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Abstract

Pressurized water reactors (PWR) used for power generation are operated at elevated
temperatures (280-300°C) and under high pressure (120-150 bar). In addition to these harsh
environmental conditions some components of the PWR assemblies are subject to mechanical
loading (sliding, vibration and impacts) leading to undesirable and hardly controllable material
degradation phenomena. In such situations wear is determined by the complex interplay
(tribocorrosion) between mechanical, material and physical-chemical phenomena. Tribocorrosion
in PWR conditions is at present little understood and models need to be developed in order to

predict component lifetime over several decades.

The goal of this project, carried out in collaboration with the French company AREVA NP, is to
develop a predictive model based on the mechanistic understanding of tribocorrosion of specific
PWR components (stainless steel control assemblies, stellite grippers). The approach taken here is
to describe degradation in terms of electro-chemical and mechanical material flows (third body
concept of tribology) from the metal into the friction film (i.e. the oxidized film forming during
rubbing on the metal surface) and from the friction film into the environment instead of simple

mass loss considerations.

The project involves the establishment of mechanistic models for describing the single flows based
on ad-hoc tribocorrosion measurements operating at low temperature. The overall behavior at
high temperature and pressure is investigated using a dedicated tribometer (Aurore) including

electrochemical control of the contact during rubbing.

Physical laws describing the individual flows according to defined mechanisms and as a function of
defined physical parameters were identified based on the obtained experimental results and from
literature data. The physical laws were converted into mass flow rates and solved as differential
equation system by considering the mass balance in compartments representing the substrate
metal, the metallic and oxide fractions of the friction film (third body) and the aqueous

environment.



Abstract

The obtained model permits to evaluate the evolution with time of the mass in each compartment
and thus to gain better insight in the phenomenology and in the mechanisms of tribocorrosion of
metals in PWR conditions. It also allows assessing the relative role of a variety of materials,
mechanical and electrochemical parameters affecting the entire system. Quantitative predictions
of the model were found to fit reasonably well experimental observations. However, assessing the
guantitative validity of the model requires the exact quantification of some critical parameters, in
particular the metal oxide wear rate, and thus further experimental work. The model was used to
appraise the role of certain materials parameters and showed that the oxidation behavior of the

rubbing metal plays a crucial role in PWR tribological degradation.

KEYWORDS

PWR, third body, mass flow, mechanistic modeling

vi



Résumé

Les réacteurs a eau pressurisée (REP) utilisés pour la génération d’énergie sont exploités a des
températures élevées (280-300°C) et sous haute pression (120-150 bar). En plus de ces conditions
séveres certains composants de systemes de REP subissent des charges mécaniques (frottements,
vibrations et impacts) menant a des phénomeénes indésirables et difficlement controlables de
dégradations des matériaux. Dans de telles conditions, I'usure est déterminée par les interactions
complexes (tribocorrosion) des phénoménes mécaniques, physico-chimiques et ceux liés aux
matériaux. La tribocorrosion dans des conditions de REP est actuellement peu comprise et
requiert la création de modeles permettant de prédire la durée de vie de composants sur plusieurs

décennies.

Le but de ce projet, accompli en collaboration avec I'entreprise francaise AREVA NP, est de
développer un modele prévisionnel basé sur la compréhension mécanistique de la tribocorrosion
de composants spécifiques aux REP (systéemes de contrdle en acier inoxydable, préhenseurs en
stellite). L'approche sélectionnée ici consiste a décrire la dégradation en termes de flux matériels
électrochimiques et mécaniques (concept tribologique de troisieme corps) du métal au film de
friction (la couche oxydée formée lors du frottement sur la surface métallique) et du film de

friction au milieu environnant au lieu d’une simple considération de perte de masse.

Ce projet englobe la création de modeles mécanistiques décrivant les flux simples basés sur des
mesures ad-hoc de tribocorrosion a basse température. Le comportement général a haute
température et a pression élevée est examiné en utilisant un tribomeétre (Aurore) dédié incluant le

controle électrochimique du contact durant le frottement.

Des lois physiques, qui décrivent de maniere individuelle les flux en accord aux mécanismes et en
fonction des parametres physiques, ont été identifiées basé sur des valeurs expérimentales et
depuis la littérature. Les lois physiques ont été converties en débit de masses et résolues en
utilisant un systeme des équations différentielles en considérant le balance des masses dans

chaque compartiment. Ces derniers représentent le substrat, les particules métalliques dans le
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Résumé

film de friction, des particules oxydés aussi dans le film de friction (troisieme corps) et finalement

a 'extérieur (milieu aqueux) un compartiment avec des fractions d’oxyde sortant du film.

Le modele permet I’évaluation de I’évolution de la variation de masse en fonction du temps dans
chaque compartiment et, de cette fagon, augmenter la compréhension des mécanismes reliés a la

tribocorrosion en conditions REP.

Il permet également d'évaluer le role des parameétres matériaux, mécaniques et électrochimiques
affectant I'ensemble du systéme. Les prévisions quantitatives du modéle ont été trouvés qu’elles
satisfont les observations. Toutefois, I'évaluation quantitative de la validité du modele nécessite la
guantification précise de certains parametres critiques, en particulier le taux d'usure d'oxyde, et
donc la poursuite des travaux expérimentaux. Le modeéle a été utilisé pour évaluer le role de
certains parameétres du matériau et a montré que le comportement de l'oxydation dans le

frottement joue un role crucial dans la dégradation dans des conditions REP.

