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Abstract

The environment of a nuclear reactor is hostile and the materials used have to withstand harsh
and corrosive working conditions. Nickel alloy X-750 has been extensively used in the nuclear
industry for the last 30 years. The good corrosion properties and the high strength at elevated
temperatures made this material a good choice for springs, bolts, guide pins and spacer grids in
boiling water reactors (BWRs). The focus of this thesis is on the spacer grid corrosion. A spacer
grid is a metal lattice that holds the nuclear fuel in position. It is critical to limit the corrosion
of the spacer grids so that the fuel is held stable for safety purposes and also since corrosion
and dissolution of the alloy can lead to spread of radiation in the closed water system and
consequently an increased risk of radiation exposure for maintenance workers at nuclear plants.
A BWR operates at 286°C under a pressure of 70 bar, and the radiation induces radiolysis of
the water, making it corrosive. Significant corrosion of alloy X-750 has been observed under
these conditions. In order to study the high temperature water corrosion of alloy X-750, this
aggressive environment was simulated in an autoclave system. In this thesis, the connection
between the corrosion performance and the effect of pretreatments and the impact of iron
content of the alloy is studied. The evolution of the oxide growth was studied by exposing the
specimens in a temporal range from 2 h to 840 h. The samples have been studied with a set of
complementary characterization techniques (mainly electron microscopy, but also X-ray
diffraction and atom probe tomography), and focused ion beam milling has been used for
sample preparation. Pre-oxidation treatment results in the formation of a thin multi-layer oxide,
which improves the corrosion properties of the alloy, leading to contained dissolution of the
metal. The oxide formed is composed of an outer layer of trevorite (NiFe,0,), a Cr-rich middle
layer which is Ni-chromite in the outer part and chromia with some titania in the inner part. Of
these oxides only trevorite is stable in BWR water and when comparing the 5 wt% Fe alloy
with 8 wt% Fe, the latter performs better (i.e. dissolves and oxidizes less) as a result of a higher
quality (thicker and compact) trevorite layer created by pre-oxidation. Since the pre-oxide layer
could be lost during operation, it is important to know what will happen to the corrosion of
alloy X-750 in this condition. In order to answer this question, the oxide evolution of non-pre-
oxidized alloy X-750 has also been studied by comparing samples exposed for different times.
During exposures in an autoclave, trevorite layer consisting of blocky crystals forms on the
surface by re-precipitation of the dissolved metal. At the same time underlying metal is
oxidized, forming a nano-grained and porous oxide layer. It has been shown that the dissolution
rate and the growth rate of the oxides decrease with time, indicating that the formed oxides
offer some degree of protection. Moreover, the alloy with higher Fe content corrodes less when
exposed to longer exposure time, which makes it a preferable candidate for reactor operations.
This thesis constitutes a step on the way to understand BWR corrosion of alloy X-750, which
eventually will make it possible to develop improved spacer grid materials.

Keywords: Corrosion, oxidation, alloy X-750, boiling water reactors, nickel alloys, electron
microscopy.
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[.INTRODUCTION

1.1 BACKGROUND

The sustainability of the fossil fuel based energy society is questioned by the
growing concerns over global warming effects. In order to fight climate
change, many different energy technologies have been developed as valid
alternatives to fossil fuels. While solar, wind, geothermal and hydro energy
based technologies have been easily accepted by the majority of the
population, nuclear based energy has often been the object of discussion.
Undoubtedly, nuclear energy is a crucial means to battle the greenhouse
effect, together with the other sustainable energy sources. Nuclear energy
produces low emissions of CO,, in terms of emission for a life-cycle,
comparable to the renewable sources [1]. Furthermore, the increased
interested in building new nuclear power plants is boosted by the fact that the
new sources of energy as photovoltaic, biomass combustion and wind power
are still distant from totally replacing fossil fuel. Generation III type plants are
being built around the world and Generation IV is, currently, the object of
research and development in many countries. However, the large majority of
reactors in operation today are of Generation II type. There are over 440
commercial nuclear power reactors operable in 30 countries and they provide
about 1% of the world’s electricity, reliable power to meet base-load demands
without carbon dioxide emissions [2,3]. Sweden has eight nuclear reactors
which provide 40% of the electricity demand [4].

The working conditions of nuclear reactors are severe, and they put high
demands on what the materials have to withstand, as irradiation, high
temperature and a chemically aggressive coolant. General corrosion of the
materials is a common problem, and a big challenge, since the longer the
materials safely endure the nuclear reactor environment the less waste is
produced. The materials' aging and degradation have been a major challenge
for water cooled reactors. Many studies have been conducted in order to
improve and prolong the life-cycle of nuclear materials[s].

Nickel alloys have been used in nuclear power plants for very long time thanks
to their excellent corrosion resistance; different kinds of Ni alloys have been
used for different purposes based on their properties[s]. Alloy X-750 has been
employed as spacer grids, springs, bolts and welds in boiling water reactors
(BWRs), in Sweden, for more than 30 years. This Ni-Cr-Fe precipitation
hardened superalloy has good creep strength and oxidation resistance at high
temperatures. Nonetheless, in high temperature water like under BWR
conditions, the superalloy suffers general corrosion and mass-loss.
Furthermore, the radioactive isotope 5*Co could be released by neutronic



activation of ®®Ni, which upon corrosion can enter the water and lead to spread
of radioactivity in the entire closed water circuit.

The object of study of this thesis is the corrosion of Alloy x-750 spacer grids,
these grids are employed as fuel rod holders. They keep the rods in position
under the oxidative BWR environment, which include a two-phase flow of
steam and water at typically 286 °C. Pretreatments, as pre-oxidation and
pickling, are performed on Alloy X-750, in order to improve the corrosion
resistance. Pre-oxidation has a double action: it leads to the formation of y’-
Ni;(Ti, Al), a secondary phase that will strengthen the alloy, and it will create
a thin protective oxide on the surface.

1.2 AIM OF RESEARCH

This thesis is part of a collaboration with Sandvik AB, Studsvik AB, Vattenfall
AB and Westinghouse Electric Sweden AB. The autoclave exposures have been
performed by Studsvik, at their facility. The work at Chalmers was
concentrated on microstructure studies of the oxide products formed on Alloy
X-750 after exposure in simulated boiling water reactor environment.

The objectives of the project are:

¢ Investigation of pretreatment processes, as pre-oxidation and pickling
and the resulting improvements on the corrosion behavior of Alloy X-
750

e Investigation of different iron contents of the base Alloy X-750 (5 and
8 wt%)

e Growth evolution of the oxide on specimens exposed for different times



2.MATERIALS

2.1 NICKEL-BASED ALLOY X-750: PRODUCTION AND
PROPERTIES

Nickel is one of the most abundant elements in the earth’s crust, it has been
used intensely during the years in many applications, as alloying element in
stainless steel, alloys, electroplating and batteries. It has a moderately high
melting temperature, 1453 °C, and a ductile crystal structure, fcc.
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FIGURE 1 COMPOSITIONAL MODIFICATIONS OF NI-ALLOYS THAT LEAD TO DIFFERENT PROPRIETIES [6]

The possibility of easily mixing Ni with other metals has led to the birth of
quite a number of Nickel-based alloys. They can be classified in four groups
on the basis of chemical composition: Nickel-Copper, Nickel-Iron, Nickel-



Iron-Chromium, and Nickel-Chromium-Molybdenum-Iron alloys [6]. Among
other alloys containing Nickel we can mention hardenable steels, stainless
steels, corrosion resistant and high temperature alloys. By adding elements
like Cr, Mo, Al etc. to the alloy composition, increase of service temperature
or increase in resistance to oxidation is achievable.

