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Abstract: A competing-rates model is presented to account for operational changes in the metastable
-Zr phase of the Zr-2.5Nb alloy used to make CANDU reactor pressure tubes and is used to predict
temperature gradients at the outlet rolled joints using the decomposition of the 3-Zr phase as a proxy
for temperature. High temperatures decompose the 3 phase by enhancing the formation of small
particles of w and « phases. Fast neutron flux causes the w and « phases to shrink. This process is
assumed to depend on the total volume of the particles, because they are comparable to, or smaller
than, the size of the neutron displacement cascades. The barrier energy for thermal growth was
determined to be 2.43 eV, when an Arrhenius A factor of 1013 /s was assumed. The cross section for
(w+ax)-phase shrinkage is 24.5 barns for Zr-2.5Nb irradiated in CANDU reactors. Assuming that
the shrinkage is dominated by the migration of self-interstitial point defects, a defect production
efficiency of 1.4% was found.

Keywords: beta-phase decomposition; omega phase; irradiation damage efficiency; barrier energy
for the growth of hep phase from bec phase; CANDU rolled joints

1. Introduction

In July 2021, Bruce Power reported high concentrations of hydrogen isotopes, Heq,
in the Zr-2.5Nb pressure tubes of some rolled joints in Units 3 and 6 that were beyond
licensing limits of 120 ppm up to 211 ppm [1], where ppm has units of mg Heq/kg Zr, and
where Heq equals the protium concentration plus one half of the deuterium concentration.
In the same month, the Canadian Nuclear Safety Commission (CNSC) issued an order
requiring that, prior to restart, reactor operators needed to demonstrate that (a) hydrogen
isotope concentrations were within allowed limits and/or (b) that no flaws were present in
the regions where the industry models failed to conservatively predict elevated hydrogen
isotope concentrations [2]. It was the opinion of CNSC staff that the industry “does not have
a mechanistic understanding of the phenomenon nor validated models as a result of this
finding” of elevated Heq in the Zr-2.5Nb alloy at the rolled joints of some pressure tubes [3].

The concentration of hydrogen isotopes at the outlet rolled joints is higher at the
top of the horizontally aligned tubes (i.e., at the 12 o’clock positions when viewed in
axial directions) than at the bottoms (i.e., 6 o’clock positions) by up to 200 ppm [1]. This
circumferential variation in Heq is thought to result from a circumferential temperature
gradient [1] with the top of the tube about 20 K colder than the bottom. Temperatures are
difficult to measure directly during reactor operation, but the temperature can be inferred
from the thermal decomposition of the 3-Zr phase.

The Zr-2.5Nb used to make CANDU pressure tubes is a multi-phase alloy composed
predominantly of elongated «-zirconium grains surrounded intermittently by metastable
3 zirconium in which the Nb concentration is enriched. The method used to produce
CANDU pressure tubes is described in [4]. For temperatures below 750 K, the metastable
3 phase transforms over time into w phase [5-8]. The w phase appears as small particles
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that are depleted in (3-stabilizing elements such as Fe and Nb, which are subsequently
enriched in the remaining (3 phase (see Figure 1). During the transformation process, the
concentration of Fe and Nb in the 3 phase continues to increase because these elements,
which are expelled by the growing depleted regions, are dispersed over a smaller volume of
remaining {3 phase. Eventually, the small w phase particles transform to «-phase, and finally
only a-phase and fully transformed (3 phase (3-Nb) remain. Neutron irradiation acts in
opposition to this thermal decomposition of the 3 phase. There is evidence that irradiation
decreases the volume fraction of the w and « phases and simultaneously decreases the
niobium concentration in the surrounding 3 region [9,10]. The purpose of this paper is to
develop and test a simple ‘competing-rates’ model to explain these observations in the 3
phase and then to use this model to estimate circumferential temperature gradients at the
outlet rolled joints.

Figure 1. Electron micrographs showing examples of the thermal decomposition of the 3-Zr phase
(seen as a ribbon stretching from about 10 o’clock to 3 o’clock in the micrographs) in the x-phase
matrix of Zr-2.5Nb: (a) as extruded—single bcc 3 phase containing 20 wt% Nb; (b) after autoclaving
24 h at 673 K—Nb depleted, hcp w phase embedded in a Nb enriched (3 phase. The w phase appears
as small black particles in the 3-Zr phase ribbon.