MOTS-CLES : REP, troisiéme corps, flux de masses, modélisation mécanistique
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Chapter 1 Introduction

Several metallic components of pressurized water reactors (PWR) used in nuclear power plants are
exposed to the combined degradation by friction and corrosion (tribocorrosion). In PWR, corrosion
arises from the water pressurized at 150 bars and maintained at 300°C and results in the build up
of a micrometer thick surface oxide film. The complex water flow inside the reactor exerts
mechanical vibrations of the structure that in turn convert into sliding, fretting and impacts on
specific, non rigid components such as control rod assemblies. Tribocorrosion is of complex nature
as it involves multi-scale interactions between mechanical, chemical and material factors.
Nevertheless, PWR component manufacturers are interested in understanding the deterioration
mechanisms as a prerequisite for the improvement of test methods, the selection of appropriate

materials and for component lifetime prediction.

Tribocorrosion mechanism, as degradation process, results from the interaction of mechanical and
chemical factors. Therefore, they cannot be treated as the simple addition of wear and corrosion
taken separately. As an example in PWR conditions the build up of surface oxide films protects the
underlying metal against corrosion. However, mechanical loading may disrupt the film and
therefore profoundly modify the corrosion behavior. On the other hand, the same film could have
a mechanical screening effect preventing plastic deformation of the underlying metal, a
mechanism often found responsible for surface film disruption. The understanding of a complex
phenomenon such as tribocorrosion requires thus considering the interaction of a number of
chemical, mechanical and materials parameters and the interplay of different degradation
phenomena. Tribology research has been focused mainly on mechanical interpretation of wear,
lubrication and friction and existing models well describe such phenomena in terms of loads,
velocity and materials mechanical properties. However, theoretical concepts including chemical

reactivity of the contact are still in development and comprehensive models still missing. Thus, the
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Chapter 1: Introduction

scientific appraisal of tribocorrosion in PWR conditions requires the development of appropriate
experimental and theoretical tools accounting for the combined action of mechanical, chemical

and materials factors.

The goal of this thesis is to develop a model describing wear process in pressurized water reactor
conditions based on a mechanistic multidisciplinary approach integrating well-defined degradation
mechanisms and governing parameters. The mechanistic approach is needed in order to relate
wear to physical meaningful parameters as a prerequisite for appraising the causes of wear in
industrial systems and for highlighting the influence of critical materials parameters and water

properties on the system evolution.

The present thesis is divided into four parts:

PART 1 (Chapter 2 and Chapter 3)

This part deals with the problem identification and the definitions of the goal and of the strategy.
After a general description of a typical nuclear reactor and some of its components subject to
tribocorrosion, the physical phenomena characterizing materials degradation in PWR are reviewed
based on published literature (Chapter 2). Application relevant corrosion and tribological
theoretical aspects are discussed (Chapter 2). Based on the literature review, a mechanistic vision
of the tribocorrosion in PWR is proposed. This mechanistic model is best modeled using the third
body concept of tribology, which allows describing the overall degradation process in terms of
mass flows describing chemical and mechanical material transfer from the rubbing metal into the
third body, chemical reactions within the third body, material ejection from the third body and

material transfer form the environment into the third body (Chapter 3).

PART 2 (Chapter 4 and Chapter 5)

The definition of the mass flows requires experimental evidence aimed at identifying determining
mechanisms and crucial parameters. This is achieved by investigating model systems using EPFL
laboratory tribo-electrochemical tests as well as a high temperature pressurized water
electrochemical tribometer purposely developed by Areva to simulate PWR chemical and
mechanical conditions. Their utilization is tailored to isolate and investigate specific flows. The

obtained results are interpreted in terms of known models.
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Chapter 1: Introduction

PART 3 (Chapter 6)

This chapter deals with the definition of physical laws describing each individual mass flow as a
function of well-defined physical parameters according to a mechanistic vision of the involved
phenomena. The laws will be deduced from the experimental observations issued from the
previous chapters as well from existing literature. Some flows are hardly to be isolated and

investigated; in these cases the laws will be defined based on kinetic hypotheses.

PART 4 (Chapter 7)

The next step is to assemble the physical flow laws identified in Part 3 into a set of time dependent
differential equations that will be solved using a purposely developed computer routine based on
Mathematica software. For this, four compartments assigned to the different physical zones of the
wearing surface will be defined. The mass balance in each compartment is formalized using the
flow rates defined in the previous chapter. Predictions from the numerical model will be
compared to experimental results in an attempt to assess its validity and its limitations as
prerequisite for future improvements. Finally, the developed algorithm is used to appraise
guantitatively the relative role of key material parameters on the overall tribocorrosion process in

pressurized water reactor conditions.

Finally, Chapter 8 summarizes the main results and conclusions of the work and proposes some

future lines for further model development.
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Chapter 2 State of the art

This chapter first introduces the context and the tribocorrosion issues in nuclear power reactors.
The related theoretical concepts of wear and corrosion are subsequently presented. Finally, a
literature survey on the degradation phenomena in PWR (carried out using the ISI Web of
Knowledge data base and on the keywords “wear mechanism” and “water reactor” or “pwr” or
“high temperature water”) is presented. This allows discussing the relevant mechanisms and

assessing the possibilities and limits of available models.
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Chapter 2: State of the art

2.1 Wear in nuclear power reactors

2.1.1 Pressurized water reactors PWRs

Nuclear energy is principally generated using two kinds of reactors: pressurized water reactor
(PWR) and boiling water reactor (BWR). They were developed in the 1950s and improved since.
Both reactors are commonly found in the US and Japan. In France, Russia and China the majority
of the nuclear plants uses PWRs. The energy provided by theses reactors is principally for power
generation but also for naval propulsion. In fact, the PWRs were originally designed as a

submarine power plant [1].

