting corrosion effects.

<= c—>
Figure 3. Zircaloy-4 C-Ring mechanically loaded by a uniaxial constant load hoop tensile
stress in the form of a rectangular Polyether Ether Ketone (PEEK) block.

3. Results

3.1. Determination of Original Residual Stress in Zircaloy-4
C-Rings

The initial slot openings in narrow Zircaloy-4 C-rings (5.00 + 0.05 mm), from Zr-
alpha and Zr- beta series, were captured by Scanning Electron Microscopy (SEM).
Maximum and minimum displacements in the form of positive slot openings as
a result of axial slitting range between 0.9173 and 0.4155 mm for Zr-alpha series.
In Zr- beta series, the maximum and minimum positive slot openings are 2.525
and 0.4371 mm. The results of SEM measurements of positive slot openings (mm)
for rings from Zr-alpha and Zr- beta series are displayed in Figure 4 and Figure
5, respectively. Individual measurements (+£0.0004 mm) presented are the average
of 4 measurements for each vintage year, batch and the tube sample number. The

average positive slot opening for Zr-alpha series is 0.5576 (£0.0525) mm. This is
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in clear contrast to the higher average positive slot opening of 1.009 (£0.364) mm
for the Zr-beta series, in addition to a much larger scatter in the vintage years
studied. A quantitative relationship between the positive initial slot openings

(W—w, ), based on individual SEM measurements, allows for determination of

Zr-alpha
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Figure 4. Initial slot openings of narrow C-rings (5.00 + 0.05 mm) after axial slitting, and
total deflections post mass-load force (100.00 + 0.01 g) in a Class 1 lever system (Figure 1).
Slot openings post iodine-methanol Stress-Corrosion trials (400 (£2%) MPa). All data is

the average of 4 measurements (+0.0004 mm). Zr-alpha slotted C-ring vintage year, the
batch (A, B and C), and tube sample (1 and 2).
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Figure 5. Initial slot openings of narrow C-rings (5.00 + 0.05 mm) after axial slitting, and

total deflections post mass-load force (100.00 + 0.01g) in a Class 1 lever system (Figure 1).

Slot openings post iodine-methanol Stress-Corrosion trials (400 (£2%) MPa). All data is

the average of 4 measurements (+0.0004 mm). Zr-beta slotted C-ring vintage year, the

batch (V), and tube sample (1 and 2). Fractured C-ring sample groups are indicated by

missing data points.
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Figure 6. Tensile residual stresses based on SEM measurements of the initial slot openings
for C-rings from Zr-alpha series (Equation (3)). All data is the average of 4 measurements.
Zr-alpha slotted C-ring vintage year, the batch (A, B and C), and tube sample (1 and 2).
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Figure 7. Tensile residual stresses based on SEM measurements of the initial slot openings

for C-rings from Zr-beta series (Equation (3)). All data is the average of 4 measurements.

Zr-beta slotted C-ring vintage year, the batch (V), and tube sample (1 and 2).

the residual tensile stresses (oa) for individual C-rings from Zr-alpha and Zr- beta
series (Equation (3)) [64]. The latter equation incorporates the ring radius (R =
6.55 mm), thickness (£ = 0.39 mm), and a Young’s modulus (of as-received
Zircaloy-4 fuel sheath (Equation (2)) [63]; 97.5 GPa) as constants in the determi-
nation of residual tensile stresses. The average of 4 residual tensile stresses (MPa)
for each vintage year, batch and the tube sample number are presented in Figure
6 and Figure 7 for Zr-alpha and Zr- beta series, respectively.

A statistical examination of initial residual tensile stress data for Zr-alpha and
Zr- beta C-ring series appears in Table 1. The Zircaloy-4 sheathing tubes from Zr-
alpha series clearly exhibit a lower group average residual tensile stress (49.84
MPa), incorporating a substantially lower scatter (+4.55 MPa) across the vintage
years examined. This is further amplified by comparatively the lowest average
maximum tensile stress value of 56.10 MPa in a vintage year and batch (2014-A1).