In Figure 1 is shown how adding different elements results in new alloys with
different proprieties, for example by adding Ti and Al to the Ni alloy 600, the
alloy X-750 is created. Applications suitable for these kinds of alloys are
automotive components, aircraft and ship components, electronics and
components in electric power facilities [6]. The alloy X-750 is a precipitation
hardened commercial Ni-Cr-Fe alloy used for its good corrosion properties
and resistance to oxidation and for high creep rupture strength up to about
800 °C. Its properties can be enhanced by heat treatment, e.g. by age
hardening the alloy at around 700 °C for times like 20 hours. After this heat
treatment, the secondary phase y’-Ni;(Ti, Al) is formed by precipitation in the
matrix. The fine precipitates prevent the movement of dislocations, or defects,
in the matrix of the alloy, increasing the mechanical strength of the material
[7]. According to the specification, the Fe content shall be in the range of 5-9
at.%.

TABLE 1 COMPOSITION OF ALLOY X-750, IN ATOMIC % AND IN WEIGHT %.

At.% C Si Mn Cr Ni  Nb+Ta Ti Al Fe
5Fe 0.10 0.69 0.56 17.0 71.2 0.34 2.94 1.89 5.3
8Fe 0.10 0.71 0.59 17.6 68.5 0.34 2.82 1.27 8.2
wt% C Si Mn Cr Ni Nb+Ta Ti Al Fe
5Fe 0.021 0.34 0.54 15.6 73.9 0.8 2.48 0.9 5.4
8Fe 0.02 0.35 0.57 16 70.8 0.8 2.37 0.6 8.3

The chemical composition of alloy X-750 investigated in this work is reported
in table 1. Two different materials have been investigated, the main difference
between the two set of samples is the iron content. The set of samples called
5Fe has an iron content of 5.3 at.% while the set of samples called 8Fe has an



iron content of 8.2 at.%. A schematic of alloy X-750 production routes is
shown below in Figure 2. The manufactured strips are polished and then
shaped into spacer grids, afterward the grids are chemically etched; the so-
called ‘pickling’ procedure. At this stage, the product is ready to be heat
treated. The final heat treatment is performed at 700°C for 20 h in moist air.
Samples that have been pre-oxidized and samples that have not, have been
studied in this work. The purpose of the final heat treatment is both to harden
the material by forming y-Ni;(Ti, Al) precipitates and to improve the in-
reactor corrosion performance by forming a protective oxide (pre-
oxidization). To summarize, specimens with different iron content have been
investigated: one set of non-pre-oxidized, one set of pre-oxidized, and one set
that has not received the pickling treatment.

Strip Manufacturing

A 4

Polishing

v

‘ Component Manufacturing ‘

| Pickling

| l

| SFe || 8Fe | ‘

v v

I Pre-oxidation:700°C/20h moist air |

FIGURE 2 PRODUCTION ROUTES.



2.2 ALLOY X-750 IN THE NUCLEAR INDUSTRY

Nuclear power plants produce energy through nuclear fission, which takes
place inside a reactor pressure vessel [8]. The process consists of a series of
nuclear chain reactions, which lead to production of heat. The heat is passed
on to a coolant, usually water, and it is converted into electricity by a
thermodynamic water-steam process. The fission events are caused by
thermal neutrons in the water-cooled system, this kind of reactor is called
Light Water Reactor (LWR). At least 80% of the operating reactors are of the
LWR type. The LWRs are of two different types: the pressurized water reactor
(PWR), and the boiling water reactor (BWR) [9]. In the PWR, the heat from
the reactor-core is transferred to the primary system. The water is circulated
by coolant pumps under high-pressure of about 158 bar and in the reactor
there is a temperature gradient from 292 to 326 °C. Then the heat is transferred
into a steam generator and later to the turbine and the generator.

+— Concrete shield

Seam
separator

Seel
Bress re
e

Turbine

Fuel elements \ )

FIGURE 3 BWR SCHEME [10].

In the BWR, the steam for the turbo generator system is produced directly in
the reactor core by a boiling process and the saturated steam flows from the
reactor pressure vessel into the turbine [11]. A BWR schematic is shown in
Figure 3. The operating temperature for a BWR is 286 °C, the environment is
very oxidative. A flow of steam and water at 10 m/s and 70 bar, where the steam
contains water droplets and oxygen (0.4 ppm) and hydrogen peroxide (< 1
ppm), passes from the bottom to the top of the reactor [7]. A detailed
schematic illustration of the fuel assembly of a BWR is shown in Figure 4. The
fuel used in the Swedish nuclear facilities is made of uranium dioxide pellets



enriched with the fissionable U-235 isotope. The pellets are inserted in
zirconium alloy cladding tubes, which are held in predetermined positions
relative to one another with the help of a number of axially distributed spacer
grids [7]. The spacer grids, shown in Figure 4, are made of alloy X-750 and
consist of a lattice structure where the fuel rods are kept. Alloy X-750 has been
used in nuclear reactors for more than 30 years, although the general
corrosion property of this alloy is not ideal. Through neutron activation of Ni-
58 the radioactive isotope of Co-58 can be released into the reactor [7]. Hence,
it is crucial to achieve the best possible corrosion performance and therefore
to understand the mechanism of its corrosion.

FIGURE 4 BWR FUEL ASSEMBLY AND SPACER GRID [7, 12].
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3 GENERAL CORROSION

Corrosion is a process that affects us in our everyday life; everything corrodes,
from the pot we use to cook to our car, or bike and even us. Corrosion has
been defined as the undesirable deterioration of materials, i.e. an interaction
with its environment that adversely affects those proprieties of the material
that are to be preserved [13]. Corrosion is an electrochemical reaction, that
involves electrons and charge transfers. Redox reactions regulate the process,

and the set of reactions can be very large. In general, it can be a dry reaction
like:

1

Where M is the metal and O is the oxygen, for example [13]:
4Fe + 30, = 2Fe,04
While if water is involved the reaction is:
xM + yH,0 = M, 0, + yH,
For example [13]:
4Fe + 2H,0 + 30, = 2Fe,05° H,0
This last reaction expresses something we are very familiar with, the formation
of rust. Rust is formed when Fe is in contact with a water droplet; Fe is ionized
(it loses electrons), while the cathodic reaction involves a reaction whereby

electrons are consumed. This can be either the oxygen reaction or the
hydrogen reaction, in general:

Anode: M = M™" + ne~
Cathode: %02 + H,0 + 2e~ = 20H~

Cathode: 2H* + 2e~ = H,

In Figure 5 it is shown which products that are formed. Furthermore,
corrosion drives the formation of solid oxides on the surface of a metal. These
products can form protective layers called passive films.

11



a) b)

Mn+ OH_ OH'
O O, oW Oxide precipitation Oxide

\ /‘ OH' growth
U% Metal

FIGURE 5. A GENERAL SCHEMATIC OF METAL CORROSION IN WATER (A) AND THE CREATION OF A PASSIVE
LAYER IN AN AQUEOUS SOLUTION (B) [14].