PWRs and BWRs present similarities concerning the fuel (enriched UO;) and control systems but
their principal difference concern the water flow system. BWRs present a single reactor-turbine
circuit where water is pressurized at 75bars and it boils in the core of the reactor at 285°C. The
produced steam passes through drier plates located in the upper part of the reactor and then it
goes directly to the turbine for power generation. In the case of a PWR, water flows through the
core and the tubes of a steam generator forming a closed-loop system. In this primary circuit,
water is at 325°C and 150bars to prevent boiling. The heat is then transferred to a secondary
water circuit where steam is generated. The produced steam drives a turbine for electricity
production. After condensation it is conducted again to the heat exchanger. The advantage of the
PWR is that no radioactive contamination is present in the steam. As a consequence, the turbine

does not need to be shielded and radiologically protected.

Both, PWR and BWR, are considered as light water reactors (LWRs) because they use water as
neutron moderator and coolant. It exists also pressurized heavy water reactors (CANDU) using
deuterium oxides as moderator [2]. The water used in the reactor core slows down the neutron
release, reduces their reactivity and thus acts as a neutron moderator. The water composition in
the reactor core varies depending on the reactor type. In BWRs, pure water is used to cool down
the reactor and at the same time it acts as a moderator because there is only a single reactor-
turbine circuit. Water circulating in the reactor core is contaminated by corrosion products and
dissolved oxygen. To eliminate oxygen, hydrogen is continuously added in the recirculation piping
system. In PWRs, water passing through the reactor core is de-aerated and of low conductivity.

Main additions are lithine, (0.4 to 2 ppm), boric acid (1000 to 1500 ppm) and hydrazine to control
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Chapter 2: State of the art

neutron reaction, keep the pH at 7 and eliminate dissolved oxygen as corrosion agent. Water in
the secondary circuit is rich in corrosion products mainly iron species released by steel piping
components. In order to suppress the formation and transport of corrosion products to the steam
generators, compounds such as ammonia and hydrazine are added in the water circuit. Ammonia
establishes alkaline pH in the whole steam water system [3]. Hydrazine acts as oxygen scavenger
and reduces oxidized iron species to magnetite [4]. Hydrogen is also controlled in order to
optimize corrosion products detachment. These latters may modify the structure and morphology

of the oxide by precipitating on the surface [5].

2.1.2 Components

In PWR reactors different assemblies and control mechanisms can be found. Among them, the fuel
assembly, the rod cluster control assembly (RCCA) and the control rod drive mechanism (CRDM)
showed in the Figure 2-1. The Fuel assembly is constituted of vertically mounted Zirconium alloy
tubes or rods with the Uranium pellets stacked inside. They are guided along the vertical axis by
spacer grids where a system of springs and dimples support the rods (Figure 2-1a) [6]. In order to
reduce power, rods containing neutron-absorbing material are lifted in between the fuel rods.
Theses rods made out of stainless steel (316L or 316 nitratred) are part of the RCCA shown in
Figure 2-1b. They are fastened to a component called spider and guided to the core of the reactor
by 304 stainless steel plates [7]. The RCCA is inserted or hold in the correct position by the control
rod drive mechanism (CRDM). The CRDM is linked to the RCCA by a notched drive shaft
mechanism. The CRDM present six grippers latch arms (Figure 2-1d) interacting with drive rods to
allow the movement of the RCCA [8]. The gripper latch arms are made out of stainless steel (304)

with the contact area coated by harder cobalt-based alloy (Stellite 6) [9].
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1 Vessel head

2 Vessel

3 fuel assembly
4 Lower internals
5 Upper internals
6 Guide tube

7 Control rod
drive mechanism
8 Ventilation

9 Vessel head
insulation

10 Cable bridge
11 Vessel head
lifting ring

12 Vessel support
13 In-core
instrumentation
14 Reactor cavity
15 Assismic rod
16 Core support
plate

17 Inlet Nozzle
18 Outlet Nozzle
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b) c)

Tubes

Fuel Rod

Figure 2-1 Components present in the reactor core: a) Pressure vessel schema [10], b) Fuel Assembly [6], c) Rod Cluster Control Assembly (RCCA)
and d) Control Rod Drive Mechanism [9](CRDM)

The fuel assembly (Figure 2-1b) presents spacer grids that are used to hold-down the fuel rods.
They have six support points (two springs and four dimples). The main function of the grids during
normal reactor operation is to diminish fretting due to flow-induced vibrations and from damage
when handling. The average contact pressure of the fuel rod/spring contact is approximately 91
MPa with a spring hold-down force of 13.56 N. Under these conditions the rods could suffer a
bending deformation of 0.387 mm [11]. In the case of the control rods that are part of the RCCA
(Figure 2-1c), they are subjected to sliding against guide cards when moving up and down as well
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as to impact and fretting due to water flow induced vibrations. The obtained contact pressure in
the interface control rods/guide was observed to be about 60MPa with a maximum normal load of

15N [7].