2. Experimental

The data analyzed in this study have been reported elsewhere. The unirradiated
Zr-2.5Nb samples were cut from as-extruded CANDU pressure tubes that were fabricated
from -quenched hollow billets (i.e., water quenched from 1323 K in the 3 phase and
extruded in the (& + ) phase at 1093 K). The tubes were 27% cold worked, but they
did not receive the final 24 h 673 K autoclave treatment that provides stress relief and a
protective surface oxide as tubes receive before installation. The irradiated samples were
cut from tubes removed from CANDU reactors. The %Nb composition of the enriched
3 phase used in this study was the average of the values determined by analysis of the
reflections from the (200) and (110) planes associated with 3-phase X-ray diffraction lines.
The measurements can be found in Tables 1-3 along with corresponding variables such as
fluence, time, and temperature.
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Table 1. %Nb measured by X-ray diffraction analysis of specimens from removed CANDU pressure tubes.

Inlet Fluence Time Temperature Ng (%) Ng (%) Ng (%)

Distance (m)  (x10% n/m?) (years) (K) (110) (200) Average Obs-Calc
0.10 0.10 9.55 521 51 65 58.0 3.2
0.50 0.35 1.46 521 57 65 61.0 7.0
0.13 0.20 6.23 522 42 65 53.5 -1.0
0.80 4.60 10.40 522 41 43 42.0 —44
0.60 3.56 11.93 522 45 45 45.0 -3.1
0.20 0.50 14.10 523 54 60 57.0 3.0
0.50 3.48 14.10 523 50 50 50.0 1.7
0.50 3.48 14.10 523 50 47 48.5 0.2
0.20 0.50 14.10 523 50 55 52.5 -1.5
3.10 1.30 1.67 542 51 47 49.0 -32
3.20 0.94 1.46 543 50 55 52.5 —0.5
3.06 10.78 14.10 543 47 42 445 3.6
0.52 211 5.92 543 51 52 51.5 0.1
3.00 10.37 13.39 544 39 37 38.0 —3.4
3.45 8.20 10.40 545 47 45 46.0 2.6
3.30 7.94 6.26 552 47 41 44.0 0.0
5.30 3.21 12.77 554 57 55 56.0 1.8
4.90 7.41 10.40 557 54 47 50.5 2.5
4.84 8.76 13.39 557 54 48 51.0 3.2
4.84 2.84 3.84 558 54 52 53.0 13
5.88 2.20 13.39 561 59 57 58.0 -3.3
6.10 0.60 13.39 561 63 69 66.0 1.0
5.80 4.58 14.10 562 57 55 56.0 -2.0
5.80 4.58 14.10 562 57 56 56.5 -1.5
5.80 3.36 11.93 562 57 57 57.0 -1.7
6.20 0.20 12.77 562 60 76 68.0 1.6
6.10 0.50 14.10 563 63 63 63.0 —4.6
6.20 0.15 10.40 563 56 71 63.5 -1.9
5.50 2.88 8.14 563 60 58 59.0 1.9
3.95 3.24 3.56 563 55 51 53.0 0.9
6.13 0.50 13.39 563 60 63 61.5 —55
6.10 0.50 14.10 563 63 62 62.5 —5.1
6.21 0.02 3.00 563 57 67 62.0 3.8

5.80 2.73 9.55 564 60 57 58.5 -1.0
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Table 2. %Nb measured by X-ray diffraction analysis of unirradiated specimens from a CANDU
pressure tube that was not stress relieved- adapted from Ref. [8].