3.1 BOILING WATER REACTOR ENVIRONMENT

BWR primary water is a highly corrosive environment including high
temperature steam and water, oxidizing radiolysis products such as H,O, and
O,, operating at a temperature of 286 °C under a pressure of 70 bar. Using
thermodynamics, it is sometimes possible to predict if a chemical reaction
would take place, in a similar environment. Metals tend to form insoluble
oxides and hydroxides under certain conditions of potential E and pH. If these
products form a protective layer that can slow down the corrosion process, the
layer is called a passive layer. The tendency of a metal to passivate in an
aqueous solution can be shown in E/pH diagrams, also known as Pourbaix
diagrams - so called after their inventor in the 1950's. The diagrams predict
the corrosion behavior of a metal, using equilibrium reactions between the
different species and phases for that metal. The thermodynamic domains of
different phases are plotted in a graph where the pH is expressed as function
of electrochemical potential. Beverskog has studied intensively the
thermodynamics of the ternary system Ni-Cr-Fe in BWR environment [15],
[16], considering that the water is kept in a condition of high purity in LWRs,
so the concentration of all the species dissolved are considered to be
{[Fe(aq)]=[Ni(aq)]=[Cr(aq)]}=10® molal. The electrochemical potential for
normal water chemistry (NWC) is usually said to be about 200 mV SHE
(standard hydrogen electrode), while for hydrogen water chemistry (HWC) it
is about -200 to -400 mV SHE, however, our case represents the first
condition, the NWC. The pH is typically 5.8, as indicated by the vertical dotted
lines in Figures 7-9.
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E (V) vs. SHE

FIGURE 6 NICKEL POURBAIX DIAGRAM AT 300 °C, 10 MPA AND 10™° MOL/KG [17].

In a Pourbaix diagram, as in Figure 6, the two parallel dotted lines represent
the stability zone where water and the gaseous species are in equilibrium. The
upper line represents the oxygen equilibrium line and at potentials above this
line we will oxidize water with oxygen evolution. The lower line represents the
hydrogen line and at potentials below this line we will get hydrogen evolution.
The diagram shows where the metal would be immune, corroding or passive.
In the immune area, the metal would not react and it would be the most stable
species, in the region where the metal oxidizes, passivation can occur, slowing
down or stopping the corrosion reaction.

a) 200 °C b) 300 °C

Potential (Vgue)
Potential (Vgye)

-2 I I 1 l:l I 1 1 | 1

PHzo0c PHaooc

FIGURE 7 POURBAIX DIAGRAM FOR IRON SPECIES IN THE TERNARY SYSTEM FE-CR-NI AT 200°C AND
300°C [16].
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Where all the aqueous ions are stable, the pure corrosion zone exists. Pourbaix
diagrams for the ternary system Fe-Cr-Ni are shown in Figures 7-9. Two
diagrams are shown for each element, one valid at 200°C and one at 300°C.
The stability area of bimetallic oxides (spinels) like NiFe,O, and FeCr,0O, is
larger of the monometallic oxides [16]. NiFe,O, (called trevorite) is the spinel
with the largest stability area while FeCr,O, (called iron chromite) has a
stability area close to the hydrogen line. The diagram for nickel, in Figure 8,
shows that other solid phases (which are indicated with cr, in the Figures 7-9)
are formed in addition to NiFe,O,. At 300°C NiO has a stability area for high
pH.

a) 200 °C b) 300 °C
2 2
1 1
30 | NiFe y04 (cr) S0
§ Ni[OH) 3 3
< c
-1 -1
-2 1 1 1 1 I : 1 L 1 1 \ I -2
0 2 4 6 8 10
pH200c PHaz00c

FIGURE 8 POURBAIX DIAGRAM FOR NICKEL SPECIES IN THE TERNARY SYSTEM FE-CR-NI AT 200°C AND
300°C [16].

a) 200 °C b) 300 °C

2 T T TT T [ T T T T T
|

HoCrO4(aq) i
|
{
[

Q

Potential (Vgye)
Potential (Vgye)

PH200c

FIGURE 9 POURBAIX DIAGRAM FOR CHROMIUM SPECIES IN THE TERNARY SYSTEM FE-CR-NI AT 200°C
AND 300°C [16].
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3.2 THE POINT DEFECT MODEL FOR CORROSION IN AQUEOUS
SOLUTIONS

Understanding the nature of passivation layers has fascinated the scientific
community for a long time, leading to the production of quite a number of
studies. However, the mechanism is rather complex, since it involves diffusion
processes, defect chemistry, oxidation, precipitation, dissolution, and
processes that strictly depend on the boundary conditions, such as
temperature, pressure and solvent concentrations. Unlike corrosion in
gaseous environment, metal corrosion in aqueous solutions at high
temperature appears to be even more complicated, as the dissolution of
corrosion products in the solution is more challenging to evaluate and the
oxide films formed are often porous in high temperature water. The Point
Defect Model (PDM) by Macdonald is a model to characterize mechanistically
various corrosion processes in aqueous environment [18-20].

Metal ‘ Barrier Layer (MO, ,) ‘ Precipitated Layer
Wm+VE—LsM, +V, + ye' DM, —L>M (ag)+ VI +(5 - y)e'
Qm—Es M7 +V, + ¢ GYM?* —Ls M (ag)+ (5 - 2)e
Bym—sM,, ...[%jVC; + ze' 6)V;+H,0—>0,+2H"

(MO, + yH™ — M +%H20+(5—)()e'

>
Il
-

x=0

FIGURE 10 SUMMARY OF THE DEFECT GENERATION AND ANNIHILATION REACTIONS AT INTERFACES OF

THE BARRIER OXIDE LAYER ON METAL. Vﬁ/ IS A CATION VACANCY, MX' 1S A CATION INTERSTITIAL, Vg IS
AN OXYGEN VACANCY (ANION), M®*(AQ) IS A CATION IN THE OUTER LAYER/SOLUTION INTERFACE, My
IS A CATION IN A CATION SITE ON THE CATION SUBLATTICE, Og IS AN OXIDE ION IN AN ANION SITE ON
THE ANION SUBLATTICE AND MOy, IS THE STOICHIOMETRIC BARRIER LAYER OXIDE. AFTER REFERENCE

[19].

The assumptions made in the model are that the passive film is generally a
bilayer, consisting of a defective oxide (the barrier layer) adjacent to the metal
and an outer layer that forms by the reaction of metal cations with species in
the solution [18]. The outer layer may incorporate the aqueous species from
the solution, while the alloying species can be included in both the outer and
the inner layer. The barrier layer is usually considered to be the inner layer.
The inner layer is also a point defective crystalline lattice with dominant point
defects like cation vacancies, cation interstitials and oxygen vacancies. The
electronic characteristics of the layer are determined by the point defect
structure. This layer grows directly on the metal. The outer layer is formed by
precipitation due to hydrolysis of cations from the inner layer. At the
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metal/film and film/solution interfaces, the defects are generated and
annihilated where each interface acts as either a source or a sink for the
defects. It is also assumed that the rate controlling region is placed at the
metal barrier layer interface, since the electric field strength is independent of
the applied voltage [19]. In Figure 10, a schematic of several defect chemistry
reactions that occur at the metal surface/aqueous solution is shown. The PDM
model states that at the metal/film interface and film/solution interface the
reactions take place. The seven reactions include the process of generation
and annihilation of metal interstitials (reactions 2 and 5) and the dissolution
of the barrier layer (reaction 7). Reactions 1, 2, 4 and 5 correspond to the
dissolution of the metal, while reactions 3 and 6 correspond to the growth of
the barrier layer [19].