As previously exposed, the control rod drive mechanism (CRDM) is located in the upper part of the
RCCA. The CRDM includes an electromagnetic latch mechanism with two main mobile parts: the
gripper latch arm and the drive rod (Figure 2-1c). They are mainly used step by step in order to
control the neutron flux by holding up or down the RCCA system. The step-by-step motion
produces a sliding movement of ~100um between both mobile parts. The contact pressure

reaches about 150MPa [9].

2.1.3 Evidence of wear in PWR components

Unexpected wear in certain nuclear reactors was first observed in 1983 in the US and in 1986 in
France. The guide cards of some rod cluster control assemblies (RCCA) presented worn areas that
were supposed to appear much later. Worn areas presented cup-shaped surface patterns (Figure
1.2). Metallographic cross sections revealed that the microstructure below the surface remains
intact and without strain hardening marks. The typical wear depth was observed to vary between

220 and 1000um per year [9, 10].

Figure 2-2 Surface of a control rod from the reactor Golfech that present the cup shaped patterns.
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The specific rod/guide configuration of the RCCA system was found to critically affect the wear
rate. In fact, more pronounced wear of the tube appeared at the contact spots with the edges on
the guide card created by the machining paths (Figure 2-2). Rods placed in a single bore
configuration wore less than when ones placed in a double bore configuration, that are in contact
with more edges. Also, the water flow induced vibrations are larger in double bore configurations

[12].

Single bore

configuration

Double bore

configuration

Metallographic cross section of a worn tube from a reactor.

Kaczorowski’s Thesis, 2002

Figure 2-3 Cross section of the border of a rod from Golfech reactor [12]. Upper part (Control rod assembly with single and double bore
configuration)

The zones of the rods contacting the bore edges showed, in addition to more severe wear, higher
strain hardening as indicated by the presence of a larger grain refined area below the surface

(Figure 2-3).

This unexpected high wear was attributed to a tribocorrosion phenomenon involving the
interaction of corrosion and mechanical loading. Indeed, the guide cards and the control rods

were designed to resist separately wear and corrosion but not the combined action of both [10].

Gripper latch arms also showed an unexpected high wear rate. Two wear zones were identified on
these components (Figure 2-4). The zone 1 presented smooth and polished surfaces with a
subsurface deformation limited to a depth of 5 um. In contrast, Zone 2 exhibited larger mechanical
damage characterized by subsurface deformation reaching depths of 20 um and by the presence
of wear debris and cracks. Nevertheless, Zone 1 suffered larger wear despite the apparently lower

mechanical loading. This suggested that corrosive effects enhance material loss from Zonel.
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A further indication that tribocorrosion effects play a role in determining CDRM came from the
observation that wear in nuclear power plants was found to be four times larger than in
accelerated bench tests [9, 13]. This discrepancy was explained by considering that the time
between two successive operations of the gripper latch arms was much larger in nuclear reactors
than in the bench tests. The longer latency time favored the growth by corrosion of a thicker oxide
film that was removed at the successive operation. Because of this tribocorrosion mechanism,

larger wear per operation cycle was generated in nuclear power plants [9].

Figure 2-4 Gripper latch arm showing the two areas where wear occurs 1) straight 2) transition zone in curved shape [9].
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2.2.1 Corrosion in PWR conditions

Water constitutes an aggressive environment for most engineering metals and alloys. The reaction
between the metal and the water leads to the formation of a surface metal oxide accompanied by
the release of hydrogen according to Eq. ( 2-1).

Me + x H,0 - MeO, + x H, (2-1)

Molecular oxygen dissolved in water can further enhance the oxidation of the metal and therefore
oxygen scavengers such as hydrazine are added to the water in PWR. Literature reports that
parameters such as pH [14], oxygen and hydrogen concentration [15] can modify the morphology
and the chemical composition of the oxides growth on stainless steel in PWR conditions. As a
consequence, the properties of these oxides will also changes depending on the environment to

which they are confronted.

Typically the oxide films formed in PWR conditions are several um in thickness, i.e. much thicker
that the passive films usually found in water at ambient temperature. Depending on the material,
the structure of the oxide formed under PWR conditions can be complex. For example, stainless
steel develops in PWR water a sandwich layer composed of an inner compact chromium rich film
and an outer iron rich film sometimes covered with iron oxide crystallites [16, 17] (Figure 2-5). The
presence of deposited crystallites depend on the strength of the water flow that can take away
corrosion products before they can precipitate [7]. Also, corrosion products generated elsewhere

in the piping system can contribute to the film build-up [5].

100 to
IlSOOnm

50 to

i pinl e,i,r)304 300nm

Metal

5um
Figure 2-5 a) cross section of an oxide film layer of stainless steel 304 [18], b) Schematic cross section of the oxide layer [17].

Oxide films formed on Stellite 6 alloy are similar in structure to those formed on 304L stainless
steel, a two-layer structure. The inner layer is a chromium rich layer with an X-ray diffraction
structure close to CoCr,04. The outer layer formed by precipitation, mainly of iron, has the

structure of magnetite MsOa.
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At high temperature (above 300°C) the growth rate of the oxide film (kinetics of reaction ( 2-1)) is
limited by the diffusion of the metal ions through the oxide film from the metal/oxide interface to
the oxide/water interface [19]. In fact, diffusion of cationic or anionic species is initially rapid (thin
oxide film) and slows down with increasing scale thickness. High temperature enhances diffusion
and therefore oxides formed in high temperature pressurized water are usually much thicker than

the ones observed at room temperature.

