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produced commercially. Long PEO treatment times gave thick coatings which would
adversely affect heat transfer in reactor. Therefore, a DC power source was used in this

study to produce a thinner oxide film.

1.2 Objectives and contents of this study

The objectives of this study were to:

1.  Deposit protective silicate coatings on Zr-2.5Nb alloy in Na,SiO3; and KOH
electrolyte with different concentration ratios and current densities.

2. Characterize the corrosion behavior of different types of PEO coatings and
compare with black oxide coating, at both ambient and high temperature and pressure
conditions were used.

3. Optimize the PEO process parameters for Zr-2.5Nb in the coating

production, based on the observed corrosion and wear behavior.

1.3 Organization of the thesis

This thesis contains seven chapters. Chapter 1 gives introductory information on the
usage of Zr-2.5Nb in nuclear industry applications and the need for improved corrosion
and wear resistance, and outlines the study plan.

Chapter 2, which is the Literature Review, summarizes the usage of pressure tubes in

the nuclear industry and its material development in the last 60 years. Due to the long



time, high temperature/pressure and radioactive service conditions, the corrosion
resistance properties have assumed significant importance. Furthermore, sliding wear
problems resulting from online refueling are a not-insignificant accelerate corrosion.
Chapter2 also describes the evolution of the Plasma Electrolytic Oxidation (PEO) process
and its applications to light metals such as Al, Mg Ti and Zr.

In Chapter 3, the experimental procedures and instrumentation are described. The
results and analysis are given in Chapter 4. Chapter 5 gives the conclusions from the

research described in Chapter 4 and presents some suggestions for future work.



Chapter 2: LITERATURE REVIEW

2.1 Introduction to the CANDU nuclear reactor

In Canada, nuclear energy has been utilized for over sixty years in many fields for
peaceful purposes: electricity generation, medicine, agriculture, research and
manufacturing. The CANDU-PHW (Canadian Deuterium Uranium-pressurized Heavy
Water) reactors, which are the current nuclear energy generator, supply 53% of the
electricity used in Ontario, 6.1% in New Brunswick, and around 3.0% in Quebec in 2008.
The CANDU nuclear power reactor has been operated safely for 50 years.

There were 436 operable nuclear power reactors in 30 countries on April 1, 2009 and
there were 44 nuclear reactors under construction, another 108 being planned and 272

being proposed [11].
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Fig. 2.1 CANDU basic lattice cell for 37-element fuel [12].

The CANDU type reactor was first designed and constructed in Canada. As shown in
Fig. 2.1, a CANDU 6 fuel bundle consists of 37 elements, which are arranged in circular
rings, and each element consists of sintered natural uranium dioxide (UO,) cylindrical
pellets, which are contained in a Zircaloy-4 sheath closed at each end by an end cap. The
fuel elements in a bundle are held together by end plates at each end with spacers
providing the necessary separation between the elements. Bearing pads on the outer
elements of the fuel bundle provide the necessary separation between the outer elements
and a pressure tube. Each pressure tube in a CANDU 6 (Fig 2.2) contains 12 fuel bundles

(500 mm long) each and contains heavy water coolant, which is thermally insulated from



a low-pressure cool moderator by a gas annulus formed between the pressure tube and the
calandria tube surrounding it. The calandria tube contains D,O moderator at 70°C, and is
penetrated by 380 horizontal fuel channels each six meters long. Each channel consists of
a pressure tube containing fuel and coolant D,O at a temperature ranging from 250-270°
C at the inlet to 290-310° C at the outlet. The inlet pressure is about 10.5MPa and the
outlet pressure is about 9.9MPa, resulting in an initial axial stress in the pressure tube
wall of about 65MPa and an initial hoop stress that varies from about 130MPa at the inlet
to about 122MPa at the outlet. The coolant pH is maintained in the specified range 10.3
as a result of the addition of LiOH, and the recommended range for dissolved deuterium
is 3 to 10 ¢cm’ Dy/kg deuterium oxide (D,0O). Two end-fittings at each end of the fuel
channel incorporate a feeder connection through which pressurized heavy water coolant
enters and leaves the fuel channel. The feeders are connected to the reactor inlet and
outlet headers. A CANDU 6 has two independent loops, containing 190 fuel channels in
each loop and four steam generators with two in each of the loops. The fission heat
produced in the fuel is transferred to the light water in the secondary side of the steam
generators to produce steam, which drives the turbine generators to produce electricity
[13, 14].

