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Introduction

In recent years, fuel performance and environmental issues take an important
place in nuclear industry and consequently a number of objectives requested for
an optimal water chemistry programme has been reviewed, such as reduction of
radiation sources causing radiation exposures, integrity of structural materials and
fuel cladding, and reduction of radioactive wastes and effluents.

Power-up rates, fuel burn-up and enrichment increases lead to high boiling duty
conditions which enable crud deposition and consequently increase the probability
for fuel cladding corrosion and/or Axial Offset Anomaly/Crud Induced Power
Shift (AOA/CIPS) development. Hence, novel water chemistries have to be
proposed and current water chemistry practices have to be revised in order to
ensure optimal performance of the plant throughout its service life.

Zinc’s ability to replace cobalt from oxides on primary circuit surfaces has
provided the first motivation for implementing zinc addition in Boiling Water
Reactors (BWRs) since the 1980s. The beneficial results regarding dose
reductions have been demonstrated; therefore, this practice has been extended to
Pressurized Water Reactors (PWRs) during the 1990s, not only for radiation
fields’ considerations, but also for reducing susceptibility to Primary Water Stress
Corrosion Cracking (PWSCC).

First, zinc injection benefits relating to field radiation and SCC have been
identified. After verification of the negligible effect of zinc injection on cladding
integrity through laboratory and in-reactor testing, several field demonstrations
have been performed progressively in more and more aggressive power reactors
allowing concluding the absence of adverse effects on core performance linked to
zinc injection. In parallel, the source term reduction and the modification of crud
characteristics (morphology, structure and distribution) associated to the zinc
injection have motivated to propose the zinc injection implementation, not only as
radioprotection /materials tool, but also as way of preventing/mitigating the crud
deposition in the core. Based on Nuclear Power Plant (NPP) feedback and
laboratory tests, zinc injection is presumed to be able to answer to all the tasks
requested, and it appears today as one of the key factors of primary coolant
chemistry optimization for corrosion mitigation and source term reduction.

Goal

This report describes the use of zinc injection technology in Pressurized Water
Reactor (PWR) plants worldwide. A review of the available laboratory work
applicable to WWER plants is also included. The review covers the range from
basic information to current knowledge and understanding of operational
behaviour. The basis of this report is the information available in the open
literature, including proceedings of the recent International Conferences on Water
Chemistry of Nuclear Reactor Systems.
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Description of the target

At the beginning of 1990’s PWR vendors and utilities started to become interested
in zinc injection because of the reported beneficial effect on dose reduction and
corrosion inhibition from BWR experience. Therefore, comprehensive research
work started mainly in two countries, US and Germany, to investigate the impact
of zinc addition on material compatibility, fuel performance and operational
conditions in PWR plants. In US the main interest was to mitigate PWSCC of
Alloy 600 Mill Annealed (MA), a material that is used for SG tubing material and
widely in many penetrations of the RCS. In collaboration with Westinghouse
Owner’s Group (WOG) and EPRI, Westinghouse initiated laboratory studies to
examine the impact of zinc on PWSCC in the PWR primary water environment
[1]. After completion of the investigation programs and performing plant specific
qualification work, zinc injection was introduced in the US PWR plants. The
Farley-2 plant was selected as the first candidate plant for zinc injection, as it had
a sufficient number of cracked SG tubes to allow for a good statistical basis for
monitoring of crack development. Zinc injection started in 1994 at Farley-2 plant,
and followed by Diablo Canyon-1 and 2 in 1997-1998. In contrast to the US,
PWSCC was not an issue for PWR plants in Germany due to use of Alloy 800NG
as SG tubing material and avoidance of the use of Alloy 600MA in the RCS. The
main interest for the German PWR utilities was radiation field reduction in their
old PWR plants, which had rather high dose rates due to use of cobalt containing
hard facing-materials (stellites) in the RPV internals. Siemens performed a
research program in collaboration with VGB and German PWR utilities with the
aim of studying the impact of zinc addition solely for dose reduction [2]. In
Germany Biblis-B was the first PWR plant that introduced zinc injection in 1996,
which was followed by Biblis-A and Obrigheim plants in the beginning of 1998.
Due to convincing good field results from these lead plants that confirmed the
beneficial effect of zinc chemistry, many PWR plants started to inject zinc in their
reactor coolant. As of 2010, there are now almost 70 PWR plants that are injecting
zinc (see Figure 1) [3].
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Figure 1 Number of PWR units injecting zinc worldwide [3].
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Influence of Zn injection on activity
Incorporation

Incorporation inventory in the RCS

In a typical PWR, the wetted RCS surface area consists of approximately 25%
fuel cladding (Zircaloy-4, Zirlo, or M5), 65% SG tubing (either a nickel-based
alloy like Alloy 600MA, Alloy 600TT20, Alloy 690TT, or an iron-based alloy,
Alloy 800NG) and about 10% stainless steel. The chemical composition of these
materials is shown in Figure 2.
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Figure 2 Nominal chemical composition of materials used in PWR plants.

At ambient temperatures all these construction materials have very low corrosion
rates because of the formation of the passive oxide layers that protect them. With
increasing temperature above 150 °C the general corrosion rate of these metals
increases [4] because the passive oxide layers become thicker and more porous,
albeit still protective. The composition and thickness of these protective layers
depends on different factors, like the chemical composition of the base material,
environmental conditions like the ECP, pH, coolant composition, and temperature
of the medium to which they are exposed. The thickness of these protective oxide
layers is in the range of several hundred nanometres. Oxide layers built under the
PWR primary coolant operating conditions, i.e. reducing conditions at 300-330
°C, have duplex structure (Figure 3) [5,6]. They feature a chromium-rich inner
layer and an iron and nickel-rich outer layer. The existence of duplex oxide layers
is a result of different transport rates of the cationic substituents of the alloy or
steel through the inner protective oxide layer. The inner oxide layer grows at its
interface with the metal by anion mass transport although there is clearly iron and
nickel cation transport in the reverse direction. The driving force for cation
transport is the metal ion concentration difference between the metal surface and
the coolant, as well as the field strength in the inner protective layer. Due to
different diffusion coefficients of different metal ions their transport rates are also
different. Iron and nickel exhibit much higher transport rates than chromium.
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Therefore, the inner part of the protective oxide layer becomes chromium-rich,
whereas the outer part is iron and nickel-rich.
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Figure 3 Structure of the protective oxide layers on stainless steel under PWR operating

conditions

4.2

The iron and nickel-rich outer oxide layers are also more soluble in hydrogenated
PWR primary water whereas chromium is for all practical purposes completely
insoluble [7]. Therefore the growth of outer oxide layers is controlled by
dissolution and precipitation of iron/nickel oxides. For example, if the outer layer
is exposed to iron and nickel-free coolant in PWR primary water, only inner oxide
layers and no outer layer are observed in the laboratory work due to dissolution of
the outer layer [5]. On the other side, in iron-saturated coolant, large crystals of
iron/nickel spinel oxide usually exist in this outer oxide layers that are produced
from coolant by precipitation reactions. However, due to the higher solubility of
iron/nickel oxides in hydrogenated PWR coolant, the oxide layers produced
under reducing conditions of PWR reactor coolant are usually thinner than that
produced under oxidizing BWR conditions.

Mechanism of activity incorporation

In the core region, a film consisting principally of zirconium dioxide (ZrO;) forms
on the zirconium alloy fuel assembly cladding, guide tubes and fuel grids. In
addition to ZrO,, corrosion product deposits (nickel ferrites, metallic nickel and
nickel oxides) are also found on fuel rods, which are precipitated from dissolved
cations transported by coolant (see below).

On stainless steel and SG tubing, as mentioned above, duplex oxide layers with a
nominal chemical composition of NixFe;«Cr,04 (nickel-iron chromite) for the
inner layer and NixFe;.xFe,O4 (nickel ferrites) for the outer layer are formed. If, a
nickel base alloy is used for the SG tubing, the outer oxide layers on out-of-core
surfaces can also contain metallic nickel. On fuel assembly rods, metallic nickel
exists in the lower part of the core, whereas in the upper part, where boiling is
expected, nickel exists usually as nickel oxide deposit. The solubility of these
spinel oxide films is very low and they protect the materials very well.
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4.3

431

Accordingly, the associated metal ion release is extremely low and their
concentrations in the reactor coolant are in trace levels.

Even so, a certain amount of metal oxide does dissolve at the water-oxide
interface and the solvated cations are transported by coolant flow to the core area,
where they precipitate by boiling and/or due to their decreased solubility by
increasing temperature (i.e. retrograde solubility). The deposited corrosion
products are activated in the core area by the neutron flux and form *Co and ®°Co,
according to the transmutation reactions *®Ni (n,p)—>2Co, and **Co (n,y)— ®Co.
In turn, these nuclides are transported to and incorporated into chromium and iron
spinel in the oxide layers on the surfaces of the primary circuit.

Influence of zinc on oxide growth, corrosion release and activity
build-up

Zinc incorporation on RCS surfaces

According to theoretical hypotheses and experimental laboratory tests, the zinc
injected into the primary coolant can have different destinations:

« It can be incorporated in the ex-core surfaces of primary system.
« It can be deposited on the fuel cladding
« It can be removed by CVCS system.

The amount of Zn incorporated into the primary circuit surfaces can be estimated as
the difference between the Zn injected and the Zn removed. However, such a
simplified calculation does not allow distinguishing between Zn incorporated in ex-
core surfaces and that deposited on fuel assemblies. To describe more
comprehensively the mass balance of Zn in the primary coolant taking into account
the injection parameters, the characteristics of the unit and the cycle operation
conditions, a model is proposed by Tigeras et al. [8]:

Zi 'F(RCS—Inmpm'aa‘ed ) =Zn (Injected) Zn (Re maved —CTCS)

Where each term can be evaluated by:

— = CICs
Zn (Re movedCTCS ) [ Zn ] RCS [ injection
M Res
— s
Z};{fﬂjt‘f?ﬁ?{fj - ijr,lz” rr‘njecrr‘on
Z”'Jﬁcarpammixf‘i] = [Z”]RCS QSG + QSS + Q_ﬂ.rof f.:n-m-saﬂ
Myes Ama.-'ngsc- -’1169:95} A_ﬁmfn’aa’

With:
myz,: mass of zinc injected per day (g/day).

. . 2
tinjection: femps of injection (day): A: Surfaces (m")

According to the authors [8], during the first phase of injection, until zinc reaches
the detection limit (=1 pg/kg), zinc removal is negligible and most of the zinc
injected is incorporated into RCS surfaces. This process depends on daily injection
quantity (m(Zn)), area and material of each portion of the RCS (Ass, Asc, Asuel) @S
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well as the incorporation rates into steam generators tubing films (Qsg), stainless
steels films (Qss) and fuel cladding crud (Qfuel-clad)-

From t=0 to t=tgetection: Zn(xcs—mcapmmd) =2 " Injected)

tdetectmzf(mln: A&EpQB:ASG:AﬁHl:QfIHhP)
P=power; A Asc. Ana=Surfaces
Where Q=f{thickness. composition of oxide films of Steam

Generators (SG).stainless steels (SS) and crud (fuel)

Monitoring data with such calculated results on Zn are illustrated in Figure 4 for the
first and second Zn injection cycles at two different plants [9].
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second (below) cycle of injection at two PWR plants.
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4.3.2

Influence of zinc on oxide layers on out-of-core surfaces

Taking into account the RCS inventory and the contamination mechanism
described above (sections 4.1and 4.2), as well as the deposition process on fuel
assemblies, a possible way to reduce the surface contamination and diminish the
crud deposition is to find a non-radioactive element such as Zn capable of :
 Inhibiting the cobalt incorporation into the oxide layer of ex-core regions
(mainly iron and nickel chromites FeCr,04, NiCr,04 and nickel ferrite NiFe;O4)
and/or

 Substituting the cobalt ions already incorporated in the oxide structures

+ Diminish the corrosion release from primary circuit material.