When the oxidation reaction is controlled by the diffusion of ions (cations M™ or anions 0%)
through the metal scale, which in turn is controlled by the chemical potential gradient as a driving
force, the oxide growth follows a parabolic kinetics. Under these conditions the oxidation rate
decreases with time due to the increasing diffusion distance generated by the thickening oxide.
The oxidation rate in this situation is inversely proportional to the amount of oxidized metal (film

thickness) and can be described with a parabolic growth law:
dm; K,

= — (2-2)
dt m;

Where, K, [kg2 m* s is the parabolic oxidation constant and m; [kg/mz] the mass of the formed
oxide per unit of surface. When integrated with an initial mass of zero (ms=0) at the beginning of

oxidation (t,=0) Eq. ( 2-2 ) yields Eq. ( 2-3 ).

m, = (2K,)" 172 (2:3)

The mass m; [Kg/m?] can be described in terms of oxide thickness d [m?] by taking into account the
surface area A [m’] and the mass density p [kg/m’] (Eq. ( 2-4 )). Furthermore, the product of the

oxide thickness and the area gives the oxide volume V [m’] (Eq. ( 2-4 )).
V-p
mszdpzT (2-4)
By combining Eq. ( 2-3 ) and Eq.( 2-5 ), we obtain:

1/2

d = (2K,) "tY?p~1 (2:5)

K
Where K, becomes k,, = p—i and correspond to the parabolic oxidation constant with unit m?/s. By

replacing Eq. ( 2-5) into Eq. ( 2-4 ) and using the parabolic constant k,, we obtain the mass of the

oxide in function of the oxide thickness based on the parabolic kinetics.
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m = (2k,)"*t1/2- A p (2:6)

The mass of oxide m [kg] can also be related to the quantity of electricity passing through a
surface area of a metal (charge density g) using Faraday’s law. The obtained current corresponds
to the quantity of charge exchanged during a chemical reaction.

=q'A'Mmol
n-F

m (2-7)

Where g [C/m?] is the charge density, A [m?] the surface area, Mmo [kg/mol] is the molar mass, p
[kg/m?] the mass density, n the charge number and F the Faraday’s constant [C/mol]. By replacing
the Eqg. ( 2-6 ) into Eq. ( 2-7 ), the charge density can be described in terms of parabolic kinetics
(Eq. (2-8))

p-n-F

q= (ka)l/ztl/z (2:8)

mol
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2.2.2 Wear

Wear was defined in the seventies [13] as a progressive removal (or displacement) of material
from one body when subjected to contact and relative motion. This definition was applied for
sliding or rolling motion and did not take into account the interactions of the body with the
environment neither the chemical reactions happening in the contact. Under these considerations,

wear can be caused by a plastic deformation at the interface but also by chemical processes.

a) Adhesive

N - h &

adhesion

b) Abrasive

crack

c) Fatigue

d) Tribo-chemical

Corrosion activated
' by wear »v\"

Reaction layer )
- L RS - -

Figure 2-6 Wear mechanisms a) Adhesive wear, b) Abrasive wear, c) Fatigue wear and d) Tribo-chemical wear [13]

Adhesive wear (Figure 2-6a): occurs when a soft asperity with strong adhesion to the relative flat
surface is in contact. This interaction produces a crack at the front edge of the contact and a wear
particle is generated. The critical factors affecting these mechanisms are the size of the

geometrical surface area, bonding forces, surface contamination [13].
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Abrasive wear (Figure 2-6b): occurs when a hard surface slide against a softer surface and the hard
particles remove material from the opposite surface. Abrasive wear mechanism depends then on
the hardness ratio between the abrasive and the abraded material (larger than one) and on the
roughness of the abrasive material. In order to describe how abrasive wear occur, three main
mechanisms were proposed: plowing, cutting and fragmentations. The first one correspond when
material is displaced to the sides and forming ridges. This latter does not correspond to material
removal. The second one (cutting), when material is took out of the surface in form of microchips
with only a little material removal and some ridges. Fragmentation occurs when material is

separated from the surface by a cutting process (fracture produced by the indenter) [13].

Fatigue wear (Figure 2-6¢) : is produced when local yield is generated in the subsurface when load
is applied in the asperity contact. The yield zone is extended and a crack generated by the
repeated rubbing process. The surface is delaminated by the crack propagation. The critical factors
affecting this mechanism are the load, number of cycles, residual stress and surface roughness

[13].

Tribo-chemical wear (Figure 2-6d): Also known as oxidative wear or tribocorrosion. It occurs in
presence of oxygen or other oxidized agents. It happens when an asperity moves with respect to a
surface covered by an oxide film that detaches at the contact area. The bare metal corrosion is
then activated and a new oxide layer forms. The critical factors affecting this mechanism are the

mechanical properties of the surface, the kinetics of the reaction, kinematics and loads [13].

Regarding these mechanisms wear phenomena should be considered as a system property and
not a material property. In order to describe wear depending on different parameters, several

laws were developed; some of them are presented below.