3.3 OXIDATION KINETICS

Thermodynamics predicts if a reaction would take place, but it does not give
any information about the rate of oxidation. To our help comes the kinetics of
oxidation, that tells us how rapidly a certain reaction occurs [13]. Kinetics is
very crucial in practical applications, since it determines the lifetime of the
material used. When a metal is exposed to an oxidizing condition, a product
scale will form and this process will coincide with a mass change [21]. In order
to estimate the rate of corrosion it is common to plot the mass change as a
function of the exposure time [22]. When the oxide scale is uniform, with low
volatilization and no loss of corrosion products from the corroding surface,
the mass change can be described with three behaviors: linear, parabolic and
logarithmic [21-24]. In Figure 1, a graphic description of these behaviors is
shown.
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FIGURE 11 IN THE GRAPH THE DIFFERENT KINETIC LAWS ARE SHOWN [25].
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At very high temperatures, the oxide grows very fast at the beginning until it
reaches a steady state because the transport of the reacting species through
the scale is rate controlling [26]. When the rate-controlling step is the
diffusion of reactants through the oxide, the kinetic law is described by a
parabolic behavior:

x* =kyt+C

where the k,, is the parabolic rate constant, t is the time, x is the thickness and
C is the thickness at t=0 [13, 24]. The scale thickness increases with time, and
the diffusion distance increases as well, limiting the amount of reactants.
Almost all metals under high temperature oxidation conditions follow the
parabolic law.

When the oxidation of a metal is proceeding at a constant rate following a
linear rate law, the scale thickness x can be expressed as:

x=k1t+c

where k; is the linear rate constant and C is the thickness at ¢t=o. Linear
kinetics means that the oxidation never reaches a steady state, it never slows
down and this usually results in short time usage of the material. It is typical
when the oxidation is driven by surface reactions instead of transport. Linear
kinetics can also occur when the oxide scale spalls, cracks, is volatilized or
when a porous, not adherent, scale is formed [13].

If the temperature is low, oxidation is usually inversely proportional to time
and it follows the logarithmic rate law:

x =kylog(kyt+1)
Where k, and kj are constants [13]. This kind of oxidation occurs for relatively
thin oxides at low temperatures. The scale grows fast initially and then the

growth slows down. Most likely the mechanism is governed by electron and
ion transport from the alloy.
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3.4 PRE-OXIDATION OF NICKEL ALLOYS

The oxidation behavior of Ni alloys has been the object of numerous studies.
Since these alloys are suitable for high temperature operation conditions and
corrosive environments, the interest to improve aging conditions has always
been very high. Furthermore, the pretreatment has a duplex action:
strengthening of the alloy and formation of a protective oxide. Here a
summary of results coming from studies relative to pre-oxidation and high
temperature corrosion of Ni alloys is presented.

Oxidation of alloy 600 in the temperature interval of 100-700 °C was studied
by MclIntyre et al. [27]. At a temperature of 100°C, the formation of a duplex
oxide made of NiO-Cr,O; was observed, while at 280 °C a duplex oxide made
of NiFe,O, and Cr,O; (chromia) was found. Different temperatures and
oxygen concentration were discussed.

The initial stage of oxidation (1-60 min.) of alloy 718 in air in the temperature
range of 100-1000 °C was investigated by Lenglet et al. [28]. It was found that
the primary oxide consists of Cr,O; and two nickel spinels (NiCr,O, and
NiFe, .CryO, o<x<1). Fe,O; phase was observed, and also some other mixed
oxides with trivalent iron. A thick chromia layer was formed at the
temperature of 1000 °C.

Iconel 625 was studied by Kumar et al., and it was found that at early stages
(<150 min.), for a range of temperatures between 600-1250°C and with oxygen
pressures of o0.12 and 101.3 kPa, the enrichment of Cr,O; oxide film was
maximum at around 950 °C [29]. At temperatures above 1000 °C, Nb and Ti
oxides were found. Chen et al. examined different commercial Ni superalloys
exposed isothermally in air at temperatures of 750 °C and 1000 °C, and also
under cyclic conditions at 1000 °C [30]. Adherent chromia-rich scales were
observed at 750 °C after 1000 hours. Waspaloy was the alloy that showed the
deepest internal corrosion due to the grain boundary carbides, but it was the
lowest in terms of weight-gain. Titanium in the alloy oxidized and diffused
through the chromia scale to form titanium dioxide at the surface as well as
internally. Alumina was found as discrete internal oxide particles below the
chromia scale [30].

Moreover, the addition of Nb, Ta, Ti and Al as minor components in
superalloys induces changes in their surface reactivity [31] and in mechanical
properties [32]. The addition of Al and Ti, as for the case of alloy X-750,
improves the mechanical properties thanks to the formation of y'[Ni; (Al, Ti)]
precipitates that will harden the alloy. This effect was studied by Elliot and
Hampton [33]. In their study, it is reported that for Ni-10%Cr binary alloy
with additions of Nb and Ta behave better under cyclic and isothermal
oxidation than alloys with W and Mo.
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3.5 NICKEL ALLOYS IN HIGH TEMPERATURE WATER

Understanding the microstructure of the oxide scale is crucial since the
corrosion mechanism is strictly bound with the nature of the oxide and the
structure formed. Most of the studies that have been carried out on Ni base
alloys show similar morphology with an outer layer made of spinels [34-
37].The study of Zhang et al. on the corrosion behavior of Ni alloys in
supercritical water (500 °C, 250 bar) shown in Figure 12, is in agreement with
the morphology we have observed, made of large grains of NiFe,O, (trevorite).
In this case the, for the exposed specimens, outer layer is found to consist of
coarse Fe-rich (NiFe,O,) crystals, while the inner layer is a fine-grained Cr-
rich oxide layer (NiCr,0,) [38].

FIGURE 12 SURFACE MORPHOLOGIES FOR ALLOYS EXPOSED IN SUPERCRITICAL WATER FOR DIFFERENT
TIMES A) HASTELLOY C-276, B) ALLOY 625 C) ALLOY X750. FROM REFERENCE [38].

The number of studies on high temperature water corrosion of alloy X-750 is
rather limited; here follows a small resume of the early results. Hemmi et al.
[39] postulated the presence of (Ni,Co)O, Fe,Oy, TiO,, (Ni,Co)Fe,O,, FeCr,O,
or Cr,0; in the oxide scale, using SEM and Auger Electron Spectroscopy
measurements. The presence of a Cr,O; layer at the alloy/oxide interface is
suggested by Ahlberg and Rebensdorff in ref [40], where a study of three
different samples (with different heat treatments) exposed in autoclave was
made. Chen et al. made a study with high resolution transmission electron
microscopy of non-pre-oxidized alloy X-750 with 7.5 wt% Fe content exposed
in simulated BWR environment with a water jet flow of 18 m/s. [41]. Tiny
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hematite (Fe,O;) oxide grains were found above large oxide grains of NiFe,O,.
Two different oxides, NiCrO; (oxide I in Figure 13) and NiO (oxide II in Figure
13), were found under the trevorite layer, see Figure 13. The total thickness of
oxide I and oxide II was found to be 0.8 um, while the thickness of the NiFe,O,
layer is 7 um.

NiFe204

Oxide (1)

Oxide (I1)

Metal
substrate

FIGURE 13 TEM BRIGHT FIELD (BF) AND DARK FIELD (DF) IMAGES SHOWING TWO ADDITIONAL OXIDE
LAYERS BETWEEN THE LARGE GRAINS OF TREVORITE IN ALLOY X-750. AFTER REF [41].
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4 CHARACTERIZATION TECHNIQUES

4.1 ELECTRON MICROSCOPY

The smallest distance between two points that can be resolved with our eyes
is about 0.1-0.2 mm with good illumination. This distance is the resolution of
our eyes. To resolve details smaller than 0.1 mm it is necessary to use lenses, a
microscope [42]. The resolution of visible light microscopes is proportional to
the wavelength of the light beam used. Optical microscopes reach a resolution
of about 0.2 pm. To see things with a smaller size it is necessary to use electron
microscopes. An electron microscope can reach a resolution of a few tenths of
Angstroms. In order to investigate the fine-scale microstructure of materials it
is highly important to achieve the highest resolution possible. In this sense,
electron microscopes are powerful tools. In this work, scanning electron
microscopy (SEM), transmission electron microscopy and focused ion
beam/scanning electron microscopy (FIB/SEM) have been used.