Time Temperature Ng (%) Ng (%) Ng (%)

(h) (X) (110) (200) Average Obs-Calc
05 673 24 34 29 54
1 673 26 37 315 ~31
2 673 28 39 335 ~17
8 673 32 43 37.5 —0.7
24 673 44 61 52.5 5.6
49 673 54 64 59 0.2
71 673 60 69 64.5 —29
989 673 77 80 78.5 —63
1986 673 83 86 84,5 —03
3500 673 87 98 9.5 7.7
6373 673 87 94 90.5 5.7
10,181 673 90 94 92 7.2

Table 3. %Nb measured by X-ray diffraction analysis of unirradiated specimens from a CANDU
pressure tube that was not stress relieved—adapted from Ref. [11].

Time

) Temperature (K) Ng (%) Obs-Calc
0 673 27 -71
1 673 32 —2.6
2 673 34 —1.1
8 673 41 2.8
24 673 57 10.4
48 673 65 6.6
96 673 71 -3.5
400 673 76 —8.8
3. Theory

Neutron irradiation produces a cascade of displaced atoms in a metal. After the
cascade, when the initial neutron collision event has subsided, most of the displaced atoms
will have returned to equivalent lattice positions so that the net displacement mixing of
atoms is small [12]. For atoms displaced across a phase boundary, the result is that the
boundary becomes more diffuse; the concentrations at the boundary will no longer change
as abruptly. This is a local effect that depends on the size and energy of the cascade, as well
as the annealing temperature and time. In this study, the phase boundaries are interfaces
between particles and their surroundings. The particles are comprised of w and « phases,
both of which have hexagonal-close-packed (hcp) crystal structures, and the surrounding
matrix is in the body-centered-cubic (bcc) 3 phase. The current study develops a model
of the formation and dissolution of hcp phases in the bcc 3 phase because of irradiation
and temperature.

Cascade mixing by ballistic transport at an interface occurs to a depth similar to the
extent of the cascade. For large particles, the total volume affected would be roughly
equal to this depth multiplied by the particle surface area, summed over the particle size
distribution. However, if the particle sizes are similar to, or much smaller than, the extent
of the neutron-displacement cascade, then the total volume effected is just the total volume
of the small particles. The size of the hcp particles that grow in the bec 3-Zr phase [5-8] is
smaller than, or similar to, the size of the neutron-displacement cascade [12], and hence,
the ballistic mixing probability is assumed to depend on the total volume of these particles.
Neutron bombardment shrinks the small hcp particles and thereby reduces their volume
at a rate that then should be proportional to the neutron flux and the number of atoms in
the hcp phase. Opposing this reduction is the thermal process, which is assumed to have
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an Arrhenius rate that depends on how far the system is from equilibrium. It has been
suggested that this behavior can be understood by simple models in which the thermal
rate to form precipitates is counteracted by ballistic transport [13].

Within the bee 3 phase, the w and o hcp-phases grow and evaporate subject to thermal
and irradiation effects. Thermally, the metastable bcc 3 phase decomposes. The decomposi-
tion may or may not involve w phase formation depending on the geometry of the phase,
which controls the proximity of surfaces. The bec 3 phase shrinks as the Nb concentration
increases until thermal equilibrium is achieved. Typically, for temperatures below the
monotectoid, the equilibrium Nb concentration is between 85 and 95 at% and there is no w
phase remaining even if some formed as an intermediate part of the decomposition [10].
During the fabrication of Zr-2.5Nb pressure tubes, after extrusion and cold-drawing, the
beta-phase has a Nb concentration of about 30% Nb [8] and contains no w phase. It is a
metastable phase often referred to as 3-Zr. During the final stress-relief treatment (nomi-
nally 24 h at 673 K) the w phase nucleates and grows at the expense of the bcc phase. The
whole structure is in a metastable state whether or not it contains w phase. The w phase
shrinks when irradiated with neutrons and one expects some mixing at the «/ 3 interface
so that the overall effect is to reduce the Nb concentration and increase the volume fraction
of the bcc component of the 3 phase. The rate of change in the number of atoms in the hep
phase, npp, is presumed to obey a rate equation in terms of a temperature-dependent gain
and a neutron-flux dependent loss:

d?lh
= k() (toec — mpdc) — 0Py (1)

k(T) is a temperature-dependent rate constant (s 1) that is assumed to follow Arrhenius
behavior with a frequency factor A and an activation energy E:

k(T) = Aexp<—lfT) 2)

where R =8.63 x 1072 eV K latom ™! (8.314J K 'mole™1), ris a ‘reactor-dependent’ cross
section (barns = 10728 m?), & is the fast neutron flux in number of neutrons per m?s for
energies greater than 1 MeV, and nffcl : is the equilibrium number of atoms in the bce phase,
Mpec- For the present purpose, the w and « phases are treated as a single hcp phase.