The safety of the CANDU pressure tube is based on the “leak-before-break™ criterion
[15]; namely, the critical crack length is sufficiently large that coolant leakage will be
detected before the crack grows to the critical unstable length.

Fig. 2.2 (a to c) are schematics of the CANDU-PHW reactor core, fuel channel and a



transverse view of the fuel bundles, respectively.
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Fig. 2.2 CANDU-PHW reactor core, the fuel bundle and how a fuel bundle settled inside

the pressure tube [16].



2.2 Development of pressure tubes in CANDU nuclear reactor

The pressure tube, which was first manufactured in 1957, is a major component of
the CANDU reactor, which supports the nuclear fuel bundles and heavy water coolant.
Early CANDU reactors—Nuclear Power Demonstration (NPD) Douglas Point, and
Pickering 1 and 2—used Zircaloy-2. The Zr-2.5Nb alloy was selected for Pickering 3 and
4 because it had a better in-reactor creep resistance and its higher strength permitted the
use of a thinner wall tube with a resultant advantage in neutron economy over Zircaloy-2.
Zr-2.5NDb has been used in all subsequent CANDU reactors [17].

Zriconium-based alloys are commonly used to manufacture nuclear reactor
components since they have a low neutron absorption cross section, high strength and
high corrosion resistance under operating conditions [18]. It was initially thought that the
poor corrosion resistance of some batches of unalloyed zirconium produced by the van
Arkel process was a result of stray impurities. However, it was found that improving the
purity did not eliminate these problems.

During the initial years of exposure to the reactor environment, the zirconium alloys
exhibit a rather constant and low rate of corrosion and hydrogen uptake [1]. Fig. 2.3 (a)
shows that Zircaloy-2 tubes start to corrode at a faster rate after a period of about five
effective full power years, as evidenced by the rate of change of oxide thickness on the
tubes and amount of deuterium in the tubes. Data measured in Wolsong-1—one of the

CANDU type reactors, reactor shows that Zr-2.5Nb exhibits a much lower



hydrogen/deuterium-pick-up rate than for Zircaloy-2 (Fig. 2.3 (b)).It has been proposed
that when the oxide is thin, D, in the coolant can penetrate the oxide to suppress the
oxidizing species formed in the oxide pores by radiolysis. This suppression cannot occur
when the oxide reaches a critical thickness of 15-20um (larger than the deuterium
penetration range), resulting in an increase in the oxidizing power of the electrolyte in the
pores and an increase in the rate of corrosion. One criticism of this explanation for
increased corrosion rates with time is that after a certain oxide thickness is reached and a
porous oxide layer (post-transition oxide) forms, deuterium is plentiful and present at the
bottom of all pores, provided less than 100% of the deuterium evolved during the
cathodic reaction is absorbed by the metal. Whatever the explanation of this acceleration
in Zircaloys, Zr-2.5Nb tubes do not exhibit this phenomenon to the same extent. Also, the
second phase particles present in Zircaloys, but not in Zr-2.5Nb, have been blamed for
this acceleration of attack because they apparently act as preferred sites for deuterium
evolution and pickup. As a result, the Zircaloy-2 pressure tubes in CANDU reactors have

been replaced with Zr-2.5Nb [19].
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It is very important to note, however, that the reason that the pressure tube concept
was viable is the use of zirconium and its alloys. In the pressure-tube design, there is a
large mass of metal inside the reactor, which could absorb a significant amount of
neutrons. This would definitely be the case with steel pressure tubes—the fission chain
reaction could not be made self-sustaining, on account of the large neutron absorption by
the steel. Fortunately, zirconium, which is a “magic” nuclide with a very low
neutron-absorption cross section, came on the scene in time for application in NPD.
Incidentally, this “coming to the fore” of zirconium was as the result of materials research

in Chalk River for the US nuclear program [12].