Archard approach

An approach for explaining sliding wear is a theoretical analysis made by Holm and Archard (1953).
They considered that technical surfaces are never perfectly smooth. Instead they are characterized
by roughness and asperities. Thus, they described wear as a consequence of the contact between

surface asperities (Figure 2-7). They proposed that the true contact area A, is the sum of the
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individual asperity areas. These individual areas are proportional to the normal load and the local
deformation is assumed to be plastic. In fact, the normal load is maximally supported when both

areas completely overlap (Figure 2-7,stage lll).
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Figure 2-7 Schematic diagram of the contact evolution during the motion of two asperities where a is the radius of a circular asperity contact.
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Under this condition, load variation (6F) is expressed as proportional to the flow pressure P and
the contact area A. The flow pressure corresponds to the indentation hardness H and A; to the
area of a single particle assumed to be circular (4; = - a?)

6Fy =P+ A (2-9)

During sliding (Figure 2-7, stage IV and V), the supporting of the normal load is taken by other
asperities and as a consequence a continuous creation and destruction of contact areas. The total

normal load is then proportional to the sum of all the contact areas (Eq. (2-10))
FszdFNszAizH-Ar (2-10)

Under these considerations, wear is associated to the detachment of asperities fragments
produced by the continuous sliding and its volume depends on the size and number of the asperity

- -a® Not all the

wiN

junction. The mean volume assuming a half sphere of radius a is §V =

asperities contacts leads to wear particles, so it can be assumed that only a proportion k detaches.
The wear rate (worn volume per unit sliding distance) is then proportional to the mean volume 6V
and follows the relation:

6W_K-6V_lc-n-a2
~ 2:a 3

(2-11)

The total wear rate W due to all asperities contacts is then the contribution over the total contact

area :
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K
W=Z5W=§Z mra’?=K-A, (2-12)

By assembling Eqg. ( 2-10 ) and ( 2-11 ), we obtain that according to Archard, the volume V per unit
of sliding distance I is proportional to the normal load Fy and the hardness of the softer material
as presented on Eq. ( 2-13).

FN'lsl
H

(2-13)

V=K

Where K is an a-dimensional wear coefficient [-]. The typical K value varies from 107 to 10 as
reported by Black et al. (1993). Its numerical value depends on the material removal mechanism

(abrasive, adhesive, fatigue wear, etc).
Oxidative wear

Quinn has proposed an oxidation wear mechanism involving the removal of the oxide and its
regrowth [20]. The wear rate (w) is the volume per unit sliding distance and it is calculated
according to the Eq. ( 2-14).

dAA,
= g2p2y f2 e

w —Qp/RTpo (2-14)

d: distance of sliding contact at an asperity, A: real contact area, A,: Arrhenius constant, Qp:
activation energy, T,: temperature of oxidation, R: gas constant, £: wear particle thickness, p:
average density of the oxides within the critical oxide film thickness, V: speed of sliding, f: mass

fraction of the oxide which is oxygen.

This mechanism has been used to explain wear in the gripper latch arms coated by Stellite [9]. The
observed worn areas in this component presented a polished surface and a minimal subsurface

deformation, typical characteristics of this mechanism [20].

The reformation of an oxide at a given temperature is influenced by the resting time between two
successive strokes (dwell time). Longer is the dwell time thicker is the reformed oxide. The effect
of this parameter was observed on Stellite coated components where wear per stroke increases
when the latency time is longer [9]. Indeed, longer time intervals between two strokes allow for
the growth of a thicker oxide film and thus for more material removal at the successive stroke. In

contrast, Aurore tests on self-mated 304L steel showed lower wear at longer latency time [17]. As
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a consequence of theses observations, the Quinn’s wear mechanism based on the oxide kinetics

regrowth is not sufficient to describe the overall wear behavior.

The oxide formed on the top of the metal can have different functions. It can act as a protective
film against corrosion but also limits the ductility of the metal and thus promote wear [21].
Numerical simulations of sliding/impact processes occurring on stainless indicated that the
presence of a thick film could reduce significantly the strain of the underlying metal [21]. However,
results obtained on Norem02 are not in agreement with a mechanical protective action of the
oxide film. In fact, these authors observed that wear was larger at 455K (micrometric film) than at
room temperature (nanometric film). This behavior was however not observed on a Fe-Cr-C-Si

alloy or on Stellite6 [22].

Regarding the observed phenomena. The role of the formed oxide can then vary depending on the

material, environmental and the mechanical conditions to which it is subjected.

Tribocorrosion

Tribocorrosion damage result from the interaction of mechanical and chemical factors and is
usually different from the simple addition of wear and corrosion taken separately. In fact, friction
and wear modify the sensitivity of material to corrosion and conversely corrosion modifies the

conditions of friction [23].

In tribocorrosion contact degradation results from the combination of mechanical wear
(detachment of metal particles) and wear-accelerated corrosion due to the periodic removal
of the passive film protecting the metal against the aggressive environment [23]. A schematic

representation of the mechanism is presented on Figure 2-8.