The hcp particles are presumed to grow or shrink within the confines of the metastable
bece B phase such that

AT = Nhep + Npec @3)

where nr is the total number of atoms. Equation (3) can be rearranged so that ny,. can be
eliminated in Equation (1) by substitution. The result can be integrated given the limits
"Mpep at time zero and f Npep at time ¢. The solution is

k(T) (nr — npd )

i = | Hipen — cc k(T) O — )
Mhep = | Thep = 0 TR (T)

exp[=(e@ + k(TN + — &)

(4)

The first term is the transient, which ‘decays’ to a small contribution for large values
of the exponential argument, i.e., high fluence (® x t) or high thermal rate and long times.
The second term is the ‘steady state’ solution.

The fractional concentration of niobium in the bcc 3 phase can be related to the
amount of the hcp phase, because as the w phase particles grow, niobium is expelled and
concentrated in the remaining 3 phase, and as the w phase particles shrink the niobium is
diluted over the increased volume of the 3 phase. The monotectoid Nb concentration is
approximately 20% (by weight or by atom percent) [14]: this is the percentage of niobium
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in the 3 phase when the amount of the hcp phase is zero. The total amount of Nb is 0.20nt
and the fractional concentration of niobium in the (3 phase is

0.207’1T

Ng=—-—
P nT*fnth

(5)

where it is assumed that the niobium concentration in the hcp phase is negligible. The
initial fractional Nb concentration, 'Ng, can be obtained by substituting npcp, = 'fipep into
Equation (5), which can then be rearranged to give

0.20
iNrs

) (6)

inhcp = nT(l -

In the same way, with the equilibrium fractional Nb concentration, eqNB, at the
reactor-operating temperatures:

0.20
gy = 101~ ) )
so that with Equation (3)
0.20

Substitution of Equations (6) and (8) into (4) and the result into (5) yields the model equation:

(1-eg22 )K(T)
1= | (1= ) — —sariy— | Pl (0@ + k(D))
Ng =020/ 0 Y
(1—eq'TB)k(T)
T T od+k(T)

The model equation is a function of flux, fluence, time, and temperature, although of
the first three variables only two are independent.

4. Results

The model given by Equation (9) was tested with the experimental data in Tables 1-3
using weighted non-linear least squares regression; the determined model parameters are
listed in Table 4. The experimental values of Ng used in this study were the averages
of the measured values determined from (-phase diffraction lines from the (200) plane
that is normal to the radial direction of the tube and the (110) plane that is normal to the
longitudinal direction of the tube: the average compensates for intergranular stresses [8].
Each measured value was assumed to have 7% experimental error, which was used to
weight each datum in the regression. The weighted x? per degree of freedom was 1.9 for
the regression; R? was 0.93.

Table 4. Determined model parameters.

o 24.5 (+4) barns
Np (no flux) 0.34 £+ 0.01
INg (irradiated) 0.55 4 0.01
*INp (523—573)K 0.85+ 0.02
E 2.43 (£0.01) eV/atom
A fixed at 101351

The data analyzed in this study were all obtained from specimens taken from com-
mercial CANDU pressure tubes. The unirradiated material is described in [8,11]; it came
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%Nb in the beta phase

100

20

from a tube manufactured in the usual way, except it did not receive the final 24 h anneal
at 673 K so that !N for these measurements was expected to be lower than the typical
value for installed tubes. The value prior to the anneal should be closer to the monotectoid
composition (20% [14]); the anneal partially decomposes the p phase making N higher
for tubes installed in a reactor. The values of N obtained from the regression are consis-
tent with these expectations (see Table 4). The value obtained for !N for the ex-service
tubes was within the range of the few measurements available from offcut analyses and
is consistent with the value expected because of the 673 K pre-installation heat treatment
received by the pressure tubes [6]. The precision of the experimentally determined value
suggests that the average initial 3-phase variability in the tubes is small.