4.2 SCANNING ELECTRON MICROSCOPY - SEM

The scanning electron microscope is one of the most useful and adaptable
instruments used for characterization of materials.
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FIGURE 14 SIMPLE SCHEMATIC OF A SCANNING ELECTRON MICROSCOPE [43].
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It’s mainly used to achieve topographic images of samples. It can be also used
for qualitative/quantitative chemical analysis if it is equipped with an X-ray
detector. As shown in Figure 14, the microscope column consists of filament,
electron gun and electron lenses and it operates under vacuum. The electron
beam is generated by the electron gun (in our case a field emission gun-FEG)
and the electrons are accelerated to an energy of 1-30 keV. Through the lens
system, which comprises condenser lenses, an objective lens and apertures,
the electron beam is refined. A small probe is necessary to scan the specimen.
By scanning the specimen point by point, in subsequent lines, the image is
formed. The beam is moved by the deflection system that is made of a series
of scan coils. On the computer screen an analogue scan is showed, at the same
time. The ratio between the fixed length shown on the computer display and
the equivalent scanned length on the specimen is equal to the magnification
M of the image [44].
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N X-ray
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FIGURE 15 INTERACTION VOLUME GENERATED BY THE E-BEAM AND THE DIFFERENT SIGNALS GENERATED
[45].

The electron beam scans over the surface of the material under investigation.
The electrons impinging the surface create secondary products that are
depending on the applied voltage and the nature of the material. In Figure 15,
the interaction volume generated by the electron beam hitting the specimen
surface is shown. The secondary products most used for imaging are the
secondary electrons (SE) and the backscattered electrons (BSE). X-rays
produced by the interaction of the electrons of the primary beam with the
atoms of the sample are collected by an energy dispersive X-ray (EDX)
spectrometer. All the SEM analyses were performed with a LEO ULTRA 55
FEG SEM. In Figure 16 is shown an SEM image of the specimen with 5.4 wt%
Fe after 4 weeks of exposure, the image is made using secondary electrons.
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FIGURE 16 SEM IMAGE OF PICKLED X-750 WITH 5 WT% FE AFTER 4 WEEKS EXPOSURE.

4.3 ENERGY DISPERSIVE X-RAY-EDX

When an electron beam interacts with the strongly bound inner shell
electrons of a specimen atom, an electron from a shell can be ejected. Then
the atom is left in an excited state. Figure 17 describes the process. The
incident electron, after hitting the atom, has lost at least Ex, where Ey is the
binding energy of the electron in the k shell. The ejected orbital electron leaves
the atom with a kinetic energy of a few eV to several keV, depending on the
interaction. The atom itself is left in an excited state with a missing inner shell
electron. The atom relaxes to its ground state (lowest energy) filling the inner-
shell vacancy. The energies of electrons in the shells (atomic energy levels) are
sharply defined with values characteristic of the specific element. The energy
difference between electron shells is, therefore, a characteristic value for each
element [46]. There are two ways for the atom to get rid of the excess energy:
x-ray and Auger process. When the atom relaxes, the difference in energy can
be given to a photon of electromagnetic radiation that has a characteristic
energy, this is the x-ray process. In the Auger process, the excess energy is
instead transferred to another outer shell electron, expelling it from the atom
as an electron with a specific kinetic energy [46].
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FIGURE 17 PRODUCTION OF X-RAY AND AUGER ELECTRON BY ELECTRON SCATTERING [46].

The electron beam generates X-ray photons in the beam-specimen interaction
volume beneath the specimen surface. X-ray photons emerging from the
specimen have energies specific to the elements in the specimen. These X-rays
are characteristic for each element, and they are used in the SEM to make
analytic measurements. The X-rays analyzed in the SEM usually have energies
between 0.1 and 20 keV. In Figure 18, a typical EDX spectrum is shown.
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FIGURE 18 EDX SPECTRUM FROM THE METAL OF ALLOY X-750 WITH 8.4 WT% FE.
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4.4 FOCUSED ION BEAM - FIB/SEM

The focused ion beam (FIB) is used mainly for sample preparation, like
transmission electron microscopy (TEM) thin foils or cross sections of
specimens. The construction of FIB is very similar to a scanning electron
microscope. The FIB, as the SEM, contains a gun, magnetic lenses, a specimen
vacuum chamber, detectors for image formation and a computer that
processes the signals and shows images on the screen. The principal difference
compared to SEM is that instead of electrons, here Ga™ ions are used. The gun
is made of a liquid metal ion source (LMIS) containing a tiny tank of liquid Ga
metal. By applying a current, the source is heated and produces Ga* ions.
Subsequently, the ions are accelerated by a voltage, usually 30 kV; the ion
current used can be controlled. High currents are used to etch or pattern the
specimen, while low currents are used for imaging the specimen (to avoid
unwanted etching/milling). The combination of FIB and SEM gave birth to a
powerful instrument, FIB/SEM, that can, simultaneously, be used to etch and
shape the specimen while imaging with good resolution. In this arrangement,
the ion source is positioned with a 52° angle with respect to the electron
column, which is placed above the sample. Usually a FIB/SEM is equipped
with a needle (a thin tube) for deposition of Pt layers, used to deposit small
stripes of Pt on the specimen, to protect the surface and/or to create special
patterns. Another important feature of this microscope is the possibility to use
a micromanipulator needle, Omniprobe, which is a fundamental tool when
making lift-out samples. This process will be explained later in the sample
preparation paragraph. In this work, an FEI FIB VERSA 3D Lo Vac DualBeam
has been used.

Electron

Source

FIGURE 19 SCHEMATIC A) OF A TWO-BEAM (ELECTRON AND ION) FIB INSTRUMENT, B) ION MILLING
PROCEDURE [42].
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4.5 FIB-SAMPLE PREPARATION

The FIB/SEM is a very convenient tool, since it permits machining the
specimen, while simultaneously having a high-quality SEM image of the
sample. Cross sections of the samples and TEM lift-outs could be achieved in
this project thanks to the FIB/SEM.

4.5.1 CROSS SECTIONS

To investigate the thin oxide formed during the exposure, it is necessary to
create a cross section of the specimen. In this way, the corrosion products
underneath the surface can be studied.
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FIGURE 20 CROSS SECTION FROM SAMPLE OF ALLOY X-750 WITH 8 WT% FE AFTER EXPOSURE OF 840 H.