The higher group average of 87.63 MPa and the highest average maximum value
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of 151.41 MPa, in a vintage year and batch (1992.V6-1), exemplify the measurably
higher residual tensile stresses in the Zr-beta sample series, in addition to the
much larger scatter (£29.75 MPa) in the vintage years under examination. The
Coefficient of Variance of residual tensile stresses for Zr-alpha and Zr- beta series
measures 9.13% and 33.95%, respectively. Additionally, the two-sample #-test with
the confidence interval (S = 0.95; @ =0.05) for the difference between the means
of the original residual tensile stress in Zr-alpha and Zr-beta, and their associated
standard deviations, provides a significant and compelling case for the inferiority

of Zr-beta in its inherent residual tensile stress.

Table 1. Residual tensile stress data for Zr-alphaand Zr- beta C-ring series across all vintage

years.
Residual Tensile Stress (MPa) Zr-alpha Zr-beta
Number of Samples 40 48

Average 49.84 87.63

Median 49.64 83.27

Standard Deviation 4.55 29.75

Coefficient of Variation (%) 9.13 33.95
Maximum Value 56.10 151.41

Minimum Value 41.34 46.18

The deflection behaviour of Zircaloy-4 C-rings is investigated (Section 2.2.1) in a
Class-1 precision lever system subject to 100.00 = 0.01 g mass-load force (Figure 1)
[61]. Total deflections post mass-load force, are contrasted against the initial slot
openings of Zr-alpha and Zr- beta series in Figure 4 and Figure 5, respectively. After
the removal of mass-load force, the self-reversing of the slot openings to <+0.0008
mm (not shown in Figure 4 and Figure 5) of the initial slot openings, validates the

purely elastic nature of deformation for both Zr-alpha and Zr- beta series.

3.2. Results of SCC of C-Rings Stressed at 400 MPa in
Iodine-Methanol

Section 2.4 details the Zircaloy-4 C-Rings trials in a Stress-Corrosion Test Envi-
ronment. Mechanically loaded (400 (£2%) MPa) C-rings from Zr-alpha series did
not suffer any fracture failure in the Stress-Corrosion trial in the high iodine con-
centration, methanol medium (10 g/1000mL) at room temperature (Figure 4). C-
rings from Zr- beta series suffered fracture failure, spread across the vintage years
(1988-2017), batch and samples, resulting in complete splitting of the C-rings into
two sections, under exactly similar Stress-Corrosion conditions. The latter failed
C-ring sample groups are indicated by missing data points in Stress-Corrosion
trial results in Figure 5. All data is the average of 4 measurements (+0.0004 mm),

for each vintage year, batch and the tube sample number. The failed C-rings from
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Zr-beta series notwithstanding, the resulting average slot openings emerging from
Stress-Corrosion trials is 6.009 mm (+1.322) for Zr-alpha series, and 5.963 mm
(£1.791) for Zr- beta series. Figure 8 shows SEM images of representative slotted
Zircaloy-4 C-ring openings from the two sources after emerging from iodine-

methanol Stress-Corrosion trial.

Figure 8. Representative slotted Zircaloy-4 ring openings from Zr-alpha (R: 5.817 mm)

and Zr- beta (L: 5.453 mm) after emerging from iodine-methanol Stress-Corrosion trial.

The slotted Zircaloy-4 C-rings were weighed (+£0.02 mg) prior and post Stress-
Corrosion trials. A group average for Zr-beta series that did not suffer complete
fracture failure, resulting in splitting of the C-ring into two sections in the Stress-
Corrosion trial, showed a 1.71% weight loss as compared to a 0.90% weight loss
for a group average for Zr-alpha series.

Zr-alpha series comprised of 40 C-rings displayed varying extents of post ISCC
effects, ranging from complete absence of cracking in the inner surface to intergran-
ular ISCC cracking (Figure 9), and did not suffer any fracture failure (Figure 4).
However, C-rings from Zr- beta series suffered fracture failure spread across the vin-
tage years (1988-2017), batch and samples, resulting in complete splitting of the C-
ring into two sections. The five failed groups of Zr- beta samples comprised of 20 C-
ring samples (Figure 5; missing data points), of the total 48 Zr-beta series. The re-
mainder Zr-beta samples shared varying extents of post ISCC effects ranging from

agglomeration of pits, intergranular cracking, and ductile fracture failure (Figure 10).