If only the first process of inhibition is verified, it is predicted that dose rate
reduction will be in correlation with the natural *Co and *°Co activity decay (by 10
to 15% per year for ®°Co). Both paths of zinc influence are strongly believed to be
related to the transformation of the protective oxide layers on construction materials
in the presence of zinc.

Zn injection in PWR coolant can have a positive impact on corrosion phenomena
by changing the chemical composition and structure of oxide films on austenitic
stainless steels and nickel-based alloys [10]. However, the extent of the corrosion
suppression effect of Zn that is due to modification of the protective properties of
oxide films remains unquantified. Ziemniak et al. [11-13] claimed that corrosion
films on 304 stainless steel (304 SS) in hydrogenated water with 30 ppb of injected
Zn changed into thin oxide layers, which represent solvus phases in the (ZnyFe;-
m)(Fe1nCrn)204 binary phase diagram. Recrystallization of the low outer zinc
content ferrite solvus was proposed to impart additional resistance to corrosion.
Beverskog [6] claimed, from thermodynamic calculation at 300 °C, that Zn
injection did not lead to the formation of new solid phases (e.g. Zn(FexCri.x)20,) in
pre-existing oxide films, that consisted of an outer NiFe,O,4 and an inner FeCr,O4
oxide layer. This author presumed that ZnCr,04 was only formed on new alloy
surfaces exposed to the Zn-containing coolant. However, other thermodynamic
calculations of Zn water chemistry in PWRs [14,15] showed that chromites
(MCr,04) have a higher stability than ferrites (MFe,04) and ZnCr,0, is the most
stable phase within a wide potential -pH range and has the lowest solubility at 300
°C.

In a very recent paper [16], the oxide film on 304 SS exposed to simulated primary
coolant with or without Zn was investigated by XPS, calculations of E-pH diagrams
for the Zn—Fe— Cr-Ni—H,0 system and the solubility of spinels from 25-300 °C,
as well as the crystallographic features of spinels were carried out to clarify the
characteristics of the oxide film on 304 SS in the solutions with or without Zn
injection. The following conclusions were drawn based on the results presented:

¢ Significant effects of Zn injection on the characteristics of the oxide film on 304
SS in the PWR environments were observed. In the Zn-free solution, a mixture of
FesO,4 and FeCr,04 spinel oxides was most probably formed in the oxide film. Zn
injection caused a drastic decrease of the thickness of that film (Figure 5). The
oxide film formed in the presence of Zn was presumed to consist of ZnFe,O, and
ZnCr,0Q4 spinel oxides, and ZnCr,0O4 would become dominant in the oxide film
after long-term immersion.

e It was found that temperature has little effect on the E-pH regions of stability
and solubility of different spinels in the studied PWR environments [16]. In
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comparison with NiCr,Q4, FeCr,04, Fe304, NiFe,04 and ZnFe;04, ZnCr,0y4 is the
most stable within the widest E-pH range in the Zn-containing solution. The
thermodynamically stable ZnCr,O, with a low solubility under zinc water
chemistry conditions indicates that the significant effect of Zn injection on the
corrosion control of stainless steels in Zn-containing solution can be explained on
the basis of an alteration of the phase composition of the inner layer of oxide.

e Based on the analysis of crystallography, temperature and ionic radius show no
influence on the stability of the spinels. Zn?* was demonstrated to prefer the
tetrahedral sites in normal spinels. Considering the tetrahedral site stabilisation
energies for cations in chromites and ferrites, ZnCr,O4 and ZnFe,O, are proposed
to be more stable in comparison with other possible spinels.

Other recent studies on AISI 316L(NG) stainless steel in simulated PWR coolant
[17] have demonstrated that the effect of Zn injection on the thickness and
composition of the oxides is very pronounced — the thickness of the oxide decreases
ca. 6 times at open circuit and more than 2 times at 0.5 V vs. a reversible hydrogen
electrode at 280 °C, the outer layer is practically absent (only a very thin layer
containing boron was detected at the potential of 0.5 V) and the Cr content of the
inner layer is significantly increased (more than twice, both at o.c. and at 0.5 V). Zn
is incorporated in the oxide at both potentials in significant amounts (a normalised
content of several %), its concentration being somewhat larger in the film formed at
open circuit. It can be concluded that the injection of 1 ppm Zn to the simulated
PWR water causes a dramatic restructuring of the oxide formed on stainless steel
for 24 h in Zn-free solution. Part of this effect could be attributed to the decrease of
pH due to the hydrolysis reactions of Zn. Thus further investigations have been
performed in a buffered high-pH PWR coolant [17].

In the presence of tetraborate, the thicknesses of the films in both Zn-free and Zn-
containing electrolytes are more than 2 times larger than those formed in solutions
that did not contain tetraborate. This effect could be related to the decrease of the
solubility of Fe with increasing pH. Such an explanation is corroborated by the fact
that outer layers (i.e. layers that are formed by a dissolution-precipitation
mechanism) are observed in both Zn-free and Zn-containing electrolytes and their
thickness is larger than that of the inner layer. The changes of the in-depth
composition of the oxide caused by Zn injection are not as drastic as in the plain
PWR water, even if the incorporation of Zn especially in the outer layer is really
significant (above 20% of normalised content). This probably means that the outer
layer formed by restructuring of the oxide following Zn injection is in fact a mixed
Fe-Zn oxide containing small amounts of Ni and Cr. On the other hand, the amount
of Zn incorporated in the inner layer stays close to that in the unbuffered PWR
water. A notable effect of Zn injection is that the Ni content of the inner layer
formed as a result seems to be larger than that of Cr, which is opposite to the inner
layer formed in the absence of Zn. Thus Zn incorporation seems to play an
important role in the restructuring of the inner layer also in tetraborate-containing
PWR water [17].

Concerning oxide films formed on nickel-based alloys such as 600 and 690,
Ziemniak et al. [18,19] claimed that the two-layer corrosion oxide with an inner
layer of M(Feix Cry),04, on nickel-based alloys exposed in the simulated primary
coolants with Zn injection transformed into a chromite-rich spinel oxide phase,
(ZnossNigsFeo.15)(Feo2sCro75)204, and  recrystallized metallic  nickel. The
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replacement of Ni** and/or Fe®* by Zn*" also resulted in outer smaller sized ferrite-
based crystals that retarded ingress of water towards the inner layer. Kawamura et
al. [20] reported that the thick oxide film consisting of FexNi;.xFe;O4 and FexNi;.
xCr.04 on Alloy 600 without Zn injection transformed into a thinner and more
stable Zny + ;FexyNiix, Cr,04 spinel in simulated PWR primary water with Zn
injection. The outer FexNi;«xFe 04 layer might have become thinner or disappeared,
leaving the inner chromite responsible for the reduction in primary water general
and localised corrosion modes.
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Figure 5 XPS depth profiles of the oxide films on 304 SS at 300 °C: (a) Zn-free solution after
20 d exposure, (b) Zn-containing solution after 20 d exposure and (c) Zn-containing solution

after 14 d exposure [16].

Very recently, the effect of Zn injection on Alloy 690 was investigated in deaerated
borated and lithiated water at 300 °C using voltammetric and electrochemical
impedance spectroscopic measurements [21]. The chemical compositions of the
oxide films formed were examined using XPS (Figure 6). The following
conclusions were drawn from the data:

e The chemical compositions and the structures of oxide films formed on Alloy
690 changed with Zn injection. The oxide films consisted of Zn—Cr/Zn—Fe spinel
oxides. The content of Ni in oxide films decreased rapidly and the oxide film
became thin. With increasing Zn concentration, the resistance of the oxide film
increased rapidly and the passive current density decreased.

e Due to the low free energy of formation of spinel oxides, Zn?* displaced Ni*
and/or Fe?* in the tetrahedral sites in the crystal lattice. The incorporation of Zn into
the spinel oxides would slow down transport of solid state point defects in the
oxides by decreasing their concentration. An oxide film composed of
Zn(FexCr1x)204 was formed on Alloy 690 with Zn injection.

It is suggested that the change of oxide film characteristics induced by Zn
injection cause an improvement in the corrosion resistance of Alloy 690.
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Figure 6 Composition depth profiles obtained from XPS analysis for the oxide film on Alloy
690 passivated for 24 h at 300 °C: (a) Zn-free solution, (b) 50 ppb Zn-containing solution.

4.3.3

These recent studies and related information on the effect of zinc water chemistry
on structural materials have been concisely reviewed [22]. For more details on the
state-of-the-art of modelling the effects of Zn in PWRs, the reader is referred to the
Modelling Section 9 below.

Impact of zinc on corrosion release rates

It has been inferred from laboratory data that zinc uptake into fresh surface oxide
formation resulted in a reduction of the corrosion rate and release rates of stainless
steel, Alloy 600, and Alloy 690 materials as shown in Table 1 [25,26].

Numerous tests have been conducted in order to determine the zinc effect on alloys
corrosion. The zinc incorporation into the oxide layer increases the stability and
ductility of the oxide protective film and accelerates the passivation process [8].
The positive effect of zinc on corrosion and corrosion release has been
demonstrated by the following observations:

e Decrease of corrosion rates not only for the alloys 600MA, 600TT and 690 T,
but also for materials such as steels and stellites (Table 1) [25].

e Decrease of Ni release rates. The kinetics of the Ni release of 690 SG tube were
measured in the PETER Loop [26]. The addition of Spg/kg Zn in the primary
environment (Li=2 ppm, B=1200 ppm, H,= 25 cm?kg, T=325°C) significantly
reduced the Ni release rates (Figure 7, above). The effect of Zn addition on Fe
release rates was quite insignificant during these tests, except for an initial increase
of soluble Fe (Figure 7, below) [27,28].
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Table 1 Effect of Zinc on Approximate Corrosion and Corrosion Release Rates at 3.5 Months
(mg/dm2/month)

Corrosion Corrosion Release

Material
With Zinc Without Zinc With Zinc Without Zinc

304 SS 1.1 35 0.1 1.3
316 SS 1.3 35 0.1 1.4
600 MA 1.5 26 0.3 0.8
600 TT 0.5 21 0.2 0.9
690 TT 02 1.3 01 0.6
X-750 0.6 26 0.2 1.2
Stellite 04 14.7 0.1 12.0

By reducing corrosion rates and corrosion product release rates, corrosion product
generation and transport to the core is reduced. Thus Zn injection serves as a key
component to the plant source term mitigation strategy.
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Figure 7 Impact of Zn injection on Ni (above) and Fe (below) release rates.