The cross sections are milled with the FIB/SEM. The first step is to find a
region of interest, and then a Pt layer is deposited in order to protect the
features. Then the sample is tilted to 7° and milled along the Pt layer. Milling
at this tilt, means to have the cross section inclined 45° to the surface, since,
as already said before, the angle between the FIB and the SEM is 52°. The final
step is to refine the surface of the cross section using different (lower) currents
to get rid of artifacts. The cross sections are typically 20 pm wide and 20 pm
deep. Cross sections can also be prepared by mechanical grinding and
polishing, but often the oxide is fragile, so it would be damaged by such
preparation.
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4.5.2 THIN FOIL LAMELLA FOR TEM

The lift out procedure consists of several steps [47]. After finding a zone of
interest, a Pt micrometer layer is deposited on the sample to protect the area
from Ga ions. The FIB is a destructive technique, so it is important to protect
the area we want to investigate with a Pt layer. The full procedure is described
in Figure 21. After the Pt deposition, two trenches (on either side of the Pt
strip) are milled. At this point, the small slice of the specimen needs to be cut
free from the material underneath, then the stage is tilted to 7° and a so-called
under-cut is made. Now the foil is only attached to the bulk sample through
two very small bridges, as shown in Figure 21c. The sample is cut free after it
has been glued with a Pt layer to the Omniprobe needle. Afterwards it is
attached to a special copper grid suitable for TEM studies, and it is thinned
down to 50-100 nm, to make it transparent to high energy electrons.

Pt strip

FIGURE 21 FIB-PREPARATION OF TEM LAMELLA USING A LIFT-OUT TECHNIQUE [48].
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4.6 TRANSMISSION ELECTRON MICROSCOPY - TEM

Transmission electron microscopy is a powerful technique since the usage of
a very high voltage makes it possible to achieve, under optimal conditions,
images with sub-A resolution. An electron gun produces a beam of electrons
and projects it onto the specimen. Then the transmitted electrons impinge on
a fluorescent screen or a camera situated under the specimen. On the way
from the specimen to the screen, the image is successively magnified by a
series of projector lenses. With TEM it is possible to achieve images with high
resolution and information about the crystallography can be obtained by
studying the focal plane of the objective lens. When the high voltage electron
beam (100-300 kV) passes through the thin foil specimen many interactions
take place, as shown in Figure 22. The transmitted beam is called the direct
beam, elastically and inelastically scattered electrons, characteristic X rays,
backscattered electrons and secondary electrons are also produced. The
directions indicated in the image just show where the signal is strongest or
where it is usually detected, it does not show the physical direction of the
signal [42]. It is possible to achieve information from these signals about the
chemical composition by EDX, Energy Filtered TEM (EFTEM) and Electron
Energy Loss Spectroscopy (EELS).
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FIGURE 22 SIGNALS GENERATED FROM A THIN SPECIMEN BY A HIGH VOLTAGE ELECTRON BEAM [42].

A schematic of a TEM is shown in Figure 23. It can be divided in three main
parts: the illumination system, the objective lens/stage, and the imaging
system. The gun and the condenser lenses compose the illumination system
and its function is to bring the electrons from the source to the specimen. The
objective lens/stage is the most important part of the TEM, as the beam-
specimen interactions take place in this area. The objective lens quality
determines the quality of all information about the specimen. The imaging
system comprises several lenses to magnify the image or the diffraction
pattern (i.e. the focal plane) produced by the objective lens. The last part of
the imaging system projects the image onto the viewing screen or computer
display through a detector, CCD or TV camera [42].
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FIGURE 23 TRANSMISSION ELECTRON MICROSCOPE SCHEMATIC [42].

The system can be used in two principal modes: parallel beam and convergent
beam. The parallel beam is used mainly for TEM imaging and selected area
diffraction (SAD), while the convergent beam is used for scanning
transmission electron microscopy (STEM), X-ray analysis and electron
spectrometry and convergent beam electron diffraction (CBED). In this work
scanning transmission electron microscopy and TEM were carried out using
an FEI Tecnai microscope T20 and an FEI Titan 80-300 TEM/STEM.

4.7 ATOM PROBE TOMOGRAPHY - APT

Nearly atomic resolution is achievable using APT. A very thin needle specimen
is subjected to a high positive DC potential (2-15 kV), which creates a very
strong electrical field (>10 GV/m), in an ultra-high vacuum chamber (10 Pa)
at low temperatures (20-100 K). When an additional voltage or laser pulse is
superimposed on the specimen, ionization of some of the atoms on the needle
surface can occur [49]. The result is a controlled ionization of surface atoms
of the needle; this process is called field evaporation. When the atoms are
ionized, they are repelled by the tip and accelerated by the field towards a
detector. The time of flight and the lateral position are assigned for every ion
that hits the detector. This information is used in a software to evaluate the
spatial position, the atomic mass (or more precisely the mass-to-charge ratio)
and is later used to produce a reconstruction of the three-dimensional atomic
distribution of the atoms in the specimen. A schematic of APT is shown in
Figure 24. The APT used is a LEAP 3000X HR from Imago Scientific
Instruments. APT measurements were made in both voltage pulse mode with
pulse fraction of 20% (specimen temperature of 50 K) and in laser pulse mode,
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with laser pulse energy of 0.5 n] with the specimen held at a temperature of
60 K. Reconstruction of APT data was made using the software IVAS 3.6.1
(from Cameca).

FIGURE 24 SCHEMATIC OF APT [10].

4.8 X-RAY DIFFRACTION-XRD

X-ray diffraction (XRD) is a non-invasive technique used to make
crystallographic characterization of materials. The principle of XRD is that
Bragg’s law is fulfilled, with a schematic presented in Figure 25. The Bragg
diffraction occurs when a radiation, with wavelength comparable to the
atomic spacing, is scattered by the atomic planes of a crystal [50]. The
scattered wave remains in phase if the path difference is an integer multiple
of the wavelength and this leads to a constructive interference. Bragg’s law
satisfies this relationship:

nA = 2dsinf

X-ray radiation

FIGURE 25 BRAGG’S LAW SCHEMATIC.
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where d is the interplanar distance, A is the wavelength of the incident
radiation, 6 is the Bragg scattering angle and n is a positive integer. The
diffractometer used in this work is a Bruker D8 Advance. The measurements
were performed in grazing incident mode, with a low incident angle in the
range of 0.3° to 1°.

4.9 AUTOCLAVE EXPOSURE

A BWR environment was simulated in an autoclave system at Studsvik's
facility [s51]. The loop consists of two consecutive titanium plated autoclaves,
where the test coupons are mounted in series in a specimen assembly (Figure
26). The pressurized water will pass through a jet nozzle and generate a jet
flow. In this work, the water jet velocity was 10 m/s or 18 m/s. The water flux
will impinge the sample’s central area and afterward it is recollected and
reshaped in the next nozzle. In a BWR, ionizing radiation decompose water
into different species as radicals (e’,H, OH, HO,) and molecules (H,O,, H,,
0.) [52]. This species can be oxidizing as O,, H,O,, HO, or reducing as e”, H
and H, [52-54]. In order to simulate the radiolysis condition of the nuclear
reactor, 500 ppb of hydrogen peroxide (H,O,) are continuously added to the
water so that an O, concentration of about 190-260 ppb is achieved.

FIGURE 26 SPECIMEN ASSEMBLY, WITH AN INSET SHOWING THE SAMPLE SHAPED TO BE MOUNTED IN THE
AUTOCLAVE SYSTEM.
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A schematic of the loop is presented in Figure 27. The temperature of the
water is kept at 286 °C and the pressure at 8o bar, hence a one phase (liquid)
flow is created, instead of the two phase (liquid and vapor) flow present in

BWRs. The range of exposure time has been varied from 2 h up to 840 h (5
weeks).
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FIGURE 27 AUTOCLAVE SYSTEM USED AT STUDSVIK.
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5 RESULTS AND DISCUSSION

The aim of this thesis is to understand high temperature water corrosion of
alloy X-750 in simulated BWR environment. The main focus was on
investigating the evolution of the growth of the oxide formed on the surface
of the alloy after the exposures. Different pretreatments have been studied
and specifically the effect of pickling and pre-oxidation. The main
experimental tools used are advanced microscopy and microanalyses, i.e. SEM
and TEM combined with EDX.