2.3 Fabrication of pressure tubes in the nuclear plant

The production route for Zr-2.5Nb pressure tube is a multi-step process involving
forging of the ingot, machining of hollow billets, extrusion and cold drawing. Fig. 2.4 is
an abridged flow diagram showing the main steps in the fabrication of Zr-2.5Nb pressure
tubes. By autoclaving at 400° C for 24hr, a protective oxide layer is formed on the both

inner and outer ring surfaces.
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Fig. 2.4 Abridged flow chart for the fabrication of CANDU Zr-2.5Nb pressure tubes [20].

The tubes are fabricated by hot-working ingots in (o+f)-phase region. These ingots
are machined to produce hollow billets that are approximately 560mm long X 195mm
diameter suitable for extrusion. After water-quenching from the B-phase the hollow billets

are extruded at 815°C, they are then cold-drawn about 27% to give a final tube length of
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6.3 m with a final thickness of about 4.3mm and an inside diameter of about 104 mm.
The tubes are stress-relieved at 400°C for 24hr prior to installation in a CANDU reactor
[21]. The microstructure consists of elongated grains of hexagonal-close-packed (hcp)
a-Zr, partially surrounded by a thin network of filaments of body-centered-cubic (bcc)
B-Zr. The alpha-phase grains are platelets (containing about 0.6 to 1 wt% Nb in solution)
with aspect ratios of about 1, 10, and 40 in the radial, transverse and longitudinal

directions, respectively. A typical microstructure is illustrated in Fig. 2.5.

Fig. 2.5 Typical grain structure in Zr-2.5Nb pressure tubing looking down the axis of the
tube. The light colored a-phase platelets are interspersed with dark-colored B-phase
filaments [22].

From the Fig. 2.5, we can clearly see that the a-grains are stacked together and are
separated by a non-equilibrium B-phase containing about 20 wt% Nb: see Fig.2.6 for the
Zr-Nb binary phase diagram. As can be seen in Fig. 2.6, the solubility limit for Nb in a-

Zr, has been given as low as 0.6wt%. At high temperatures (>~880°C), Zr-2.5Nb is single
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phase, having the bcc B-Zr structure with the Nb being in solution. On slow (equilibrium)
cooling to room temperature, a two phase, o- Zr and B-Nb, structure is produced. The a-
Zr phase is hcp with the Nb being in solution. The -Nb phase is bee structure containing
~85wt%Nb. The width of the B-phase in the radial direction is about one-tenth that of the

a-phase. The width of the a-phase is typically about 0.3 um. This microstructure greatly
affects the growth of oxide on its surface.
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Fig. 2.6 Schematic Zr-Nb binary phase diagram [23].

The correlation between the microstructure of pressure tubes and the corrosion
behavior has been studied in detail by many researchers [24-26]. It was believed that a
full understanding of the corrosion mechanism of zirconium alloys requires an in-depth

analysis of the reasons affecting the microstructural features of the oxide film. However,

15



complex interactions of parameters in the process of the growth of oxide film make it
difficult to predict corrosion behavior of zirconium alloys. The studies focusing on the
microstructures of the oxide film and their relations to the corrosion often lead to results
that seem to contradict each other [27-34].For example, it is generally accepted that high
compressive stress near the oxide/metal interface may produce a high tetragonal phase
fraction in the oxide film, but very recent studies show that there seems to be no obvious
correlation between the compressive stress and the tetragonal phase fraction [27, 28].
Some authors observed that zirconium alloys with a high tetragonal oxide fraction near
the interface exhibit a higher corrosion rate, whereas in other papers completely different
results have been reported [27, 29-31]. Yilmazbayhan et al. [29], Bossis et al. [32] and
Bechade et al. [33] found higher percentages of tetragonal oxide in Zircaloy-4 than in
Zr—1% Nb, whereas Vrtilkova et al. reported a high value of the tetragonal phase fraction
in Zr-1% Nb but very low value in Zircaloy-4 [34]. Despite numerous studies undertaken
by different authors, many questions still remain open. To date, it has been difficult to
predict the corrosion behavior of zirconium alloys as there is no unified or overall model

that may clarify the intrinsic factors affecting the microstructural aspects of the ZrO,

film.
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2.4 In-reactor deformation of pressure tubes in CANDU reactor

2.4.1 Life-limiting factors for a pressure tube

The service life of a pressure tube is determined by the allowable dimensional
changes, by its capability to accommodte dimensional changes, by its capability to resist
crack initiation and, as defence in depth, by its ability to meet a leak before break
criterion developed for the tubes. Four factors are important in the pressure tube’s
degradation (aging) during service [14, 21]:

(1) Dimensional changes,

(i1) Corrosion and hydrogen ingress,

(ii1)  Changes in mechanical properties,

(iv)  Flaw development.