Figure 9. SEM Images of lower residual tensile stress Zr-a/pha C-ring samples post Stress-

Corrosion trial diametrically across the slot zone (Ze., point A4, Figure 2(a)). Complete ab-
sence of cracking in the inner surface (L: mag. x500) and cross-section of the intergranular
ISCC cracking (R: mag. x80).
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N
Figure 10. SEM images of higher residual tensile stress Zr- beta C-ring samples post Stress-

Corrosion trial diametrically across the slot zone (i.e., point A, Figure 2(a)). Various cross
sectional ISCC effects (top to bottom) ranging from agglomeration of pits (mag. x250),
intergranular cracking (mag. x84), and ductile fracture (mag. x85).

4. Discussion

The axial slitting to effect slot openings in narrow rings (5.00 + 0.05 mm), releases
the residual stress distributed relatively uniformly in the entire length of the orig-
inal Zircaloy-4 sheathing (=490 mm). A quantitative relationship between the slot
opening and residual stress has been formulated (Equation (3)) [64], based on the
elasticity of the slotted C-ring. The purely elastic deflection behaviour of the C-
rings is verified for before and after the fixed mass-load (100.00 + 0.01 g), in the
Zr-alpha and Zr-beta C-ring series, respectively. The displacement in the form of
positive slot openings (Figure 4 and Figure 5) is categorically predictive of the
universal presence of hoop tensile stress in the rings. Residual tensile stress data
for Zr-alpha and Zr- beta C-ring series (Figure 6 and Figure 7) were quantitatively
determined (Equation (3)) [64] prior to Stress-Corrosion trials. Zr-alpha series
incorporate residual tensile stresses of 49.84 * 4.55 MPa across the vintage years
2008-2016. For Zr-alpha series, coefficient of variation of 9.13%, from a produc-
tion and quality control management process, reflects lower dispersion and highly
consistent residual stress properties [72], and hence the ability to effectively com-
bat the fuel sheathing failure for various reactor conditions (e.g., power ramps,
increased linear power, etc.), and to further support higher burnups in advanced
fuel cycles [56] [73]. This is further amplified by comparatively the lowest average
maximum tensile stress value of 56.10 MPa in a vintage year and batch (Figure 6;
2014-A1). This is in clear contrast to quantitatively higher average post-produc-
tion residual tensile stress of 87.63 + 29.75 MPa for Zr-beta series across the vin-

tage years 1988-2017. Zr- beta sample series integrate distinctively higher standard
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deviation and resulting coefficient of variation of 33.95%, reflecting unfavourably
high dispersion and inconsistent residual stress profile. The highest average max-
imum value of 151.41 MPa, in a vintage year and batch (Figure 7; 1992.V6-1),
exemplify the measurably higher residual tensile stresses in the Zr- beta series. The
higher average post-production residual tensile stresses inherently mask the risk-
iest cases in the Zr- beta series.

The depth and particularly the magnitude of post-production subsurface resid-
ual tensile stresses of Zircaloy-4 sheathing in CANDU reactors, manufactured in
pilgering process, are influential in fatigue life, dimensional stability, brittle frac-
ture and corrosion resistance. The synergy of existing higher residual tensile
stress, and stresses at or near the maximum 0.2% yield strength (¢;02) imposed on
the C-rings are generally harmful and decrease the ISCC resistance [4] [26] [27].
The samples from Zr-alpha series comprised of 40 C-rings with decisively lower
original residual tensile stresses of 49.84 + 4.55 MPa across the vintage years (Fig-
ure 6), did not suffer a single fracture failure post 400 (+2%) MPa stress, in iodine-
methanol solution at room temperature (Figure 4). C-rings prepared from Zr-
beta series suffered fracture failure spread across the vintage years, resulting in
complete splitting of the C-ring into two sections. The five failed groups from Zr-
beta series comprised of 20 C-ring samples (Figure 5; missing data points), pos-
sessed the highest average original residual tensile stresses, ranging from 68.95 to
151.41 MPa, across all 88 samples from Zr-alpha and Zr-beta series (Figure 6 and
Figure 7). The latter values and the higher group average of 87.63 + 29.75 MPa in
the Zr- beta series, exemplify the measurably higher residual tensile stresses syn-
onymous with larger mean stresses, resulting in cracking and fracture failure post
400 (£2%) MPa stress, in iodine-methanol solution at room temperature. The lat-
ter failed sample groups are indicated by missing data points in Stress-Corrosion
trial results in iodine-methanol at 400 (+2%) MPa in Figure 5. Depending on
metallurgical conditions, the aforementioned stress condition lies at or near the
maximum 0.2% yield strength (g;.) for non-irradiated, stress-relieved Zircaloy-
4 sheathing of 414 - 565 MPa [66].