It was not possible to determine A and E independently from the current data, so
in the least-squares regression, the pre-exponential factor in the Arrhenius expression, A,
was fixed at 10'3s~! because it is expected to be roughly equal to the ‘effective’ atomic
vibration frequency [12,15].

A plot of the time dependence of the observed and calculated fractional niobium
concentrations for the unirradiated material is shown in Figure 2. The observed and
calculated fractional niobium concentrations are shown in Figure 3.

1 10 100 1000 10,000
Time (h)

Figure 2. Thermal decomposition of the § phase at 673 K (the red markers with error bars are adapted
from [8] (Table 2), the cyan markers without error bars are adapted from [11], see Table 3). The curve
in the plot was calculated with Equation (9), and the best-fit parameters in Table 4.
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Calculated %Nb in the beta phase
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Figure 3. Observed Npg values compared with those calculated from Equation (9) and the best-fit
parameters in Table 4. The open markers are data from material irradiated in Bruce, Lepreau, and
Pickering reactors (Table 1). The red markers with error bars are adapted from [8] (Table 2), and
the cyan-colored markers without error bars are adapted from [11] (Table 3), these are the results
obtained for unirradiated material shown in Figure 2.

5. Discussion

In the competing-rates description, temperature-dependent growth moderates the flux-
dependent loss of the hcp phase (Equation (1)) that is found interspersed in the metastable
-Zr phase of Zr-2.5Nb (Figure 1). Over time, the bcc 3-Zr phase transforms into the ener-
getically favored niobium-depleted hcp w phase, which eventually transforms into hep o
phase [5,6]. During this transformation, the niobium concentration is enriched in the remain-
ing 3-Zr phase until the equilibrium value for 3-Nb is reached: ®*INg = (85 & 2)% (Table 4),
which was determined assuming the same value in the model for temperatures between
521 and 673 K. It agrees with the value reported in [14] (i.e., 84.8%) obtained from metallog-
raphy and hardness measurements. Higher values for ®“INg inferred from measurements
of the solid solubility of zirconium in niobium at the monotectoid at (893 + 10) K are re-
ported to be as high as 94% based on X-ray diffraction (XRD) [16]. High values have been
attributed to the effect of stress on XRD measurements; dilatational components could exist
even when the deviatoric components are relaxed [8]. Equilibrium %Nb measurements
made with EDX-analysis and a TEM are typically 8 percentage points lower than XRD
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measurements [8]. The TEM measurements are not subject to the same stress effects that
affect XRD measurements, so TEM measurements provide a better estimate of ®“INg. All the
measurements of %Nb analyzed in this work were determined with XRD values averaged
over reflections from the (110) and (200) planes to compensate for deviatoric stresses.

The rate-determining step for the isothermal transformation of the bcc 3 phase to the
hcp w and « phases is diffusion-limited concentration fluctuations that create Nb-lean
regions [17,18]. The activation energy for Nb migration by self-diffusion in the close-packed
o Zr (2.69 eV /atom, [19]) should be an upper limit for the diffusion-controlled formation
of the hcp phases. A reasonable lower limit is the energy barrier for diffusion of niobium in
the much more open bec 3-Zr, which is 1.4 eV /atom [18,20]. The barrier energy determined
in this study for the growth of hcp phase from bec phase (2.43 4 0.01 eV /atom; Table 4)
is within the expected limits. The determined barrier energy is known precisely, but not
accurately because of the uncertainty in A: varying the value A is held at in the regression
by a factor of ten changes E by 0.1 eV /atom. The cross section in Table 4 is only applicable
to CANDU reactors. Different locations in other reactors will have different flux spectral
profiles and the cross section will have to be modified accordingly. The cross section for
the total displacements per atom (dpa) per fluence resulting from the fast neutron flux
cascade has been calculated with the computer program DISPKAN developed by Woo [21]
(this program contains most of the recommended procedures found in the program RICE
originally developed at ORNL by Jenkins [22]), along with the database ENDF/B, versions
4 to 6: the result for neutron energies above 1 MeV is 1710 barns for CANDU reactors. This
is a gross value that includes the fraction of displaced atoms that end up in equivalent
positions; vacant sites and interstitial atoms created in the cascade subsequently migrate
if the temperature is sufficiently high to form interstitial and vacancy clusters, or they
mutually annihilate, or are absorbed on dislocation lines and at grain boundaries. In this
study, the mobile self-interstitial production efficiency is 1.4% of the total cascade damage
cross section. This damage “efficiency’ is similar to the values predicted to produce freely
migrating defects (FMDs) in nuclear reactors [23-25] and consistent with values used
to calculate in-reactor creep [26]: FMDs are those vacancies and interstitials that escape
spontaneous recombination and clustering.