4.3.4

Radiation fields

The studies relative to the behaviour of zinc in primary coolant show that zinc can
affect two main parameters: pH and cobalt-nickel activity [6,10,24]. Zinc
hydrolysis in primary coolant may have an impact on e.g. surface pH, which can be
lowered inducing an increase in oxide solubility and contributing to raise the
corrosion product activity in primary coolant. Moreover, the radiocobalt activity
levels in the coolant were expected to increase due to the substitution mechanism
between the zinc and nickel/cobalt ions. As an example, the radiocobalt activity in
the coolant is plotted with the zinc concentration at Bugey 4 during the first cycle
of zinc injection (Figure 8).
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Figure 8 Correlation between soluble Zn concentration and radiocobalt activity evolution in
RCS at Bugey 4 [24].

The surface activity deposit reduction, thanks to the Co replacement and/or
suppression of Co incorporation on RCS oxide surfaces [10] is illustrated in Figure
9. The initial concern attributed to activity increase in the primary coolant is not
confirmed by NPP operating experience. This fact can be explained by the
progressive incorporation of Zn into the inner layer of oxide rich in chromites and
by the optimal pH control permitting to limit the transfer and the activation of Co
replaced from oxide layers.

The dose rate impact of zinc injection is documented in the EPRI PWR Primary
Water Chemistry Zinc Application Guidelines and shows that with increasing zinc
exposure (ppb-months), plant dose rates will be lower [24,25]. The trends are
divided based on Alloy 600, 690 and 800 plants as well as the use of depleted and
natural zinc. A simplified scheme of the role of zinc in the reduction of radiation
fields by suppressing the corrosion release and modifying the oxide films on
primary circuit surfaces is presented in Figure 11 [29].
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Figure 9 Confirmation of cobalt inhibition by zinc injection: ®°Co surface activity reduction.
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Figure 10 Dose Impact from Zinc Injection

imary Water
58C0. 0Co Fona ‘tﬂRe(leposition
G ) e O i | ot 5

= 8. 60y 4
= ) Dep osition Co, ¥Co 4....

€0 Accumulation| © Fuel Radioactivation

(Nl) ——————— [ N0 D R »

Accumulation and radioactivation of Suppression of redep osition

the corrosion products

Outerlayer (Ferrite) Innerlayer (Chromite:CoCr,0,4)
<> : NiFe,Oy4 @ : Oxygen@ :Zinc
@ :Cr © :Co,(NY)

Figure 11 Presumptive mechanism of corrosion product behaviour with zinc in the primary
coolant (from Ref.29).
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Experience with implementation of zinc chemistry

Zinc compounds and their solubility

The main concern for the zinc injection during the first years of operation of the
plants was to be sure all the time that fuel integrity and performance is not affected
by possible zinc precipitation on the fuel rod surfaces and/or in the fuel deposits in
particular, in the region of subcooled nucleate boiling (SNB). Therefore, zinc
solubility behaviour under PWR coolant conditions with varying temperatures, pH
values was one of the important subjects for the PWR industry investigations. The
previous data regarding the solubility of the zinc compound were established by
temperature extrapolations of ZnO solubility data, which were known for
temperatures at < 200 °C, to 300 °C. These extrapolations resulted in a conservative
solubility limit of < 40 pg/kg. Another prediction of 80 to 110 pg/kg for zinc oxide
solubility was also used by PWR industry, which was based on some conventional,
limited data (in aqueous phosphate solutions) gained from previous studies [30].
Finally, at the beginning of 2000s, the Oak Ridge national Laboratories (ORNL)
had performed experimental investigations to measure the solubility of zinc
compounds under PWR coolant conditions at different temperatures and pH values.
The results of their work can be summarized as follows [31- 33]:

» The solubility of zinc at the pH values of PWR operating conditions is between
100 and 200 pg/kg, depending on temperature between 150 and 350 °C (see Figure
12 for 200 and 300 °C as example).

 In the steam phase that is relevant for boiling on fuel rod surfaces, the solubility
is about 1 pg/kg as expected (see Figure 13).

200°C Khodakovskiy and Yelkin (1975) I |—— Calculated from this study

A it Benezeth, et al. (1999)
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\
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Jog [H'] Jog [H']

Figure 12 Solubility of zinc at 200 and 300 °C as a function of pHr (=-log[H]) values [33].
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Figure 13 Solubility of zinc at 350 °C as a function of pHy values [33].
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Wesolowski et al. [33] have also calculated from the solubility constants, the
distribution of aqueous zinc species as a function of pH and temperature as shown
in Figure 14. It follows that in the near neutral pH to mildly basic region relevant
for PWR coolant conditions, the dominating species are Zn(OH)* and Zn(OH), and
not the Zn?*. As temperature increases, Zn(OH), and Zn(OH);  become
predominant.
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Figure 14 Distribution of aqueous zinc species as a function of pH at different temperatures

[33].

442

Zinc injection concept

Zinc injection consists of a continuous addition of zinc in the primary coolant. A
system of injection and a suitable zinc form have to be selected in order to assure
the absence of impact on the installation and to limit the possible changes on site
organization. This paragraph intends to provide some indications that can be useful
for the zinc injection implementation in future units.

The natural zinc addition at Diablo Canyon 1&2, Farleyl&?2 and Beaver Valley has
shown a smaller dose radiation benefit during the first cycles of injection and ®°Zn
activity increase in primary coolant. All the other PWRs began the injection using
depleted zinc from the first cycle in spite of the supplementary cost associated with
the depletion process. Nowadays, all the PWR use depleted zinc with <1% wt. **Zn.
No negative dose impacts have been reported and the ®°Zn activity has always
remained at the same levels than before the beginning of the zinc injection. The
selection of depleted zinc vs. natural zinc has been justified by the ®Zn limitation
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in the oxide layers of primary circuit surfaces, in order to optimize the dose rate,
effluents and waste benefits.

With the objective of making the dissolution of zinc easy and avoiding capillary
obstructions, a weak acid was researched in order to increase the reagent solubility.
The possible injection of zinc borate (xZnO.yB,03.zH,0), zinc formate
(Zn(HCOO0),.2H,0) and zinc acetate (Zn(CH3C0OO0),.2H,0) was initially evaluated.
Several tests confirmed the inadequacy of zinc borate because of its low solubility.
On the other hand, the zinc injection into RCS requires a low level of impurities.
The fabrication process of zinc formate at high purity is much more expensive than
that of zinc acetate, which is nowadays produced with a reasonable cost for
industrial needs.

Hence, zinc acetate has been selected for its high solubility (430 g I at 25°C) and
high purity. Moreover, the introduction of every product e.g. in EdF reactors needs
to respect a homologation process, permitting to assure the security and the safety
of both staff and installations. Zinc acetate was granted the PMUC (Products and
Materials used in Power Plants) homologation and this product is considered by the
international regulation as a “nonhazardous substance” due to its nature
(nonexplosive, inflammable and noncombustible). Therefore, zinc acetate
manipulation by the chemistry staff can be done using the habitual standards of
safety.

Zinc injection system

The zinc injection equipment has been selected considering:

e Injection location - the injection point is usually placed in the sampling lines
with return to the VCT and the zinc injection system is in the room used by the
chemistry staff for sampling (Figure 15). These decisions aim to assure a correct
and regular maintenance by the personnel in charge of the zinc injection
application.

e Injection equipment - simplicity has been privileged in order to avoid possible
interruptions of injection during the cycles due to mechanical and/or electronic
causes linked to possible complexities of the devices. The selected system of
injection includes a tank, a volumetric pump and the appropriated accessories of
safety (valves, level measurements).

e Measurement and control equipment - the zinc injection requires the monitoring
of zinc, nickel and silica. The necessity to verify the limits imposed by the chemical
specifications has led to develop specific procedures for each element and technique
(AAS and ICP).
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Chemical specifications of zinc injection

Nickel limits

The crud analysis from PWR shows that nickel is present in both metallic form and
nickel oxide precipitate in the upper regions of fuel assembly with high boiling. In
order to minimize this potential deposition, the nickel concentration in the coolant
is limited and its evolution is regularly monitored according to the chemical
specifications. The maximum value admitted by fuel suppliers for beginning the
zinc injection is 6 ppb. This limit has been justified by the international feedback.
In fact, nickel concentrations higher than 6 ppb have been measured during some
cycles affected by AOA. On the contrary, the average nickel concentration at stable
power in units not affected by AOA varies from 0.4 and 4 ppb [25]. In a
conservative way, several utilities have introduced a more restrictive limit of 3 ppb
for the high duty plants and for the cycles with high zinc concentrations (Figure
16).

Iron concentration

In the short term, the iron concentration increased in some German plants following
the zinc injection beginning due to the presence of Alloy 800 (iron base alloy)
steam generator tubing. The iron concentration in primary coolant has not been
modified in units with 600 or 690 alloy (nickel base alloy). Therefore, no limit is
required for these units and the iron monitoring is recommended but not mandatory
by fuel vendors.

Silica limits
Zinc silicates have never been found in PWR fuel deposits, but they were found in
some BWR deposits. Thermodynamic calculations show that zinc silicate is less
likely to precipitate than zinc oxide under typical reactor coolant conditions. In a
conservative way, the initial silica upper limit was fixed at 1 ppm by the fuel
vendors. Research carried out by Westinghouse under EPRI funding [34] have
permitted to establish the boundary operational conditions under which PWRs can
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add zinc without fear of encountering fuel-related problems. The results show that
the zinc silicates are deposited at high concentrations of silica (SiO, >10ppm) and
in presence of thick crud. These conclusions are corroborated by the positive
feedback of some units injecting zinc with high silica levels (SiO,>2ppm). Taking
into account the above criteria, the most restrictive silica value for high duty plants
and/or cycles with high zinc concentrations is set to 1 ppm (Figure 16).

Impurity limits
The Ca, Al and Mg concentration is limited to 0.05 mg/kg for NPP with and without
zinc injection.
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Figure 16 Boundary conditions of zinc injection application for high duty plants and/or high
zinc concentration.

5

Influence of Zn on PWSCC

Zinc addition has been demonstrated to have a strong mitigative effect on the initiation
of PWSCC in Alloy 600 [25]. This conclusion is based on strong evidence from
assessments of in-service steam generator tube cracking [36,37]. Additional support is
provided by extensive laboratory testing and mechanistic investigations [20,25,38-45].
Test results for nickel alloys are summarized in Figure 17 . In Ref. 20, it was assumed
that PWSCC initiation consisted of the following four processes: formation of double-
layered oxide film; selective dissolution or destruction of metallurgically disordered
regions, such as grain boundaries where applied stress is concentrated and chromium
content is lower; appearance of fresh alloy surface; and initiation of a PWSCC crack.
When > 10 ppb Zn was added to the simulated PWR primary water, however, PWSCC
susceptibility of Alloy 600MA decreased, even when oxide films were formed via
preoxidation in zinc-free simulated PWR water. This was hypothesized to be a result of
suppression of hydrogen reduction on the surface, diminishing or thinning of the outer
layer, and formation of a chromium-enriched protective film containing zinc on Alloy
600MA. Further studies focused on crack growth rather than initiation have shown,
however, that the Zn effect on crack growth becomes questionable at high enough
stress intensity factors [42,44]. According to the authors, fast-growing cracks require
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that Zn permeate to the crack tip while also saturating / equilibrating into the new oxide
as the crack advances, and thus impact of Zn on such cracks might be limited.
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Figure 17 Oxide film structure changes and PWSCC suppression mechanism of Alloy 600MA
by zinc injection [20,41].