When the project started it was known from field experience (55, 56] that
higher iron content and a pickling surface treatment are beneficial. However
the literature was very limited [39, 40, 57] since the majority of studies
performed on alloy X-750 concerned stress corrosion cracking [58-62] or the
microstructure and optimization of the aging treatment [63-67]. This work
tries to make up for the lack of microscopy studies of high temperature water
corrosion of alloy X-750. Specimens of alloy X-750 with different iron content
(5 and 8 at.%) have been exposed in autoclave simulating BWR environment
for different times, ranging from 2 h to 840 h. This thesis is based on five
papers that are summarized in this chapter.
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FIGURE 28 MASS CHANGE AS FUNCTION OF EXPOSURE TIME.
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The mass change of pre-oxidized and non-pre-oxidized pickled samples is
shown in Figure 28. It is clear that pre-oxidation is crucial for limiting the mass
loss. Mass loss occurs for each set of specimens, and it is clear that pre-
oxidation is crucial for limiting the mass loss. The formation of the oxide
involves dissolution of metal and re-precipitation of ions on the surface.

The results obtained can be divided into two groups: results on non-pre-
oxidized samples, and results on pre-oxidized samples. Paper I and Paper II
are focused on the oxide growth evolution of non-pre-oxidized specimens,
specifically 8Fe specimens (the blue line in Figure 28) are investigated in Paper
I, while sFe is studied and compared with 8Fe in Paper II (the green and the
blue lines in Figure 28). Paper III and Paper IV concern investigations of pre-
oxidized specimens with different Fe content, and the focus is on pickling and
short exposure times, respectively. These two papers treat samples
corresponding to the black and red lines in Figure 28. Paper V presents a
comparison of the oxidation of 8Fe specimens that have and have not been
pre-oxidized.

5.1 THE OXIDE GROWTH EVOLUTION OF NON-PRE-OXIDIZED
SPECIMENS

In Paper I, a study of the oxide growth evolution of non-pre-oxidized
specimens with 8 wt% Fe has been carried out. It has been shown that pre-
oxidation leads to the formation of y'-Ni; (Al, Ti) precipitates and a thin oxide
scale. This oxide layer has shown a beneficial effect on the oxidation
properties of X-750 in BWR environment. On the other hand, when this layer
is consumed or damaged, the protection of the pre-oxidized layer is lost.
Understanding of how the corrosion proceeds on alloy X-750 that has not
been pre-oxidized is thus of crucial importance. Therefore, non-pre-oxidized
specimens have been exposed to simulated BWR environment for times
ranging from 2 h to 840 h. The mass change has been measured, and XRD,
SEM and TEM analyses have been carried out. The surface morphology of the
samples gives an overview of the process of formation of the outermost oxide
layer. From thin cross section TEM foils, it is possible to recognize different
oxide layers with different microstructure and composition. A calculation of
the dissolution of metal into the water was made and a corrosion mechanism
was proposed. The corrosion process was found to consist of two main
processes, dissolution of metal ions and consequent precipitation of spinel
oxide crystals on the surface with concomitant corrosion of the metal. In
Figure 29, the evolution of the oxide scale formed during exposure in BWR
environment is illustrated. Initially, nano-sized oxide particles of Ni(Fe, Ti,
Ni),O, spinels are formed. After 168 h needle-shaped Ni- and Ti-rich oxides
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are formed underneath the spinel crystals, and a large number of voids are
created. As the exposure proceeds, the outer layer of spinels becomes
continuous, and the amount of voids decreases. The inner oxide layer consists
of small grains, and is rather porous.

2 hours
PVAAY
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840 hours

FIGURE 29 PROPOSED OXIDE FORMATION, STARTING FROM NANOPARTICLES TO A COMPLEX FOUR
LAYER STRUCTURE

The inner layer is the oxidized base metal. Compared to the alloy composition,
it becomes enriched in Cr, and to some extent Ti, whereas the Fe content
decreases. This means that Ni and Fe are dissolved preferentially into the
water, resulting in an increase in Cr and Ti in the inner layer. Considering the
large volume of spinel crystals and the relatively low Fe content of the alloy, it
is clear that a large amount of Ni must be dissolved and disappear with the
flowing water. A large part of the Fe, on the other hand, stays by the
precipitation of the Fe-rich spinels. As the thickness of the inner layer does
not change very much between 168 h and 840 h of exposure, and the fact that
the layer is rather porous, it is suggested that transport through this layer is
probably not rate limiting. Rather it seems likely that the protection comes
from the outer compact layer of spinel crystals. There is a drastic change in
appearance of the oxide after 840 h compared to after 168 h, which is very
interesting. This is probably related to the start of the formation of pure NiO
between the inner oxide and the original spinel crystals, effectively filling up
the voids. It seems reasonable to suggest that what happens is that when the
spinel coverage becomes complete, the processes slow down, and the other
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stable phases are formed. This also agrees with the observation that the
innermost oxide (close to the oxide/metal interface) becomes depleted in Cr,
i.e. the slow process allows for some diffusion and the more stable pure NiO
has time to form. The oxide growth evolution of 5Fe has been examined in
Paper 11, and it is rather similar to the 8Fe. However, the scale on 5Fe is poorly
adherent, and after 168 h exposure it is attached to the surface only at a small
fraction of the interface areas, in contrast to 8Fe. Furthermore, in order to
estimate the amount of metal dissolution, equation 1 from references [41, 68,
69| was used.

Am =m(0) — m(t)metal — m(t)oxide (Eq' 1)

Here Am is the mass change, m(0) is the mass of the specimen before the
exposure, M(t),etq; 1S the mass of the metal left after exposure, and
m(t)yxiqe 1S the mass of the total oxide scale gained at time t. The oxide mass
is calculated as m(t)pxize = XoxideAPoxide» Where p,yiqe is the density of the
oxide, X,y iqe is the oxide thickness, and A is the surface area of the test
coupon. The thickness of the dissolved metal, h, after an exposure time t is
calculated as:

1

h_

= Aoxoee (Am + 0.27XyiFe,0,APNiFe,0, T 0.-21Xyi0APNi0) (Eq. 2)

Here py;50 = 8.2 g/cm?® [70] and x is the measured average thickness from
TEM analyses, with a reduction for porosity, and 0.27 is the oxygen mass
fraction if NiFe,O, has an ideal composition, and 0.21 is the oxygen mass
fraction if NiO has an ideal composition. For the calculations, the scales have
been considered to be made up of two layers: a NiFe,O, (pyire,0, =
5.3 g/cm?) [71] outer layer and a NiO (py;o = 6.67 g/cm?) [72] inner layer.
The calculated thickness of the dissolved metal as function of exposure time
is shown in Figure 30. The rate of dissolution decreases with time, which
means that the oxide formed provides some degree of protection. It should
be noted that this is the equivalent thickness of the amount of metal that has
been transported away from the specimen. In Paper II, it is also observed
that the speed with which the oxide grows and the speed with which metal
dissolves both decrease with time, and that the metal thinning is a sub-
parabolic process. The three processes are slower on the material with higher
Fe content, 8 wt%, proving the importance of this element for limiting the
degradation of alloy X-750 in BWR environment.
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FIGURE 30 DISSOLVED METAL THICKNESS INTO THE WATER AS FUNCTION OF THE TIME EXPOSURE.