During irradiation, the diffusion of substitutional solute atoms such as Nb is enhanced
by the augmentation of the steady-state vacancy concentration by FMDs. However, if the
rate of defect production is small enough (as it is in a CANDU reactor) and the sink density
is high enough (effectively reducing the concentration of vacancy FMDs) then thermal
processes will be more-or-less independent of the neutron flux, as we have assumed in the
model. The freely migrating vacancies are available to contribute to processes dependent
on diffusion such as the thermal decomposition of the 3 phase, which is separate from
the ballistic mixing caused by irradiation but will affect the balance between mixing
and reformation if there are sufficient vacancies remaining in the steady state to make a
substantial additional contribution to the thermal vacancy concentration. Vacancy and
interstitial production from atomic displacement in the vicinity of a boundary between
the omega phase and the 3-Zr phase will lead to the reduction of the omega phase. For
example, a neutron can ballistically displace Zr atoms in the omega phase to a position
far from the interface into the (3-Zr phase. Recall that the omega phase is made mostly
of zirconium atoms so the flux of ballistic atoms will be mostly zirconium atoms. This
process will leave behind vacancies at the interface. Atoms in the beta phase will combine
with these vacancies so that the 3-Zr phase will be seen to encroach on the omega phase,
filling in for the lost zirconium atoms—the concentration of Nb in the 3-Zr phase will
decrease because of the increased volume of the beta phase. From a far distance, it will
appear like the omega phase is evaporating: the neutron flux produces a flux of freely
migrating zirconium atoms radiating from a shrinking omega particle. Thus, it is proposed
that the product of the cross section and the flux in Equation (1) is a direct measure of
atomic displacement rate. Self-interstitials may also be expected to migrate from the more
closely packed omega and alpha phases into the less densely packed body-centered cubic
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% Niobium

phase. The free energy difference for self-interstitial atoms in the two phases will enhance
the net self-interstitial migration across the interface.

The picture presented in this work suggests an explanation for why neutron flux drives
the 3 phase away from equilibrium (i.e., to lower values of %Nb in the (3 phase), whereas
in the « phase, flux causes Nb-rich precipitates of the equilibrium 3-Nb phase to form. In
the « phase, radiation-enhanced diffusion of niobium is given as a reason for the increased
rate towards the equilibrium state [27,28]. In the 3 phase, the diffusion of niobium, and
hence the rate to equilibrium, should also be enhanced by irradiation, although perhaps
not as significantly, because the niobium is much less constrained to move in the much
more open bec 3 phase compared with the close-packed o« phase. The solution suggested
by this work is that irradiation enhancement of niobium diffusion in the  phase is very
small (so small that a flux-dependent activation energy and/or a pre-exponential factor
was not required to fit the data) and that cascade mixing across the bcc-hcp interfaces in
the § phase region is responsible for the trend away from equilibrium. Ultimately, this is
because of the small size of the hcp particles relative to the extent of the cascade.

Equation (9) and the parameters in Table 4 can be used to calculate the %Nb in the 3
phase for pressure tubes in CANDU reactors (see Figure 4). Perhaps the most distinctive
features are the points where the effects of temperature and flux cancel and the %Nb in the
3 phase remains at its initial value (most obviously seen at 5.5 m in Figure 4). For positions
between and outside these points, the %Nb decreases and increases, respectively, until
the steady-state values are reached well after thirty years. It would be interesting to see
what (3 phase irradiation damage exists at the points where the effects of temperature and
flux cancel.