Original post-production residual stress can raise or lower the mean stress ex-
perienced over a fatigue cycle. The Goodman relation is particularly helpful in de-
termining the effectiveness of a material, because a residual tensile stress increases
the mean stress [74]. Mean stress values incorporating higher residual tensile stresses
are more likely to promote ISCC than residual compressive stresses. Larger mean
stress values promote ISCC in tests of Zircaloy in iodine vapours at 300°C [51]
and may trigger static fracture during fatigue.

The Zr-beta sample series displayed the more pronounced post ISCC effects
from pitting to ductile fracture (Figure 10), diametrically across the slot zone (Ze,,
point A, Figure 2(a)). In contrast, the Zr-alpha sample series, with lower mean
stresses, displayed the more mitigated post ISCC effects in the same zone, includ-
ing the complete absence of cracking in the inner surface, and cracking without

pitting (Figure 9). The iodine-methanol Stress-Corrosion medium had been ob-
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served earlier as the most aggressive, in terms of penetration depth [71].

The resulting average slot openings post iodine-methanol Stress-Corrosion tri-
als are 6.009 mm (+1.322) and 5.963 mm (+1.791) for Zr-alpha and Zr- beta series,
respectively; the failed C-rings from Zr- beta excepted. This degree of experimental
scatter is common in ISCC experimental campaigns, and the 0.77% difference be-
tween average slot openings between the two series amplifies the notion that io-
dine-methanol medium consistently replicates Stress-Corrosion effects. Fractures
obtained in internal pressure tests for SCC in iodine vapors at T = 350°C and in
an jodine-methanol medium at room temperature are largely identical [70].

The slotted C-rings were weighed (£0.02 mg) prior and post Stress-Corrosion
testing, during which the chemical as well as the mechanical conditions for crack-
ing are satisfied [4] [75]. Zr-beta C-ring series possessing larger mean stress, that
did not suffer complete fracture failure, registered a 1.71 % average weight loss as
compared to a 0.90% weight loss for a group average for Zr- alpha series with lower
mean stress. The extent of intergranular cracking is greater in statically loaded
tests particularly for iodine solutions in organic solvents, resulting in dissolution,
removal of material and larger weight loss during cracking from the grain bound-
aries [76]. Increasing the original slot openings for all C-rings in the range of 6.40-
10.00 mm (Equation (3)) to deliver a constant hoop tensile stress of 400 (£2%)
MPa, at or near the maximum 0.2% yield strength (g;0) for non-irradiated, stress-
relieved Zircaloy-4 sheathing of 414 - 565 MPa [66], induces a strain between 0.7 to
1.1% [73]. This is comparable to the strains induced by power ramps in CANDU
nuclear reactors (0.8% - 1.3%) [39] and exceeds the minimum strain range for
inducing SCC in Zircaloy-4 sheathing (0.1% - 0.5%) [17]. During power ramps
and increased linear power operations in water-cooled reactors, Zircaloy sheath-
ing has demonstrated a high probability of brittle fracturing due to PCMI and
associated ISCC process [29].