Concerning in-plant data, Figure 18 illustrates the benefit of zinc addition at a plant
that has been injecting zinc at a nominal RCS concentration of 5 ppb. The data are
based upon the cumulative number of PWSCC indications at explosively expanded
(WEXTEX) regions in the tube sheet and on carefully screened non-destructive
evaluation (NDE) data, and are plotted as a Weibull analysis. (Note that this plant
shot-peened at between 5 and 6 effective full power years (EFPY)). The rate of
degradation is reflected in the slope of the Weibull plot, with a smaller slope
corresponding to a decreased rate of SG tube degradation. As observed from Figure
18, the rate of PWSCC indications has decreased significantly since zinc injection. At
about 14 EFPY the percentage of tubes affected was almost 1% (and corresponded to
the time when zinc injection was initially begun). Based on an evaluation completed in
2005 [36], zinc injection resulted in an improvement factor of about 2 (i.e., it would
take twice as long to reach 10% tubes affected based on the then current post-zinc
Weibull slope as compared to the pre-zinc Weibull slope). According to another
evaluation completed in 2008 [37], zinc injection has resulted in an improvement factor
of about 10. Thus, zinc injection continues to significantly reduce the rate of new
PWSCC indications over time.

With regard to crack growth rates in SG tubes, evaluation of plant data demonstrates a
reduction of a factor of about 1.5 in crack growth rate [38]. For thicker components,
initial laboratory testing sponsored by EPRI MRP indicated that there was some
evidence for a mitigative effect at low stress intensity factors (SIF) (a factor of
improvement of ~1.8 for SIF < 15 ksiVin) for Alloy 600 but subsequent tests did not
show any benefit.

The inconsistent and limited effect of zinc on Alloy 600 and Alloy 182 weld metal tend
to suggest that Zn addition alone is not a reliable way to mitigate stress corrosion crack
growth in nickel-based alloys [38]. However, it can be part of an overall chemical
mitigation strategy involving also optimisation of hydrogen injection [45].
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6

6.1

Influence of Zn on fuel

Performance of fuel cladding

PWR feedback has not shown any adverse impact of Zn on fuel integrity [23]. It seems
to be well established that zinc has not any impact on fuel cladding corrosion.
Independently of duty plant conditions, the oxide thickness measurements carried out
in the different alloys (Zircaloy 4, M5, Zirlo) do not reveal any particularity compared
with measurements performed before zinc injection start, or on units without zinc
injection [46-50]. As an example, data from Tsuruga 2 (Zircaloy 4 cladding) [46],
Bugey 2 (Zircaloy 4 cladding) [24] and Sequoyah 2 (M5 cladding) [49] are shown in
Figure 19.
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6.2

Effect of Zn on fuel crud

Historically, the pH of the reactor coolant in PWRs has been controlled in order to
increase the solubility of crud (originally CRUD= Chalk River Unidentified
Deposits) when passing through the reactor core for the purposes of reducing crud
deposition on the fuel surface. Originally, it was a good concept to mitigate the crud
deposition on fuel rods under normal fuel burn-up condition. However, modern
PWRs operate under high fuel burnup conditions, so that the fuel that performs
with higher duty for longer residence times suffers from unfavourable pH<6.9
conditions in early stages of operation and undergoes SNB (Sub-cooled Nucleate
Boiling) towards the top of the reactor core. Therefore, the amount of crud on fuel
rods increases with the increase in the mass of corrosion products from structural
materials, and the increase of crud deposition promoted by SNB. The transition to
higher duty cores has been accompanied by some crud-related incidents causing
anomalous and unanticipated core behaviour in PWRs, fuel integrity problems, and
adverse radiological events. In order to mitigate these crud-related incidents,
innovative strategies, including zinc addition, have been developed.

The crud investigations and scraping measurements carried out recently [51-55]
show that a crud richer in nickel tends to deposit on regions where the SNB is more
significant (upper region of assemblies). These deposits seem to accelerate the
boron deposition and consequently the development of flux deformation (AOA). In
the same way that zinc replaces cobalt on ex-core surface it can be assumed that
this substitution can also take place in the crud. The issue is to determine if the
“new zinc-crud” is better or worse than the “typical crud”. From scraping
investigations, significant modifications of the distribution, structure and
composition of the crud introduced by zinc injection have been observed. The “new
zinc crud” seems to exhibit the following characteristics:

« itis distributed uniformly along the assemblies contrary to non-zinc deposits
which are mostly localized in heated regions.

* its structure is formed by very small particles and there is no evidence of an
increase of density in PWR environments.

* The zinc fraction is about 2-7%.

Based on these data, the “zinc crud” has been considered as “benign” [25,56]. It has
been recognized that the reduced corrosion rate in the long-term can reduce fuel
crud and its possible consequences: Axial Offset Anomalies and/or fuel failures
attributed to cladding corrosion. Hence, there are also significant attempts to
implement Zn injection as regard of first barrier integrity and power availability of
unit’s operation, especially as preventive/mitigation action of future fuel
management evolutions.

The possibility of zinc precipitation in fuel crud is a major concern for any zinc
injection program. Under typical PWR conditions, the solubility studies [57,58]
show that zinc injection does not cause ZnO precipitation on surfaces of primary
circuit, in the absence of a concentration mechanism such as SNB and zinc
complexation. Therefore, zinc deposition rate is primarily driven by the SNB rate of
the core and process of zinc complexation. The SNB mechanism, particularly in
conjunction with thick oxide films and crud layers, can cause an increase in the
soluble concentration into the pores of the deposit in the boiling area. In fact, the
SNB -process provides a mechanism for circulating corrosion products to
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concentrate and deposit on the cladding surface. Once porous crud deposits are
present, the boiling process also favours the increase in the concentration of any
impurity or contaminant in the coolant within the crud layer. While zinc species
like zincite (ZnO) and willemite (Zn,SiO,4) are soluble in the bulk coolant [58],
vaporization conditions of the coolant in SNB regions has the possibility to create
localized areas where deposition can occur. These potential risks are more significant
for plants with high boiling levels (high-duty cores). The High Duty Core Index
(HDCI) has been initially used by international community to quantify the boiling
risk (Figure 20).
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Figure 20 Classification of cycles with zinc injection as a function of HDCI.

Taoo

However, HDCI is being progressively substituted by the Mass Evaporation Rate
(MER) as an indicator for fixing the bounding operating experience of zinc as a
function of boiling duty, because of HDCI non pertinence for plants with 14 feet
assemblies and the great HDCI variability with temperature (Figure 21).
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Figure 21 Classification of cycles with zinc injection as a function of Mass evaporation rate

The analysis of Figure 21 has permitted the authors of Ref. 23 to distinguish two
categories of units:
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e High duty cores (Fuel Management type 2) characterized by MER > average
duty level calculated with the available data from units injecting zinc until 2009.
e Low duty cores (Fuel Management type 1) characterized by: MER < average
duty level calculated with the available data from units injecting zinc until 2009.

This classification can evolve as a function of the fuel performance progress
(enrichment, power, burnup) and core design modifications. It is important to
emphasize that MER and HDCI indicators are used to evaluate the core boiling
level because it is one of the factors that can enable the crud deposition on fuel
cladding. However, a high core boiling level (i.e. high MER and/or HDCI) is not
always linked with a high risk of a global core AOA/CIPS. In fact, the development
of global deformations depends on the concomitance of several factors: power
distribution, boron concentration, core design, corrosion products source term.
Therefore, even if the boiling levels of cycles are high, the AOA risk can be
compensated by the other factors. For this reason, zinc injection is considered as a
preventive mitigation action allowing for reduction of the corrosion product source
term and following deposition on the core.

7 Zn injection during HFT

A very recent paper [59] evaluates the effectiveness of starting zinc injection to the
RCS with Hot Functional Test (HFT), which was for the first time in the world
implemented at Unit 3 of Tomari Nuclear Power Station of Hokkaido Electric
Power Co. as a way for radiation exposure reduction. To evaluate the effects on
radiation exposure reduction through starting zinc injection to the RCS with HFT,
assessment on water chemistry during HFT, implementation of various surface
analyses on the SG insert plate dismounted after HFT, assessment on water
chemistry during power test, and evaluation of radiation dose rate during each
power shutdown have been performed. Comparing the results of analyses and
assessment with those of the reference plant Tomari 1, whose water chemistry
during test runs was similar to Tomari Unit 3 except zinc injection, the effect due to
other measures for radiation exposure reduction and the degree of radiation
exposure reduction caused by zinc injection during the first periodical outage at
Tomari Unit 3 could be discriminated. The place of zinc injection is illustrated in
Figure 22.
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Figure 22 Zinc injection system during HFT at Tomari 3.

In Tomari Unit 3, corrosion mass decreased by 75% compared with Tomari Unit 1,
thus corrosion suppression effect of zinc injection was confirmed. The oxide film
on the surface of SG insert plate from Tomari 1 and 3 was separated into a deposit
layer, outer oxide and inner oxide. Figure 23 shows the element distribution within
oxide film, obtained by TEM analysis. The following tendencies were observed: Fe
is found to be the major constituent in the deposit layer, Ni concentration was
higher in the outer oxide, whereas Cr is the main constituent in the inner oxide. As
for zinc, which was thought, among elements analyzed, to be the only one element
that was not taken from base material corrosion but from the reactor coolant, aside
from showing high concentration in the deposit layer which was nearer to the RCS,
Zn concentration is relatively high in the inner oxide. Thus it was supposed that
zinc has been incorporated in the initial oxide formed on the material and that a Zn-
Cr oxide has been formed by zinc injection starting with the beginning of HFT. In
addition, the inner oxide was confirmed to be a poorly crystalline spinel structure.
Based on these results, it was presumed that injected zinc is incorporated into inner
oxide and stable zinc chromite is formed.

i %ﬂﬁe Mat erial < Oxide film \
| E— :

Elements Composition (%
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Figure 23 In-depth composition of the oxide on SG material (304SS) from Tomari 3.
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The surface dose rate of reactor vessel head and average surface dose rate on main
coolant pipe at the end of the first power shutdown test at Tomari Unit 3 were
reduced by 40~60% compared with the reference plant. Further, it is expected that
the zinc injection effect will be confirmed by the results of the dose rate
measurement during the first periodical outage of Tomari Unit 3, scheduled early
2011 [59]. Nevertheless, the first results on the implementation of zinc water
chemistry in Hot Functional Test can be deemed satisfactory, at least for this
particular plant.

8 Zn injection in WWERSs

Historically, there are numerous differences between PWR and WWER design that
have to a certain extent precluded the possible use of zinc water chemistry in
WWERSs [60] . Cobalt stellites and nickel alloys, which highly contributed in *°Co
and *%Co generation in older PWR plants, were not in use for steam generator
tubing and other elements at Russian NPPs. Stress corrosion cracking of steam
generator tubing from the primary side and an axial offset anomalies were much
less pronounced in WWER plants when compared to PWRs [60]. A high
temperature filtration system with total capacity 400-500 m* per hour at serial
VVER-1000 plants (V-320) provides efficient corrosion product removal from
primary systems. However, the behavior of zinc in a water coolant has been studied
since the mid 1960s at the older Russian design boiling reactors. Zinc presence in water
coolant took place due to usage of brass tubing systems for condenser and low pressure
heaters [61]. Zinc presence in the coolant up to 0.1 ppm was observed in the beginning
of VK-50 operation due to brass selective corrosion and temporary hydrazine injection
into turbine condensate. Comprehensive observation of corrosion, deposits and
corrosion product behavior in coolant flows showed the dominance of ® Zn and
negligible %Co and *3Co contributions [62, 63]. The generation of %Co and *8Co was
found to be suppressed by zinc presence in primary coolant. These and related studies
have demonstrated that implementation of zinc injection into primary coolant could be
very effective at the new WWERs from the beginning of plant operation [64]. The
protective oxide film allowing minimization of corrosion and radiation fields could be
formed during a hot functional test of primary system prior to plant commissioning.
The data of radionuclide composition of primary coolant deposit samples in some
WWER plants during long-term operation were processed to estimate the effectiveness
of zinc injection [16]. Radioactive nuclides %Co and *8Co were found to account for
55-70% of deposit activity and 73-79% of radiation rate. Thus, removal of *°Co and
%Co  from deposits could provide significant reduction of radiation field and
occupational exposures also in WWER plants.