90
— t=0y
80 — =5y
t=10y
t=15y
70 - — t=20y
— t=25y
steady
60 - state
50 A
40 -
30 +
20 T T T T T T T
0 1 2 3 4 5 6 7

Distance from the inlet (m)

Figure 4. %NDb simulation for a CANDU reactor pressure tube. This plot slows how %NDb changes
along the length of an operating reactor pressure tube for various times (0 to 25 years). Also shown
are the ‘long time’ steady-state values. These simulations are produced with Equation (9) and the
parameters in Table 4, and a representative temperature and flux profile along the length of a CANDU
pressure tube (Figure 5). The points where the effects of temperature and flux cancel are at ~ 0.0
and ~ 5.5 m.
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Figure 5. Representative temperature and flux profiles for a CANDU reactor.

The current work suggests that the simple picture of displacement-induced mixing
(i.e., omega phase precipitates dissolving by ballistic transport) competing with a thermally
activated segregation process provides a reasonable representation of the extent of the
decomposition of the 3-Zr phase in operating CANDU Zr-2.5NDb pressure tubes. However,
the model is based on several assumptions that may not have been adequately tested by the
current data set. For instance, problems with the assumption that the w and « phases can be
treated as a single entity could be difficult to see because the data might not be sufficiently
representative of high and low %Nb concentrations where the distinction should be more
evident. Further studies are required to refine this picture.

There is no indication in the data or the analysis that the temperatures at the outlet
should be lower than reported. Circumferential hydrogen concentration gradients at the
outlet rolled joint suggest that the temperature at the top of horizontal CANDU pressure
tubes (i.e., 12 o’clock position) might be 20 K lower than currently predicted because of
coolant flow bypass that occurs when the coolant flows above, instead of through, the
fuel bundles because of diametral expansion of the pressure tube axially up to about 5 m
from the inlet after services of more than 15 years [29]. The data in Table 1 are sparse at
long times at outlets (i.e., for distances greater than about 6 m), but there is no indication
from the predictions of the model that there is anything untoward about the temperatures.
Sometimes circumferential %Nb differences are seen that are attributed to flow bypass.
Temperature gradients cannot easily be inferred from these differences. Increases in %Nb in
the 3 phase will lessen with time when the temperature at the 12 o’clock position is lowered
because of flow bypass, the temperature at the 6 o’clock position remaining unchanged.
There are several scenarios that depend on how bypass might change temperatures. For
instance, the top-bottom (i.e., 12 o’clock—6 o’clock) difference in %Nb will reach a mini-
mum value that depends on the %Nb when ‘significant’ bypass occurred and the time at
temperature after which the measurement was made. As an example, for a top—bottom
temperature difference of —10 K starting at 10 years, the top-bottom difference in %Nb is
—5.6 percentage points after a total time of 15 years, —7 percentage points after 17 years,
reaches a minimum value of —8 percentage points at 22 y, then rises to —7 after 30 years
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12 o'clock - 6 o'clock difference in %Nb

and —3.5 after 45 years; these values were estimated using the no-flux version of Equation
(9) appropriate near rolled joints. Ultimately the values of %Nb at the bottom and top of the
tube will approach the same equilibrium value so that no top-bottom differences in %Nb
will be observed. Estimating the circumferential temperature gradient from circumferential
%NDb gradients is not an easy task given the unknowns regarding the temperature history
of flow bypass and the effect on the temperature over time at the location of interest in
the pressure tube. The same change in %Nb can be found for different temperatures for
different times, making unique solutions difficult to find. The problem is underdetermined.

Figure 6 shows additional ‘bypass’ scenarios for how %Nb changes when the tem-
perature at the top of the tube (i.e., 12 o’clock location) is assumed to decrease, relative
to the temperature at the bottom of the tube, linearly with time to values 5, 10, and 20 K
lower after 15 years, calculated with Equation (9) and the parameters in Table 4. Measured
top—bottom differences in %Nb in a removed pressure tube after 15 years of service have
been reported: %Nb differences of 3.7 and 4 at 4.75 m and 5.6 m, respectively [29]. These
differences in %Nb correspond to top-bottom temperature differences between —5 and
—10 K after 15 years in Figure 6.