5.2 THE CORROSION BEHAVIOR OF PRE-OXIDIZED ALLOY X-750

The effect of the commercial surface pretreatment, so called pickling, and the
effect of Fe content on specimens exposed for four weeks in simulated BWR
condition was investigated in Paper III. XRD, SEM and TEM analyses have
been carried out. Additionally, APT has been used to study one of the
materials. The effect of iron content has been investigated by comparing
samples with 5 wt% and 8 wt%. The pre-oxidation results in a multi-layer
oxide scale which consist of an outermost part made of thin (50-60 nm)
primary NiFe,O, spinel covering a relatively thick (150-200 nm) Cr-rich layer
and a non-continuous inner layer of Al,O; and SiO, at the interface to the base
alloy. The Cr-rich layer was observed, in Paper IV, made of two parts: an outer
part of NiCr,O, and an innermost part made of Cr,O; and interspersed
TiO,.The presence of a chromia layer is presumably beneficial, as it will
restrict the outward diffusion of metallic elements, because generally Cr,O,
has low diffusion coefficients for metal ions [73]. However, Cr,O; is not stable
in reactor water, and its dissolution rate is rather high if the oxide is in direct
contact with high temperature water under oxidizing conditions (as in the
case of NWC) [57, 74].
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FIGURE 31 SCHEMATICS OF THE OXIDE SCALE ON PRE-OXIDIZED MATERIAL AFTER EXPOSURE: A)
PICKLED SPECIMEN, B) NON-PICKLED SPECIMEN.

The oxide films formed on all exposed pre-oxidized alloy X-750 samples have
similar structure (Figure 31). They are composed of NiFe,O, in the outer layer,
Cr-enriched and Ni-enriched oxides in the inner bilayer. The main difference
lays in the thickness of the different oxide layers. The effect of pickling, for
both alloy compositions, is that thinner oxide scales are formed during
exposure, compared to the non-pickled counterparts. For the non-pickled
samples, an additional Fe-rich inner layer was also observed. This proves that
pickling, which removes the cold worked surface layer containing defects
acting as fast diffusion paths, prevents the overall growth of the scale and
therefore slows down material degradation. In this context, the innermost
oxidized metal layer is of special importance. Its fast growth will create an
excess of vacancies and later of voids at the oxide/metal interface. This is
observed on the non-pickled samples. The occurrence of voids at this interface
indicates that the scale is prone to spallation, and thereby a subsequent fast
corrosion of the bare metal could be expected. Furthermore, a comparison
between the oxide formed during pre-oxidation on pickled and non-pickled
samples of the same material grade reveals that the oxide of the pickled
samples contains less Ti. Cruchley et al. [75] suggest that retention of titanium
within a chromia layer causes an enhancement in the chromia growth rate,
since Ti acts as a higher-valent dopant (Ti*") and increases the number of
chromium vacancies via dissociation of TiO, [76-78] This is in agreement with
our findings and it indicates a better quality of the chromia layer formed on
these samples, as a consequence of slower diffusion in the sub-surface layer
thanks to the pickling.

Calculations regarding the amount of dissolved metal into the water of pre-
oxidized specimens (5Fe and 8Fe) exposed for 24 h and 840 h are presented in
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Paper IV. In order to estimate the dissolved metal thickness (h) the equation
in Paper I was used. While after 24 h the amount of dissolution of the
specimens with different iron content is rather similar, the dissolution of 5Fe
is about two times larger than the dissolution of 8Fe after 840 h. The oxides
found on the specimens, exposed for 24 h and 840 h, are in agreement with
the Fe-Cr-Ni Pourbaix diagram presented by Beverskog [15], where the
stability of the different oxides under normal water chemistry conditions is
presented. It is shown that the NiFe,O, is the most stable oxide at BWR
conditions (200 mV, pH=5.8, 286°C). Therefore, the formation of a dense
NiFe,O,layer is necessary for the survival of the Cr,O; layer formed during the
pre-oxidation. The spinel layer will protect chromia from dissolving into the
water and enable Cr,O; to stay on the surface of the alloy.

In Paper 1V, it is also found that a higher iron content will enable the
formation of a primary trevorite with superior quality. In fact, signs of
dissolution of the NiCr,O, layer (formed during pre-oxidation) together with
the thicker layer of oxidized metal observed on 5Fe after only 24 h exposure,
suggest that the primary trevorite formed on this specimen is not protective
enough. Instead, on 8Fe, the NiCr,O, is still present within the oxide scale and
the oxidation of the alloy beneath the pre-oxide is also less severe. This is also
experienced by the specimens exposed for 840 h, where the NiCr,O, layer is
still present on 8Fe, but it is completely degraded on 5Fe. After 840 h, large
parts of the dissolved material has re-precipitated in a second layer of large
separated crystals of trevorite. The fact that this layer is not fully covering the
surface indicates that it cannot be the one giving protection in this case.
Consequently, it must be the oxide formed during pre-oxidation, that can still
be found on the surface, that gives protection, together with the thin
continuous layer of trevorite that is developed during the early stage of the
exposure.

5.3 COMPARISON OF PRE-OXIDIZED AND NON-PRE-OXIDIZED
8FE SPECIMENS

In order to draw conclusions on the effect of pre-oxidation, in Paper V, pre-
oxidized and non-pre-oxidized specimens with 8 wt% Fe were compared. The
specimens were exposed for 24 h and 840 h in an autoclave, mimicking the
BWR environment. It was found that pre-oxidized specimens show thinner
and more homogenous oxides than non-pre-oxidized ones. They lose less
mass and build thinner oxides. It is found that during the pre-oxidation, a
primary spinel layer is formed on top of a chromia layer. As chromia is not
stable in high temperature reactor water [16], the primary spinel is needed to
protect the chromia from dissolution. After the long exposure (840 h), crystals
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of NiFe,O, are formed by re-precipitation on both sample types. To form this
layer, Ni and Fe have to diffuse and then dissolve into the water. In the case
of the pre-oxidized specimen, a thin layer is built-up. Instead, for the non-pre-
oxidized specimen a non-continuous layer of rather large spinel crystals is
formed on the surface. Since between the crystals there is only a fine-grained,
porous layer of oxidized base metal, it is easier for Ni and Fe to move towards
the water and then dissolve. Eventually, Ni and Fe will re-precipitate to form
the blocky spinels. When the chromia layer is dense, as in the pre-oxidized
specimens, it causes a limited flux of ions in both directions [79]. The small
flux gives rise to a thin secondary blocky spinel layer, since the amount of Ni
and Fe in the water is less than in the non-pre-oxidized case.

5.4 FUTURE WORK

During the course of this project, many ideas have been proposed to further
improve the understanding of the corrosion behavior of alloy X-750 in BWR
environment. The identification of the crystallography of the phases of the
thin inner oxide could be relevant for acquiring more information about the
oxidation process. Electron diffraction techniques in TEM, as convergent
beam electron diffraction, could be the main tool in the identification of this
very fine-grained oxide. Longer exposure times in the autoclave would shine
some light on the correlation between mass loss and oxide growth. In this
thesis, it is proposed that a steady state will be reached, in the sense that the
mass loss rate (and dissolution rate) will become constant, as perhaps also the
oxide thickness. In order to verify our hypothesis, it would be necessary to
increase the length of the autoclave exposures beyond the 840 h. Since the
autoclave exposure is only a simulation of the complex reactor environment
the results of this thesis would need to be complemented by studies of spacer
grids from BWR in order to improve the understanding and facilitate
development of spacer grids with better performance. The comparison with
irradiated specimens of alloy X-750 taken from reactors would give the
possibility to verify and confirm the results of this thesis.
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