Different WWER primary water chemistries were evaluated during experimental loop
testing at the LVR-15 reactor under WWER coolant parameters [65]. These were
standard WWER primary water chemistry [66], chemistry controls involving gaseous
hydrogen injection, high ammonia chemistry and zinc injection. Comparative results
revealed the minimum accumulation rate of insoluble corrosion products in case of
water chemistry mode with zinc injection. The findings of those studies were taken into
account to select an optimum chemical control for some operated and future WWER
plants. A pilot zinc injection was scheduled to take place at Bohunice NPP (Slovakia)
and Zaporizhe NPP (Ukraine) [64].
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9

9.1

Modelling the effect of Zn injection

Thermodynamic modelling

In order to evaluate the influence of zinc injection on the reduction of radiation
buildup and corrosion control, potential-pH diagrams for the Ni-Cr-H,O, Fe-Cr-
H.0, Co-Cr- H,0O and Zn-Cr- H,0 at 300 °C in the typical PWR primary coolant
condition were constructed, and the solubilities of NiCr,04, FeCr,04, CoCr,0,4 and
ZnCr,0Q4 spinel oxides at 573K were also calculated as a function of pH [6,14,15].
In the case of Ni-based alloys (e.g. Alloy 600 and 690), the stable ranges of
NiCr,04, CoCr,04 and ZnCr,0Q4, and also an example of potential-pH value in
PWR primary coolant are shown in Figure 24 (left). ZnCr,0, is stable with wider
potential-pH range in comparison with CoCr,0,4 and NiCr,0, (the formation of the
latter could not be unambiguously proven at nominal PWR conditions by
thermodynamic calculations alone). On the other hand, concerning the case of a
stainless steel, FeCr,04, CoCr,04 and ZnCr,0,4 are all stable at nominal PWR
conditions (Figure 24, right), but the stability area of zincochromite is the widest.
Therefore, in the range that FeCr,0,4, CoCr,04and ZnCr,0, stability areas overlap,
it is thermodynamically possible that Co and Fe dissolve from the oxide film into
the coolant by an exchange reaction with zinc ions:

Zn** +CoCr,0, m——2ZnCr,0, +Co*

Zn** + FeCr,0, ——2nCr,0, + Fe*'

Further, it is presumed that as the solubility of ZnCr,0,4 is smaller than that of
FeCr,04 in the relevant pH range, general corrosion of stainless steel will be
retarded by zinc injection into the coolant [15]. In the case of Ni-based alloys, even
if the stability region of nichromite does not extend to the operational range of pH
in PWR primary coolants, the authors [15] presume that it can be formed by a small
pH excursion. Thus, since the stability of zincochromite is higher, nickel can also
be expulsed to the coolant at the expense of zinc

Zn** +NiCr,0, =—=2nCr,0, + Ni**

Then again, corrosion will be suppressed in the presence of zinc in the coolant since
solubility of ZnCr,Q, is smaller than that of NiCr,Oy4 in the relevant pH range. Very
recent results of thermodynamic calculations have argued that the area of NiCr,04
actually overlaps with the operational pH range in PWR primary coolants [16] or
that instead of pure NiCr,O4, @ mixed spinel of the type NixFe;«Cr,0O4 is probably
formed on Alloy 690 [21] (Figure 25). This fact points to the uncertainty of
thermodynamic calculations when using data on free energies from a range of
sources, as well as different algorithms for the calculation of the temperature
dependences of heat capacities.
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Figure 24 Potential-pH stability areas of spinel oxides presumably formed on nickel-based
alloys (left) and stainless steels (right)[15].
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Figure 25 Potential (E)-pH diagrams for the Fe—Cr—Ni-Zn-H,0O system at 300 °C according
to Refs. 16 (left) and 21(right).

9.2

Correlations between role of Zn and oxide structure

The oxides formed on the primary circuit construction materials in light water
reactors are usually spinels. On carbon steel, the oxide can be either a magnetite or
maghemite spinel depending on the reducing or oxidising power of the coolant. On
alloyed steels, the alloying elements are incorporated in the growing spinel oxides
so that usually an enrichment of Cr is observed in the inner, compact layer, whereas
the outer layer is composed mainly of Fe and Ni. Some examples of the structures
of spinel oxides containing Zn are collected in Table 2.

A general observation in all the reported zinc tests has been that Zn injection to
high temperature water results in thin oxide layers with low visible porosity on new
metal surfaces. In addition, the already existing oxide films do not grow in
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thickness, partly because corrosion product deposition from the solution is minimal.
It has been postulated that zinc somehow decreases the defect concentration in the
spinel structure by occupying existing holes in spinel lattice. This should slow
down the ion transport though the oxide, leading to a reduced rate of oxide growth
and the formation of thinner oxide films [14,67].

It is well known that cations can be placed in the spinel structure either in
tetrahedral or octahedral positions. Co and Zn can be considered as dopant ions in
the oxide structure. Calculations of displacement energies required to replace one
ion with another show that zinc has a very strong stabilisation in tetrahedral sites
[68] (Figure 26), and in fact it should be able to displace all other divalent cations
from the chromites. This could explain the function of zinc in promoting thinner
and more protective oxide films and inhibiting the incorporation of cobalt into the
chromium rich oxide film [14,67,69].

Table 2 Examples of typical normal and inverse spinels containing Fe, Cr, Ni, Co, Mn and

Zn.

Franklmlte ZnFaO
Dana!hil:o ‘ ZnEr O i

. '.CoCrCl i i
Ly 3”‘"“"'--5 -;:_::3”5'3*? LB s e
Chromite FeCr,0,  8*Fe?* 8 * (CrH, 8*[0,  56/16
MgCr,0, 8 * Mg 8 * (Cr+), 8 * [07], 56/16

MnCr,0, 8% Mn? (Cr), 8 * [0%], 56/16

CoFarrlle | CoFe,0, 8 * Fe?t {Co’* + Fe?t)

Trevorite | NiFe,0, | 8% Fer | 3 XNk red) Teder, | Beite
Magnetite Fe O, B * Fad+ 8 * (Fe* + Fe®) 8* [02']':l 56/16
MgFe,0, 8%Fe™ 8% (Mg +Fe™) 8* [0, 56/16

Jacobsite | MnFe,0, B*Fe™ |8*(Mn+Fe™) '8*[oq, | 616




33 (60)
V7r

I T T T T T T T T T I
Octahedral Site Preference Energies
® Spinel, cation distribution
-25F 0 Oxide, solid solubllity —
WV Crystal fieid, Mc Clure
A Crystal field, Dunitz and Orgel
?
-20- ‘ I -
1 !
Octanhedral /
!
sl Preference X .
A
/s
/.r’
//
—_— =10 /.-l —
s y
* /
& /
-5 I 1
+f
!
-] A’
-0 A |
y 4 |
//
.,,4.——4r""' Tetrahedral
B/ Preference 7
I
| ;
wio 1

Zn' M Fe Ga Co Mg Fe' Cu® AP N&° Mn. CF

Figure 26 Site preference energy of divalent and trivalent cations in the spinel lattice [68].

9.3

Kinetic modelling

From a kinetic standpoint, the main controlling factor of oxide film growth and
metal dissolution rates on stainless steels and nickel-based alloys in PWRs and
hence oxide thicknesses and corrosion release are the solid state transport rates
within the inner, also called barrier, oxide layer. Models for such transport have
been developed for many years, but only recently has the modelling reached a
sufficient sophistication to allow a reasonably good quantitative correlation
between the modelled values and the growth rates of oxide films on structural
materials in real LWR environments. Such a quantitative model, called the Mixed-
Conduction Model (MCM) [17,70,71] is described to some detail in the present
section of the report. An approach to the growth of the outer and deposited layer
crystallites using diffusion formalism is also presented, and the coupling between
the models for the compact and porous layers is discussed. In order to treat the
incorporation of coolant-originating species, the model is coupled to an adsorption-
surface complexation approach which is also briefly described. The physical
significance and the relevance of the parameter estimates is described at length in
the subsequent section, in which a systematic review of the calculatory results for
oxide films formed both in laboratory and during plant operation is presented.
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9.3.1 Growth of the inner layer and dissolution of metal through that layer

The MCM approach to the growth of the inner layer is illustrated in Figure 27.
Although it has been presumed that Cr and Ni are transported through the oxide via
vacancies and Fe via interstitial cation sites, at this point the model does not
distinguish between the types of the defects via which the respective metallic
constituent is transported through the inner layer of oxide.

Steel Inner layer Outer layer Electrolyte

rCr :
K3pe Deeo.  SoLFe
|:‘>|:e(x)%> Fe(X)o e == FeY* .

e
lec
\Fem /
klNi D l\3Nl DNI oL kOLNI
NiNu(ll)ﬂggrbNI(II)OL——)—vm2+

Figure 27 A simplified scheme of the growth of the inner and outer layers of the film formed
on a structural material according to the MCM. For details see text.

D cr k3 Cr DCr,OL kOLCr
c;umﬁ Cr(lll) o) => Cr**

ler

The depth profile of a metallic oxide constituent j = Fe, Cr, Ni, etc., can be
expressed as the dependence of its molar fraction, y;=cjVmmo, On the distance
within the inner layer, where ¢; is its molar concentration and Vi mo the molar
volume of the phase in the layer. The transient diffusion-migration equations for
each component read as

ayFe — D 82yFe + XFEDFe ayFe
Fe 2
OX RT OX
ayCr azyCr 3FEDCr ayCr
= DCr 2 +
ot OX RT  ox
ayNi 82yNi ZFEDNl ayNi
=D o+
ot OX RT  ox

(1)

where X stands for the nominal valence of Fe in the oxide. The boundary
conditions at the alloy/film and film/electrolyte interfaces, as well as the initial
conditions can be written as
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9.3.2

9.3.3

yFe (X’ 0) = yFe,a’ yCr (X’ 0) = yCr,a’ yNi (X’O) = yNi,a
yFe (Ovt) = yFe,a’ yCr (Ovt) = yCr,a’ yNi (O’ t) = yNi,a

k K Vi
yFe (L| ,t) — 1Fe yFe,a 1 + R_T ’ yNi (I—| ,t) — 1N le,a 1 + F\iT , (2)
\Y/ Kyre XFEDg, \Y/ Kiyvi  2FEDy,

m,MO m,MO

k
yCr (L| lt) = 1Cr yCI’,a 1 N R_»T
Y kSCr SFEDCr

m,MO

where x = 0 at the alloy/film interface and x = L; is the film/coolant or inner
layer/outer layer interface, L;j being the inner layer thickness.