0 - —_— :
-
5Kover15y :
— — — 10Kover15y %\ N f
-4 4 ———— 20Kover15y i, %, §
................... Axial pOSitiOﬂS \
5 NN
: \\
-8 -
-10 41
'12 I I I I I I 1
0 1 2 3 4 5 6 7

Distance from the inlet (m)

Figure 6. Differences in %Nb predicted at 12 o’clock and 6 o’clock after 15 years for different final
top-bottom temperature differences. The temperatures at the 12 o’clock locations are assumed to de-
crease linearly with time from those values shown in Figure 5 because of flow bypass. After 15 years,
the temperatures at the 12 o’clock locations are 5, 10, and 20 K lower at the top 12 o’clock location
than at the bottom 6 o’clock location; the bottom temperatures do not vary with time from the values
in Figure 5. The inset shows an axial view of a fuel bundle resting on the bottom of a pressure tube
that has experienced diametral expansion. Coolant flowing above the bundle is cooler because it does
not pass through the bundle; the implication is that the pressure tube is cooler at the top relative to
the bottom. The vertical lines denote axial positions where there are top-bottom %Nb measurements.

These current predictions of top—bottom temperature differences between 5 and
10 K because of flow bypass are in accord with calculations of axial hydrogen concentration
profiles in-core from the outlet rolled joint. There was no need to modify temperatures
in the axial hydrogen profile model to account for such small top-bottom temperatures;
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—20 K differences would have noticeably altered the hydrogen profiles [30]. These current
predicted top-bottom temperature differences are also in accord with circumferential hy-
drogen concentration gradients calculated using the heat of transport of hydrogen when
hydrides are present [31]. In addition, top—bottom temperature differences less than 5 K
have been estimated using thermohydraulic codes and CANDU fuel bundle powers [32].

Finally, Equation (9) can be used to calculate the endothermic temperature associated
with hydride dissolution in reactors. Hydrogen partitions between the « and (3 phases. The
extent of partitioning can be determined by equating the chemical potentials of hydrogen
in both phases and deriving a formula for the total hydrogen concentration in terms of
the dissolution temperature. Hydrogen forms precipitates only in the « phase during
reactor operation. Changes in the amount of « and 3 phases in pressure tubes in reactors
change the concentration of hydrogen in the o phase and the corresponding endothermic
temperature. Thus, the temperature at which hydrides dissolve can be estimated [33].
Hydride precipitation during operation is to be avoided because hydrides embrittle the
tubes [34] and can lead to failure by delayed hydride cracking [35,36].

6. Conclusions

A competing-rates description of the hcp phase that forms within the bec phase of Zr-
2.5Nb, in terms of temperature-dependent gain and irradiation-induced loss, has resulted in
a formula for the evolution of the hcp phase in terms of flux, fluence, time, and temperature.
This formalism has been fitted with measurements of niobium concentrations in the {3 phase
at reactor-relevant temperatures made with and without irradiation. The results show that
this simple model can account for the observed variations in niobium concentration in the
3 phase of irradiated Zr-2.5Nb pressure tubes. The apparent barrier energy for hcp phase
growth is found to be 2.43 eV if an Arrhenius A factor of 10'3/s is assumed. The hcp phase
is postulated to grow in the bce 3 phase by diffusion of niobium atoms away from regions
that then become w and «, and the determined barrier energy is within the range expected
for a bee-hep transition structure.

The w and « particles are presumed to ‘dissolve’ when atoms are displaced, creating
vacancies and interstitials across an (w and «)-p interface. The fitted model cross section of
24.5 barns for CANDU reactors suggests that 1.4% of the original displaced atoms caused
by the cascade are involved in the dissolution process.

The model predicts a top—bottom temperature difference of 5 to 10 K after about
15 years at the outlet rolled joints of CANDU pressure tubes that have undergone diametral
expansion, leading to coolant flow bypass.
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