Wear-accelerated
corrosion

Mechanical
wear
(particles
detachment)

Metal

Figure 2-8 Degradation mechanism of passive metals subjected to tribocorrosion.
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* Current modeling

Landolt et al. [24] have proposed a model that takes into account corrosion during rubbing of an
inert material against a passive metal. This model describe the behavior of the generated anodic
current during rubbing due to the subsequently repair of the oxide. It is assumed that this anodic
partial current is proportional to the depassivation rate (Rgep [m?/s]) and the repassivation charge
density (g, [C/m?]):

L = Rdep "Ap (2-15)

The Rgep depends on the surface morphology and the contact between the asperities and it can be
defined in terms of a probability factor k’, the average rate of renewal of asperity contact R, and
the average asperity contact area A;q,.. The two latters can be described in terms of the geometry
of the depassivated asperity. The obtained relation is presented on Eq. ( 2-16 ).

Rgep = k' "Ry Aj g (2-16)

Three different cases where described in order to determine the anodic partial current I,. They are
schematically illustrated in Figure 2-9. The first case corresponds to the contact between two
rough bodies (Figure 2-9a), the second is the contact between a hard rough indenter against a
smooth surface (Figure 2-9b) and the third one is a smooth hard body sliding on rough ductile
body (Figure 2-9c).

a) Case A b) Case B c) Case C

Vs Vs

—

Py Do

DAY w-]

—

Figure 2-9 Three models for the estimation of the effect of normal force on the depassivated area: (a) Contact between two rough bodies, (b) hard
rough body sliding on smooth ductile body, and (c) smooth hard body sliding on rough ductile body. The movement is on the direction of the sliding
velocity v, [24].

The current generated due to the continuous passivation/depassivation of the damaged surface

based on the model is described in Eq. ( 2-17).
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Fy

b
IT=K-vS-qP-(ﬁ) (2-17)

Where K is the proportionality factor, v; is the sliding velocity, Q, the repassivation charge density,
Fn the normal force, H the hardness and b a parameter that depends on the contact geometry.

The parameter b varies between 0.5 and 1 depending on the case to which it is applied.

The mathematical description of the current depending the treated case and the description of

the proportionalities constant is summarized on Table 2-1.

Table 2-1 Current equations depending on the model with the description of the proportionalities parameters.

Mathematical expressions of the current depending on the models

Case A Case B Case C
FN 0.5 FN 0.5 _ . . . FN
IrzKa'vs'Qp'(F) Irsz'vS'Qp'(F) I =K. v 0Qp "2
1 1 k'
K, =0.89-k'-n? Ky =112 -k'-n} - cosa Ke==

k': Probability factor, n;: number of asperities depassivated simultaneously, a: average attack angle of asperities,

A: length of the smooth body in sliding direction.

The values of the proportionality constants as presented on Table 2-1 are dependent on the
number of asperities that can be depassivated at the same time. This value being hard to evaluate,
the Eqg. ( 2-17 ) is commonly used for estimating the influence of electrochemical, mechanical and

material properties on wear accelerated corrosion [25].
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Third body concept

Godet [26] introduced third body approach in the 70s in order to describe friction and wear
behavior by taking into account the screening effect of “wear debris” in dry contacts. This concept
was introduced to identify the medium at the interface between two solids in contact. It was
proposed that during friction between two bodies, particle detachment accumulation can

generate a third body in between the two initial bodies.

Berthier [27] contribute to develop the model by introducing scale factor and dynamic
interactions. The latters constitute the notion of velocity accommodation mechanisms varying
along the contact and time. This approach was used as a mechanical approach (mainly on

lubrication) by describing a cycle into a tribological circuit.

Descartes [28] has defined the function of the third body as being a medium that transmits the
load between the two bodies while accommodating the greater part of their difference in
speed. It was exposed that the stresses and displacements imposed on the contact will
contribute to the particles detachments and formation of the third body. The author described
the flows of the third body as is present on Figure 2-10 with 6 different flows. An internal flow
Q;, that circulates between the first and the second body. Third body is feed by external
sources: particles from the environment Qs¢ and from the first body Qs'. Particles from the
third body going out of the third body follow a external flow Qe or re-introduced in the
internal flow by flowing Q.. Particles that are completely ejected from the contact constitutes

a wear flow Qu.

recirculation flow Q,:
reintroduced particles

external flow

external source Qg

e d internal flow Q; Q
artificial 3" body — em—— h' ¢ \

. Wear flow Q,,:
. i . .
internal source QS : particles which are
detachment of particles definitely ejected
natural 3™ body 5 i % from the contact

Figure 2-10 Tribological circuit for an elementary two-dimensional contact [28].
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This approach was adapted by Landolt et al. [29] to describe tribocorrosion systems where the
metal can passivate in presence of the electrolyte. The proposed model exposed that the contact
(immersed in an electrolyte solution) has a ductile-conductive material (first body) and an inert-
hard indenter counter piece (second body). The Figure 2-11 shows the different phenomena that

could occurs during rubbing as proposed the authors.

Metal s s e e e e
particles
dissalution
oxide e
! diss,3
pf-.‘tl'tl(_:les I metal particles
sjecton or ‘\ A ————— F it :
dissolution P [ranSfE'r \‘;/ ejection
oxide film m,3 .
dissolution 32 A metal ejection
f'/’ by ploughing
activa metal s,
dissolution Jmsg !

| THIRD BODY || “m.1! I

dlsstﬂu[lol‘l’/{// AR particle

_a # detachmeant
fo rrnatlon

Uisidt

Figure 2-11 Schematic illustration of a tribocorrosion contact involving a ductile metal (first body) sliding against a hard inert counter piece (second
body). Wear particles originating from the metal form a third body.

The fluxes can be described by dividing the fluxes in three different groups regarding its nature

(metallic particles) and the phenomena to which they are summited (oxidation and dissolution).