2.4.2 Methods to reduce the degradation during service

In this case, methods for improving the pressure tube performance can be divided
into the following five categories [35]:
(v) minimizing the variation of the pressure tube’s dimension (diameter, length),
(vi)  decreasing the defects at which DHC(delayed hydride cracking) can be
initiated,
(vii) increasing the fracture toughness of the pressure tube,

(viii) decreasing the corrosion rate and
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Fig. 4.3 Surface morphology on 10 min-treated PEO coating. (a and b) discharge channel

and the breakaway of PEO coating and (c) melted areas.

Fig. 4.4 is the EDX spectra which show the chemical concentration in the melted
area (A) and broken surface area (B) of Fig. 4.3(b), respectively. High silicon
concentrations could be seen at the discharge channel areas (Fig. 4.4(b)). This could be
explained by the formation of complex Zr-O-Si compounds around the discharge channel
areas. According to Matykina et al.’s study [10], a much higher Si:Zr ratio was found in

the porous outer layer than in the dense intermediate layer. However, for the 10min PEO
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Fig. 4.8 Cross-sectional SEM micrographs at different magnifications of the PEO

coatings. (a-f) PEO coatings from S1-S6 and (g) the black oxide coating.
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Table 4.1 Average thickness of PEO coatings measured on cross-sectional SEM

micrographs
Thickness of the
Samples Brief comments
PEO coating (um)
Smooth coating area; regular substrate-coating
S1 5.8+0.3
interface
discharge channels; some cracks parallel to the
S2 5.7+0.5
substrate/oxide interface
Irregular substrate-coating interface; discharge
S3 5.3+0.6 channels; some cracks parallel to the substrate/oxide
interface
Smooth coating area; regular substrate-coating
S4 5.8+0.2
interface
discharge channels; some cracks parallel to the
S5 5.7+0.4
substrate/oxide interface
Irregular substrate-coating interface; discharge
S6 5.1£0.5 channels; some cracks parallel to the substrate/oxide
interface

The surface roughness of the PEO coatings is much less than the black oxide coating.

All of PEO coatings have a similar surface profile according to the surface roughtness

tests. Fig. 4.9 shows the surface roughness data, R,, measured from one of the PEO

coatings (S1) and the inner surface of the black oxide coating.
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Fig. 4.9 Surface profiles of (a) PEO coating sample S1 and (b) inner surface of black

oxide coating.

From Fig. 4.9, it is clear that the PEO coating, which was about 5 to 6 um thick, has
a much smoother surface (Ra is in the range of 0.2-0.4 pm) compared to the black oxide
coating where has Ra~1.5 um. Fig. 4.10 shows the surface roughness Ra data for all
coated samples. It is known that for the same current density, the surface roughness
increases with the treatment time. However, for short periods of treatment (before Stage 3
in PEO process), a small current density produces a smoother coating surface because a

larger current density produces intense discharges.
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Fig. 4.10 Surface roughness Ra for thePEO coatings and the black oxide coating.

4.4 Chemical analysis of the coatings

4.4.1 EDX spectra for coated and uncoated samples

Fig. 4.11 shows typical EDX spectra for Zr-2.5Nb substrate, PEO coating S1 and
black oxide coating. All six sets of PEO coatings had an almost same EDX spectra which
had a much higher oxygen concentration than the black oxide coating. As seen in Fig.
4.11, only Zr and O could be found in EDX spectra, the alloying elements (Nb, Fe, etc.)
could not be observed, possibly due to their low concentration.

During the PEO process, complex compounds can be synthesized inside the high
voltage breakthrough channels formed across the growing oxide layer. These compounds
are composed of oxides of both the substrate material (zirconium) and electrolyte-borne

modifying elements (silicon). Thus, theoretically, complex Zr-O-Si compounds should
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