The positive slot opening remains purely a function of the individual post-pro-
duction residual tensile stress (Equation (3)) [64] across the vintage year, batch
and the tube sample number for Zr-alpha and Zr- beta series (Figure 6 and Figure
7). In spite of the fact that axial slitting to effect slot openings may have relieved
the original residual tensile stress to the largest extent possible, the unfavourably
higher and irregular original residual tensile stress profile of Zr- beta series (87.63
+ 29.75 MPa) and associated mean stress of 400 (+2%) MPa, at or near the maxi-
mum 0.2% yield strength (;02), are evidently manifested in Zr- beta series having
suffered wide spread brittle fracture failure under the ISCC regime in this investi-
gation. This would be potentially limiting the lifetime and safety of the Zircaloy-

4 sheathing in power maneuverability events.

5. Conclusions

The positive initial slot openings, based on individual SEM measurements, allows
for determination of the indigenous residual tensile stresses for individual C-rings

from Zr-alpha and Zr- beta series. The Zircaloy-4 sheathing tubes from Zr-alpha
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series clearly exhibit a lower group average residual tensile stress (49.84 MPa),
incorporating a substantially lower scatter (+4.55 MPa) across the vintage years
examined. The higher group average of 87.63 MPa, exemplifies the measurably
higher residual tensile stresses in the Zr-beta sample series, in addition to the
much larger scatter (£29.75 MPa) in the vintage years under examination. The
Coefficient of Variance of residual tensile stresses for Zr-alpha and Zr- beta series
measures 9.13% and 33.95%, respectively. Zr- beta sample series reflect unfavour-
ably high dispersion and inconsistent inherent residual stress profile. The two-
sample t-test provides a decisive case for the inferiority of Zr-beta in its inherent
residual tensile stress.

It has been demonstrated that Zircaloy-4-based C-rings stressed at or near the
maximum 0.2% yield strength (oy.) of 414 - 565 MPa [66], for non-irradiated,
stress-relieved Zircaloy-4 sheathing, in iodine-methanol, subject to the original
residual tensile stress and the resulting changes in the mean stress, are susceptible
to Stress-Corrosion Cracking and fracture. The samples from Zr-alpha series
composed of 40 C-rings with decisively lower original residual tensile stresses
across the vintage years did not suffer a single fracture failure post 400 (+2%) MPa
stress. In contrast, the 48 C-rings from the Zr- beta series suffered fracture failure
spread across the vintage years, resulting in complete failure and splitting of 20 C-
rings into two sections. Zr-beta C-ring series possessing larger mean stress, regis-
tered a 1.71 % average weight loss, reflecting a greater intergranular cracking as
compared to a 0.90% weight loss for a group average for Zr-alphaseries with lower
mean stress.

The presence of higher residual tensile stress as a structural element in com-
mercially available Zircaloy-4 has been established to considerably undermine
corrosion resistance and enhance brittle fracture. The future advancement of
Zircaloy sheathing production should embrace the stress state of the latter and its
inevitable changes during reactor power transitions. Considerable advantage can
be realized by engineering beneficial residual compressive stress in the sub-surface
layers of the Zircaloy substrate to mitigate origination and propagation of delete-
rious Stress-Corrosion Cracking and increase wear resistance. It is noteworthy
that the findings of this particular investigation are not exactly representative of
Zircaloy-4 sheathing performance inside a CANDU reactor and complimentary
studies incorporating sheathing condition properties like irradiation damage, ox-
ide layer thickness, hydride concentration and a more superior siloxane coating,
would further enhance the forecasting of sheathing behaviour in a reactor envi-

ronment.

Highlights

e Subsurface residual stresses are present as a post-production structural ele-
ment in commercially available Zircaloy-4 sheathing.

* Commercially available CANDU Zircaloy-4 fuel sheathing samples are stressed
at or near the maximum 0.2% yield strength (g;02) of 400 (£2%) MPa in iodine-
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methanol.

The synergy of existing higher residual tensile stress, and stresses at or near the
maximum 0.2% yield strength (o;.) in Zircaloy-4 fuel sheathing samples are
generally harmful and confirmed to decrease the Iodine Stress Corrosion Crack-

ing resistance.
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