Outer layer growth and release kinetics

The outer layer is presumed to grow via the precipitation of material that is
dissolved from the substrate through the inner layer of oxide. The growth of this
layer is formally treated as a diffusion process in a matrix constituted of the outer
layer crystals and the electrolyte in between. Since the outer layer is not continuous,
the role of the potential gradient in this layer can be considered negligible with
respect to the concentration gradient. Thus, to calculate the depth profile of a
certain cation in the outer layer, the following system of equations has to be solved:

ayFe,OL — D azyFe,OL

ot Fe,OL o2
Ve, Yo,

;tOL = DCr,OL % (3)
aYNi,OL -D azyNi,OL

(3'[ Ni,OL axz

The boundary conditions at the inner interface of the outer oxide layer are identical
to those used as outer boundary conditions at the inner layer / electrolyte interface
(see eqn. (2)), which ensures the continuity of the composition of the whole film.
At the outer layer/coolant interface, formal reaction rate constants are introduced:
kov,i, (i=Fe,Cr, Ni etc.) and the respective boundary conditions at x = L,, where L, is
the outer layer thickness, are defined as follows

k3FeyFe (L| ’t)

Vee (Lo, t) =
F kOLFe
Voo (L 1) = KoY (1) .
kOLNi
Vo (L 1) = Koo Yer (L 1)
kOLCr

Incorporation of solution-originating cations in the oxide

The first step in the interaction between an oxide and a solution-originating cation
is adsorption on the outer surface of the oxide, which is treated using the surface
complexation approach. The surface hydrolysis of an oxide in PWR coolant
conditions is described in terms of the 1-pK surface complexation model [72]
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9.34

9.34.1

= Fe-OH"** == Fe-O"* + H", K, (5)

Correspondingly, the interaction of a coolant-originating cation, e.g. Zn®* with the
oxide surface is written as

=Fe-OZn OH "' +3H" == =Fe-OHY, +Zn* +H,0, Ky

In order to predict quantitatively the depth profile of a solution-originating cation
that is incorporated into the inner layer, the associated diffusion-migration equation
for the non-steady state transport of that cation, e.g. for Zn

) ~
OCqy _ D, 0 cgn _ 2FED,, oc,, (6)
ot OX RT  ox

is added to the system of equations (1) and the extended system is solved subject to
the boundary conditions (2). The boundary condition at the inner layer/outer layer
interface is given by the enrichment factor K, . ;defined as the ratio between the

concentration of Zn at that interface and the Zn concentration in the water:
Yo (List) = Kq 20iC2n (SOI) . A reflective boundary condition is used for Zn at the

alloy / inner layer interface since there is usually no Zn present in the alloy
substrate.

Within the frames of the formal model for the outer layer growth, the depth profile
of e.g. Zn in the outer layer is calculated by solving the system of equations (3)
extended with a corresponding equation for Zn:

82
8ygnt’OL = DZn,OL ;)Z(Z’OL (7)

The boundary condition at the outer layer/water interface is set by the
corresponding enrichment factor for the respective component at that interface, e.g.

for zZn: vy, (L,,t) =K C,, (sol).

enr,Zn,o

Comparison with experimental data

Effect of exposure time and Zn addition on the kinetic parameters of film
growth on AISI 304 stainless steel

The experimental and calculated depth profiles of the molar fractions of Fe, Cr and
Ni in the oxides formed on AISI 304 stainless steel in simulated PWR water
without Zn addition at 260°C for 5000 and 10 000 h [11] are shown in Figure 28.
The corresponding profiles obtained in simulated PWR water with the addition of
30 ppb of Zn after 1000 and 10 000 h of oxidation are presented in Figure 29 [12].
The oxides formed in the presence of Zn are significantly thinner than those in the
absence of Zn, and significant amounts of Zn are incorporated in the outer part of
the inner layer. The profile of Zn in the inner layer follows to a certain extent that
of Cr, and the enrichment of Cr in the Zn-doped inner layers is more significant
than that in the inner layers formed in the absence of Zn. The outer layer is
significantly thinner than the inner layer in the presence of Zn, especially for a 10
000 h of exposure. The calculated profiles (shown in the figures with solid lines)
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match sufficiently well the experimental ones, except for the profile of Zn in the
vicinity of the alloy/inner layer interface. This could be due to sputtering effects
since no Zn is expected to be present in the base alloy. The values of the kinetic
parameters calculated from the simulation are shown in Figure 30 (rate constants at
the alloy/inner layer and inner layer/electrolyte interfaces) and Figure 31 (diffusion
coefficients in the inner layer and formal diffusion coefficients of the growth of the
outer layer, respectively).
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Figure 28 Experimental (points) and calculated (solid lines) XPS depth profiles of the mass
fractions of Fe,Cr, and Ni in the films formed on AISI 304 during a 5000 h (left) and 10 000 h
(' right) exposure to a simulated PWR water at 260 °C. The inner layer / outer layer boundary
indicated with a vertical line.
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Figure 29 Experimental (points) and calculated (solid lines) XPS depth profiles of the mass
fractions of Fe,Cr, Ni and Zn in the films formed on AISI 304 during a 1000 and 10,000 h
exposure to a simulated PWR water with the addition of 30 ppb Zn at 260 °C. The inner layer
/ outer layer boundary indicated with a vertical line.

The effect of Zn on the kinetic and transport parameters is significant, especially on
the diffusion coefficients in the inner layer and the formal diffusion coefficients
depicting the growth of the outer layer of oxide. In other words, when the film
grows in an electrolyte containing Zn, the transport rate in the inner layer of oxide
has been reduced by a factor of 3-4, and the growth of the outer oxide is almost
totally suppressed, especially for longer oxidation times (Figure 31).
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The decreasing effect of Zn on the Kkinetics of the interfacial reactions is
comparatively weaker, with one notable exception — in solutions containing Zn, the
rate constant of Fe dissolution from the inner layer is somewhat larger than that in
electrolytes without Zn addition (Figure 30 ). It is tempting to assume that Zn is
substituted for divalent Fe, thus expulsing the latter from the oxide, as already
discussed by several authors [6,13,73]. The following line of reasoning is proposed
to explain these observations. If the incorporation of Zn at the inner
layer/electrolyte interface occurs via filling of available empty cation interstices V,

and/or cation vacancies V,, :
2+ o
Vi +Zny; — Zn, (8)
Vi +2Zni — Zn, )

then the concentration of these defects at the interface will decrease. In order their
steady-state concentration to be maintained, an additional amount of Fe (the main
element of the alloy) has to dissolve according to the reactions

Fe™ — Fey, +V, +(x—2)e’ (10)
Fel, - Fel +V, +(x—X)e’ (11)

According to the model described above, the sum of the rate constants of the
reactions (10) and (11) is equal to the rate constant ksg, Which is observed to
increase with the addition of Zn to the electrolyte. Further incorporation of Zn in
the bulk of the inner layer will lead to a decrease of the concentration of defects,
and also their mobilities, within the oxide. This in turn explains the much smaller
values of the diffusion coefficients of inner layer constituents when the film is
grown in solutions that contain Zn. The sum of the reactions (8)-(11) can be written
as an equilibrium exchange between a Fe cation in the inner layer of oxide and a Zn
aquoion in the electrolyte, in analogy with what has been proposed in Ref.13:

Feiner tager + ZnZ [ Fejr +2Zn (12)

Alternatively, the first step of Zn incorporation in the oxide can be written as a
surface complexation reaction, as outlined above

inner layer

=Fe—OHJ,+Zn 1 =Fe-0Zn"* +H" (13)

The equilibrium constant of this reaction on magnetite has been estimated to be
41.7 at 280°C using the constant capacitance model to quantitatively interpret high-
temperature titration data on magnetite surfaces in simulated PWR water [74]. The
equilibrium constant can be also estimated from the present results using data on
the molar fractions of Zn and Fe at the inner layer/electrolyte interface (Figure 29),
the surface site concentration on magnetite estimated earlier from titration data
(1.75 x 10™ mol cm™) and the speciation of soluble Zn in the electrolyte calculated
using literature data [74]. A value of 6010 is obtained, in reasonable agreement
with the surface complexation calculations. It can be concluded that the first step of
Zn incorporation into the oxide is described adequately by the surface complexation
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model and equation (13). It is worth noting that recent estimates of the surface site
concentration and the point of zero charge of trevorite in hydrothermal conditions
[75] demonstrate that the above interpretation remains valid also for the interaction
of Zn with trevorite.
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Figure 30 Dependence of the rate constants for inner layer constituents at the alloy/inner
layer (left) and inner layer/electrolyte (right) interfaces on time of exposure and Zn addition.
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9.34.2

Effect of Zn on in-reactor Co incorporation in the oxide on stainless steel

The effect of Zn on the incorporation of Co from the coolant into the oxides formed
on stainless steels and nickel-based alloys has been thoroughly investigated by the
Halden Reactor project [76,77]. Both fresh and preoxidised samples have been
exposed to PWR in-plant conditions (soluble Zn either 0 or ca. 50 ppb), the
duration of each exposure phase being ca. 100 Effective Full Power Days (EFPD).
The SIMS depth profiles for Fe, Cr, Ni, Co, Mn and Zn in the films obtained after
the first and third exposure phase on fresh AISI 304 sample in the presence of 50
ppb Zn in the water are shown in Figure 32 together with the profiles calculated
using the present model. The kinetic and transport parameters estimated from the
calculation are collected in Figure 33. The following conclusions can be drawn on
the basis of the parameter values:

e The set of parameters used to simulate the in-reactor film growth and
restructuring on AISI 304 is fully compatible with that used for the simulation of
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the growth and restructuring on the same steel in laboratory conditions (see
previous paragraph). This demonstrates the feasibility of the present model also for
the interpretation of in-reactor data.

e The equilibrium constant of Co incorporation via a reaction analogous to (13)
was estimated to be close to 1, which agrees by order of magnitude with the value
calculated on the basis of high-temperature titration data and the surface
complexation model [74], whereas the corresponding value for Zn incorporation
was again of the order of 50, confirming the earlier calculations and demonstrating
once again the higher affinity of Zn towards the surface oxide.

e The main effects of Zn are on the values of the diffusion coefficients in both
layers and to a certain extent on the values of the rate constants at the outer
interface. This can be interpreted as a modification of both the oxide surface and
the bulk oxide by Zn addition.

e Oxide growth/restructuring and incorporation of Co in the oxide are retarded by
Zn incorporation. This could be related to the formation of new Zn-containing
phases in both the inner and outer layers, as discussed also by other authors
[6,13,15,16].

SIMS depth profiles for Fe,Cr, Ni, Co and Zn in the films obtained after in-reactor
exposure of a preoxidised AISI 304 sample to PWR water in the presence or
absence of Zn are shown in Figure 34 together with the corresponding profiles
calculated by the model. The kinetic and transport parameters estimated from the
calculation are collected in Figure 35. On comparing the parameter values for the
fresh and preoxidised samples, it can be concluded that:

e Incorporation of Zn in already existing oxides is slower, and the layer
restructuring is less pronounced. The diffusion coefficients in the inner layer
formed in the presence of Zn on the preoxidised samples are ca. 50% lower than
those formed on the fresh sample, and when the Zn-doped oxide is once again
exposed to Zn-free PWR water, their initial values are restored. This means that the
incorporation of Zn in pre-existing oxides is to a great extent reversible, thus less
effective in suppressing further oxide growth and incorporation of solution-
originating Co.

e There is no appreciable difference between the values of the apparent diffusion
coefficients in the outer layer in both cases, with the notable exception of the
diffusion coefficient for Co - when Zn is added, D¢, oL decreases to a half of its
value before Zn addition. Thus Zn addition suppresses incorporation of Co in the
outer layer as well.

e The value of the rate constant kg is once again much higher in the presence of
Zn which could be interpreted as if the exchange reaction of Zn for Fe being
efficient enough for preoxidised samples as well and its mechanism being
essentially unaltered.
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Figure 32 Experimental (points) and calculated (solid lines) depth profiles of the mass
fractions of Fe,Cr, Ni, Co, Mn and Zn in the films formed on AlSI 304 after the exposure to
ca. 100 and 300 EFPD (125 and 336 days) in the Halden Reactor, PWR coolant conditions.
The inner layer / outer layer boundary indicated with a vertical line. Experimental data taken
from Refs 72-76.
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Figure 35 Dependence of the rate constants at the steel/inner layer interface (above left), the
inner layer/electrolyte interface (above right), diffusion coefficients of inner layer constituents
(below left) and formal diffusion coefficients depicting the growth of the outer layer (below
right) on time of exposure of AISI 304 to PWR water. Successive periods without and with Zn
as indicated.
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L(t) = L(t = 0) + B In |:1+Vm,MO (kl,Cr yCr,a + kl,Fe yFe,a + kl,Ni yNi,a)be oL O)t] ’ b

Further proof for the validity of the model comes from Figure 36, in which the
inner layer thicknesses for the oxides formed on AISI 304 in both simulated and in-
reactor PWR environment with or without Zn addition are compiled as depending
on exposure time. In the figure, experimentally determined thickness values are
compared with the thickness calculated according to the relationship proposed
within the frames of the MCM [71]

_3o,FE (14)
RT
subject to the assumption that the transfer coefficients for all the three reactions at
the metal film interface are similar and equal to oy and the values of the rate
constants are taken from Figure 30 , Figure 33 and Figure 35. Notwithstanding the
fact that the compilation of data is stemming from exposure to slightly different
experimental conditions, the solid lines shown in Figure 36 demonstrate the fair
agreement between the experimentally estimated thicknesses and model
predictions, which is encouraging taking into account the fact that no further
adjustment has been made.
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Figure 36 Inner layer thickness vs. time data for AISI 304 in simulated and in-reactor PWR
water with or without Zn addition at 260-300 °C (symbols) and calculated curves according
to the model (solid lines).
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Effect of exposure time and Zn addition on the kinetic parameters of film

XPS depth profiles for the oxides on Alloy 600 stemming from experiments in
simulated PWR water with and without the addition of 30 ppb of soluble Zn at
260°C [18,19] are presented in Figure 37 and Figure 38, respectively. The
parameters used to reproduce the experimental profiles are collected in Figure 39.
Concerning in-reactor exposure, SIMS depth profiles for Fe, Cr, Ni, Co and Zn in
the films obtained on a fresh Alloy 690 sample after the first and third exposure
phase of the Halden reactor project experiment discussed above in the presence of
50 ppb Zn in the water are shown in Figure 40 together with the profiles calculated
using the present model. The kinetic and transport parameters estimated from the
calculation are collected in Figure 41 and Figure 42.
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Figure 37 Experimental (points) and calculated (solid lines) depth profiles of the mass
fractions of Fe, Cr, and Ni in the films formed on Alloy 600 in simulated PWR water for 5000
h (left) and 10000 h (right). The inner layer / outer layer boundary indicated with a vertical
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Figure 38 Experimental (points) and calculated (solid lines) depth profiles of the mass
fractions of Fe,Cr, Ni, and Zn in the films formed on Alloy 600 in simulated PWR water with
30 ppb Zn for 5000 h (left) and 10000 h (right). The inner layer / outer layer boundary

indicated with a vertical line.
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Figure 40 Experimental (points) and calculated (solid lines) depth profiles of the mass
conditions. The inner layer / outer layer boundary indicated with a vertical line.
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Figure 41 Dependence of the rate constants at the Alloy 690 / inner layer interface (left) and
the inner layer/electrolyte interface (right) on the time of exposure of Alloy 690 to PWR
water containing 50 ppb of Zn.
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Figure 42 Dependence of the diffusion coefficients of inner layer constituents (left) and
formal diffusion coefficients for the growth of the outer layer (right) on the time of exposure
of Alloy 690 to PWR water with 50 ppb of Zn.

Concerning the effect of Zn on the oxide growth and restructuring, it can be stated
that the effect is much smaller on the oxides formed on Ni-based alloys than on
those formed on stainless steels, even if the amounts of incorporated Zn especially
in the outer part of the inner layers on both types of materials are not very different.
It can be argued that the incorporation of Zn in a Cr,0O3 type structure does not lead
to such a large alteration of the properties of such phase when compared to the
incorporation of Zn in FeCr,O4 type oxides.

The inner layer thicknesses for the oxides formed on Alloys 600 and 690 in both
simulated and in-reactor PWR water in the absence or presence of Zn in the water
are compiled in Figure 43 as depending on exposure time. In the figure, the
experimentally determined thickness values are compared with the thickness
calculated according to equation (14). Once again a reasonable agreement is
obtained without any further adjustment of parameters, which demonstrates the
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ability of the model to predict the kinetics of growth of the oxide on nickel-based
alloys as well.
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Figure 43 Inner layer thickness vs. time data for nickel-based alloys in simulated and in-
reactor PWR water with or without Zn addition at 260-325°C (symbols) and calculated
curves according to the model (solid lines).

9.4

System response to zinc transients

Analysis of plant responses to transients in power production and zinc injection
rates has the potential to reveal additional information about how, where, and at
what rate zinc is deposited and incorporated into the films on primary system
surfaces. Although the process of zinc transport and incorporation is complicated
by the numerous mechanisms and surfaces available for incorporation, a control
theory type analysis (linear system analysis) could be useful for analysis of
transients, including initial injection of zinc, normal plant transients (such as shifts
in core boiling or coastdown at end of cycle), and off-normal plant transients (such
as responses to unplanned shutdowns) [78].

Figure 44 shows a simple example block diagram for a prototypical four loop plant
[78]. In this example, zinc is injected and measured in the CVCS. The complicated
processes of zinc deposition in the core and in each of the ex-core steam generator
surfaces are represented by one simple block each. The relationship between the
zinc injection rate and the measured zinc concentration can be modelled using
differential equations. The remaining unknowns are considered to be the
magnitudes of the source and sink terms. These terms may be obtained by
evaluating the differences between responses to specific zinc injections under
different plant conditions.

Taking the action of zinc on fuel as an example, the authors [78] assumed that zinc
may be incorporated into the crud in the following two manners:

¢ Initial surface incorporation, which is reversible and has a rate that is dependent
on the difference between the local RCS zinc concentration and the theoretical
saturation concentration associated with the crud. It is further assumed that this
incorporation takes place through two parallel processes, boiling and non-boiling.
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e Subsequent incorporation into the bulk deposit, which is permanent and has a
rate that is dependent on the mass on the deposit surface.

A schematic of these processes and their interaction with the three relevant zinc
masses is shown in Figure 45.

RPV

Locp 2 Loop 4
Figure 44 Block Diagram for a Prototypical Four Loop Plant [78].
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Figure 45 Schematic Fuel Deposit Zinc Model [78].

According to Marks et al. [ 78], the following differential equation summarizes the
model element discussed above

d mfuel deposit surface

dt = rnon—boiling + rboiling ~Detease — r-incorporation,bulk (15)
where
dM CRCS core inlet + CRCS coreoutlet
r-non~boiling = hnon~b0i|ing ACIm,core Afuel pwater ! rboiling =
dt 2
r-release = kreleaseACIm,core Afuel pwater ! rincorporation,bulk = kincorporation,bulk rnfuel deposit surface
hoon-naiting = Mass transfer coefficient to crud surface (derived from empirical correlations)

AC,, .ore — 109 mean difference of concentrations, A, , - fuel area,p, ., - water density,  (16)

k - release rate constant (chemically activated process)

release

M - . . .
dd_t - boiling rate of the entire core,k; ., poraionpui - INCOrporation rate constant
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To estimate the equilibrium concentration of Zn at the surface of the crud,
adsorption equilibrium of the type described by equation (13) was used, and after
suitable transformations the authors arrive at an expression of the type (for
example, at the inlet)

2
mn,cru +
(mz “J H,O [H ]

_ Zntotal szn ( 1 7)

Ccrud,coreinlet - 2
m
Zn,crud
1-2 m Kads,inlet
Zn,total

where K, i IS the equilibrium constant for adsorption at the inlet and AWz, the

atomic weight of zinc. An example for a calculation based on equation (17) for
several temperatures and surface coverages is shown in Figure 46. In this figure,
calculated values are shown for the following representative temperatures:
e 300°C is used as a typical hot standby temperature (i.e., essentially zero
power production, but no cooldown)
e 315°C is used as an average steam generator temperature (i.e., midway
between hot leg and cold leg temperatures)
e 335°C is used as the average fuel surface temperature (i.e., midway between
hot leg and pressurizer temperatures — the approximate temperature at which
sub-cooled nucleate boiling occurs on the fuel surface)
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Figure 46 Equilibrium Bulk Concentrations as a Function of the Fraction of Adsorption Sites
Filled using MULTEQ calculated zinc solubilities.

The model elements derived in Ref. 78 combine to form a highly complex
description of the behavior of zinc in the primary system. Unfortunately, the
complexity of the model makes it impractical for several reasons, including the
following:
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e The model introduces too many unknown parameters. For appropriate
benchmarking evaluations of these parameters numerous sets of plant data
would need to be analyzed.

e Even if an extensive benchmarking were to be performed, the large number
of unknown parameters would make separation of plant specific, cycle-
specific, and event-specific phenomena very difficult.

e The estimation of several parameters requires data that is not generally
available.

Therefore, the model elements were evaluated to develop insights into the behavior
of zinc without actually solving the model. The following conclusions have been
reached from such a preliminary treatment:

e One important conclusion from the development of the model is that the
steam generator tubes and the fuel cladding are the most important surfaces
with respect to zinc. However, less zinc is transferred to the letdown heat
exchangers than would be predicted based solely on available area because
the mass transfer coefficients for the letdown heat exchangers is
substantially less than for the steam generators or the fuel due to the lower
temperature (this is mostly a viscosity effect).

e The increase in zinc concentration in the boiling area, although not enough
to precipitate zinc on the fuel surface, does lead to an increase in the extent
of adsorption site saturation. However, as shown in Figure 46, at typical fuel
surface temperatures (~340°C) increases in concentration (above, for
example, approximately 10 ppb) result in only small increases in the surface
saturation. Therefore, changes in the extent and location of boiling during a
cycle are not expected to lead to significant zinc transients.

e The zinc concentration increase experienced during a power decrease (a
reduction to zero power hot standby in the example above) is due to
desorption from RCS surfaces and that the zinc entering the coolant comes
in roughly equal portions from the fuel and the steam generators, with a
higher release per area from the fuel compensated by the lower surface area,
relative to the steam generators.

Conclusions and Outlook

Zinc injection into the reactor coolant system has been successfully performed at
approximately 70 pressurized water reactors worldwide since the mid-1990s. The
application of zinc injection has led to a reduction in standard radiation monitoring
programme dose rates throughout the fleet, although some data suggest that its
addition can elevate the concentrations of other radioisotopes such as *°Co in the
coolant.

The primary driving force for injecting zinc is the opportunity to obtain dose rate
reductions. In other cases, zinc injection is part of a plant’s overall materials
reliability programme aimed at mitigating primary water stress corrosion cracking
initiation. The Electric Power Research Institute (EPRI) has ongoing research in
radiation field management, materials and fuel reliability related to zinc injection.
These programmes align with ongoing efforts to increase fuel performance and
equipment reliability as well as balancing the radiation field management
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challenges. This summary is an up-to-date review of the current industry status
related to zinc injection.

The number of PWRs injecting zinc into the primary system has increased from 17
units in 2004 to 73 in 2010, with 10 more planned within the next two years. This
represents about 27% of the operating PWRs in the world and 56% of the PWRs in
the U.S. By the end of 2011 the percentage of PWRs injecting zinc is expected to
increase to approximately 31% worldwide. Plants inject zinc for two primary
reasons: dose rate reduction and PWSCC initiation mitigation. Additional goals for
zinc injection programmes are to mitigate corrosion product generation and crud
deposition on fuel surfaces. Approximately 85% of the plants injecting zinc report
dose rate reduction as the primary goal, with the remainder identifying PWSCC
mitigation and crud mitigation as the primary drivers. Typical zinc injection
strategies employ RCS zinc concentrations of 5-20 ppb. Additional plant
experience with zinc concentrations as high as 35-40 ppb has also been obtained.

Zinc injection achieves the noted benefits via mechanisms at the molecular level.
As zinc is incorporated into the oxide films of wetted surfaces in an operating
PWR, it changes the morphology and composition of oxide films, thereby changing
their corrosion characteristics. In addition, it is believed that zinc displaces iron,
nickel and cobalt from the crystalline lattice sites in the inner oxide layer on the
materials of system surfaces. With exposure time, this process makes the oxide
layers thinner, more stable and more protective.

Zinc impact on PWR primary chemistry

Farley Unit 2 was the first plant to inject zinc starting in 1994. Farley used
naturally-occurring zinc acetate and targeted an RCS zinc concentration of 35-40
ppb. In the presence of a neutron flux, ®*Zn can absorb a neutron to become *°Zn,
which is radioactive (1.1 MeV gamma) with a 243.8 day half-life. Therefore, plants
adding natural zinc experience a smaller radiation dose benefit because of the
production of ®°Zn. Similarly high target zinc concentration programmes were
implemented in the U.S. at Farley 1, Diablo Canyon 1 and 2 and Beaver Valley 1.
In the mid-1990s, the large difference in cost between natural and depleted zinc
favoured injection programmes using natural zinc.

Subsequent zinc injection projects using depleted zinc demonstrated that additional
dose rate reductions could be achieved. Depleted zinc does not introduce ®Zn into
the coolant, thereby avoiding the creation of ®*Zn and enabling greater dose rate
reductions. To date all of the plants that once employed natural zinc have
transitioned to depleted zinc, a shift further supported by the significant cost
reduction in depleted zinc. Additionally, all of these plants noted a reduction, or
levelling, in system zinc demand and an increase in the contribution of ®Zn to the
dose-impacting radioisotopes while still using natural zinc.

A significant amount of RCS chemistry data has been collected as part of the
utility-specific zinc programmes over the past several years. The EPRI PWR Zinc
Users Group sponsored research to assess the impact of RCS zinc addition on
nickel and radiocobalt concentrations during both operating and shutdown periods
to determine if plant responses to initial zinc injection could be predicted.
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Nickel

A principal concern regarding the plant response to initial injection is that dissolved
zinc will interact with ex-core oxide films in a manner that releases nickel into the
primary coolant system. Nickel released by this mechanism could deposit in the
core and challenge fuel performance. Primary system chemistry data (principally
nickel concentrations and radiocobalt activities) were evaluated for the cycles in
which zinc was first injected. Assessments included comparisons of concentrations
and activities before and after zinc injection as well as comparison of these periods
to similar times in previous cycles. The mass of nickel released during shutdown
was also assessed. The assessments did not discern a statistically significant
increase in coolant nickel concentration upon initial zinc injection. However, the
statistical evaluations of data from several units evaluated were inconclusive in this
regard; that is, there could have been a nickel response at some low level but it
could not be validated with the statistical tests used. There was no statistically
significant increase in the mass of nickel released during shutdown chemistry
manoeuvres following the initial zinc injection.

Radiocobalts

The impact of the first injection of zinc on primary coolant radiocobalt activities
was assessed using raw data from several units and using published data from
several others. The results indicate that radiocobalt responses have been observed at
some units, but not others. The analysis could not identify a factor that could be
correlated to whether or not a unit showed a radiocobalt response. Regular updates
to these evaluations to assess the longer-term impacts of zinc injection on RCS
nickel and radiocobalt concentrations are planned. These results, while limited to
the impacts identified during the initial zinc injection cycle, indicate that further
assessment is warranted of the mechanism by which zinc is incorporated into the
RCS oxide layers. Additionally, these data suggest that while an increase in
radiocobalt levels may not occur in conjunction with zinc injection, one should be
prepared for such.

Zinc impact on fuel

An extensive programme is running in a range of countries to ensure that fuel
integrity and performance are not challenged by zinc injection. Based on fuel
surveillance programmes at six plants with increasing fuel duty, several
observations have been made to date:

¢ Zinc has not caused an increase in fuel cladding corrosion at any of the reported
campaigns

e No abnormal buildup of crud has been observed

¢ No fuel performance issues (such as AOA/CIPS) have been reported that were
directly related to zinc.

The experience base for high-duty plants injecting zinc continues to grow. There
are currently eight high-duty plants injecting zinc that have done so successfully,
obtaining dose rate reduction and materials benefits, with no reported fuel concerns.
For high-duty plants, a risk assessment specific to the cycle and zinc injection
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strategy is an important part of the overall zinc injection program. Byron 1 and
Braidwood 1, the two highest-duty four-loop PWRs in the U.S., successfully
implemented zinc addition in 2010. The first cycle of injection at Braidwood 1
concluded in the autumn of 2010 with no reported negative fuel impacts. The first
cycle of injection at Byron 1 will conclude in the spring of 2011.

Plants injecting zinc have used a combination of fuel cladding, including Zircaloy-
4, ZIRLO, low-tin Zircaloy, M5, OPTIN and various combinations of these
claddings. Industry exposure for the three highest exposure claddings demonstrated
no effect of zinc on oxide growth, with ZIRLO cladding having the highest
exposure.

Zinc impact on PWR dose rates

As part of the standard radiation monitoring and chemistry monitoring and
assessment programmes, refuelling outage dose rate data, and start-up, shutdown
and operating plant chemistry data is collected for plants worldwide. Trending of
refuelling outage dose rate data and shutdown chemistry releases continues to show
trends of reduced dose rates and releases for plants injecting zinc. Initially
developed correlations between zinc exposure and dose rate reductions as measured
at standardized survey points for plants with Alloy 600, Alloy 690 and Alloy 800
steam generator tubing material have been subsequently verified and updated. A
comprehensive dataset of cumulative dose reductions to zinc exposure for the
different steam generator (SG) tubing materials has been created and
logarithmically fitted. These correlations have been used to predict potential dose
rate reductions resulting from specific zinc programmes and to assess the efficacy
of a completed zinc injection cycle. In general, the reduction in both hot leg and
cold leg dose rates were achieved as a result of zinc injection at plants with Alloy
690TT, and Alloy 600MA and 600TT steam generator tubing.

It should be noted that initially Alloy 600 and 690 have been found to behave
slightly differently and the behaviour pertinent to those materials do not take into
account SG tubing manufacturing processes or release rates observed in these
different materials. These dose rate reduction correlations are in the process of
being revised to support the in-process revision of the PWR zinc application
guidelines. In summary, reductions in shutdown dose rates have been routinely
observed at PWRs following zinc addition.

Outlook

Primary coolant chemistry is the result of different compromises for getting
benefits and/or limiting the risks on several domains: fuel performance, field
radiation, material integrity and environmental impacts. NPP operational
experience and laboratory results show that zinc injection application provides
positive effects in all of these domains apparently without inducing adverse
impacts.

Zinc water chemistry continues to be one of the consistent options for dose rate
reduction. A complete understanding of plant materials, core design and chemistry
issues is essential prior to commencing a zinc injection programme. Consistent with
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EPRI Pressurized Water Reactor Primary Water Chemistry Guidelines, as well as
newly developed regulatory documents in Europe and Japan, a nuclear utility’s
primary chemistry strategic plan should, as a minimum, review and document the
bases for injecting zinc or not.

Even if the popularity of zinc injection is due to its fast impact on surface
contamination, the main interest of zinc injection is its multiple benefits not only
for dose rates reduction but also for PWSCC and AOA mitigation. The zinc
injection should be considered as a strategy with benefits in short, medium and long
term. Its application as soon as possible in the life of NPPs, perhaps already at the
HFT stage, and especially before steam generator replacement and fuel cycles
modifications seems to be an important decision that would contribute to ensure the
passivation process of new components, fuel performance, the full power operation
of the units and most probably an extension of the service life of materials and
components.

Further works on thermodynamics and Kinetics of zinc incorporation processes, its
effect on oxide thermodynamic properties, composition, structure and morphology,
as well as more detailed “zinc crud” characterisation will help to achieve a new
level of understanding of zinc behaviour in primary coolant in order to optimise the
practice for any kind of unit: high, low duty, with or without load following, as well
as with high or low dose rates.

Summary

This report describes the use of zinc injection technology in Pressurized Water
Reactor (PWR) plants worldwide. The review covers the range from basic
information to current knowledge and understanding of operational behaviour. The
basis of this report is the information available in the open literature, including
proceedings of the recent International Conferences on Water Chemistry of Nuclear
Reactor Systems. The influence of zinc injection in the primary circuit of PWRs on
corrosion release, oxide growth on construction materials (stainless steels and
nickel-based alloys), activity incorporation and source term reduction, fuel cladding
corrosion, build-up and transformation of fuel crud, and Primary Water Stress
Corrosion Cracking is described from the viewpoint of both laboratory testing and
plant operational experience in France, USA, Germany and Japan. The perspectives
to employ zinc water chemistry already at the stage of Hot Functional Testing, as
well as for the use of zinc injection in WWERSs are also presented and discussed. A
substantial part of the present report is devoted to the recent experience in the
modelling of the influence of zinc on corrosion and activity build-up in PWRs.
Thermodynamic calculations of stability of different oxide phases and their
solubility are critically reviewed. Solid-state chemical calculations of the defect
structure of oxides on construction materials are also briefly reviewed. The kinetic
modelling of the zinc adsorption on and incorporation into oxides on stainless steels
and nickel-based alloys in simulated and in-pile PWR conditions is presented in
detail and the significance of the derived kinetic parameters for the evaluation of
the role of zinc in corrosion mitigation and activity build-up suppression is
discussed. Finally, a formal linear system approach to the effect of zinc transients in
PWRs is briefly outlined and an outlook of the current state-of-the art of our
knowledge of zinc water chemistry and its future perspectives is given.
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