METALLIC PARTICLES
Jm, 13 : metallic wear particles torn from the first body
Im,3 : particles ejected from the third body
Jm,32 : metallic particles form a transfer film on the 2" body
Im, 31 : metallic particles can be spread on the first body

3 and 4 do not contribute to measure the total wear. The latter only corresponds to the material

that leaves de contact.
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OXIDATION
Jox3-3 : metallic third body particles (electrochemical oxidation)
Jox32 : oxidized products can be transferred to the 2" body
Jox3-1 : oxidized products can be spread to the 1 body
Jox1-1 : surface oxide film formation
Jox : oxide film may undergo chemical dissolution releasing metal ions
Jox1-3 : Release of solid products from the film by forming 3" body particles

DISSOLUTION

Jdiss 3 : Metallic 3™ body particles 2 dissolved ions

Jdiss 1 : Dissolved ions, metal dissolution

This vision of the tribocorrosion process requires the identification of the relevant mechanisms
and the governing laws of the flows as well as their interdependence. However, this pre-requisite

is not available at this point. And this is the main challenge for using third body model.
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2.2.3 Tribological Transformed Structure

During rubbing, the metal is subjected to different mechanical solicitations that lead to plastic
deformation and changes in the oxide structure. The subsurface deformation after a
tribocorrosion test can present different zones as shown in Figure 2-12 [30]. The zone 1
corresponds to the un-deformed metal. The zone 2 is composed of plastically deformed and work
hardened material. The deformation is more pronounced near the surface where severe plastic
deformation can lead to the build up of thin grain-refined layer. In zone 3 the composition differs
form the underlying metal due to mechanical mixing of surface oxide and metal.
Movement of
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Figure 2-12 Schematic representation of different zones due to the subsurface deformation at room temperature [30].
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2.3 Wear phenomena in PWR
Scratching and plastic deformation

Figure 2-13 show the observation on tests under PWR conditions using 304L alloy showed a
surface covered by scratches and ridges due to the plastic deformation of the surface in contact
with hard asperities (sleeve on zirconia). The ridges were observed to appear on the lateral
borders but also on the frontal part of the scratch. Considering these observations, the surface
degradation was attributed mainly to an abrasion wear mechanism. Tests using 316L nit (nitrided)
did not show scratches similar to the 304L, in contrast the oxide was spread and compacted on the
surface [31]. Moreover the author proposes that the increase of cycles could cause a mixing below
the surface when rubbed more than 200 cycles. Indeed, ridges created during scratching of the
metal could be detached after repeated passes and incorporated into the friction film [32].
However, the metal particles rapidly oxidize as soon as exposed to the environment during

smearing of the film.

Figure 2-13 Upper view of a wear track on stainless steel 304L obtained in PWR conditions test (Tube JP4 (304L, pH7.9), 0.2V/Pt, 1N, 113 cycles).

Plastic deformation due to the cyclic rubbing under PWR conditions also showed the presence of
“lamellar zones” (Figure 2-14) with a length between 30 and 60 um and a 20-30um width. These
zones were observed on cross sections realized on the tube and sleeve samples tested under PWR
conditions. They are characterized by a laminated appearance more or less marked. It is observed
superposed thin layers with contrasts similar to the substrate and the oxide [31]. Only few of these

zones could go up to of a length of 100um. These zones are harder than the substrate. TEM
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images showed that this area presented an austenitic phase with compatible martensitic phase.
They were observed to present cracks that suggest facilitating the oxygen diffusion and giving rise

to partial oxidation [31].

Dépét de Ni

fissuration et oxydation dans la zone lamellaire

Substrat 10 pm

Figure 2-14 Cross section of a lamellar zone presenting cracks and partial oxidation.

Depassivation

It was observed [16] that moving the pH of pressurized water at 300°C from 6.9 to 5.2 leads to a
significant increase in wear of a 304L couple. These authors used pressurized water equipped with
an electrochemical set-up allowing for the control of the oxidation rate in-situ and in real time. At
the onset of rubbing the anodic current was found to increase thus indicating the occurrence of
oxide film removal and consequently oxidation of the bare metal exposed to water. The amount of
metal oxidized during rubbing was extracted using Faraday’s law from the current enhancement
observed during rubbing. By comparing the electrochemical response in the investigated pH they
concluded that the difference in wear could not be attributed to metal oxidation solely and thus
that another mechanism than oxidative wear was controlling the overall material degradation. The
authors tentatively attributed the pH effect on wear to the electrostatic repulsion forces exerted
by the double layer formed on each immersed contacting surface. This repulsion forces oppose to
the normal load applied to the contact and thus reduce damage. Similarly, the possibility that
electrical charges produced by friction influence wear of oxide coated metals was tentatively
discussed [10]. However, these phenomena are still little understood and therefore it is difficult to

assess their real impact on wear.

42



Chapter 2: State of the art

Wear morphology with particle re-deposition

Comparing the non-rubbed surfaces at different pHs showed that the friction film can be thicker
(304L, pH 6.9) or slightly thinner (304L pH 5, 316L nit pH 6.9) than the original oxide film. These
indicates that pH 6.9 favors the agglomeration of detached oxide debris particles in a thicker film
while this does not happen at lower pH. A reasonable explanation lies in the surface charges that
develops on the surfaces and that can create repulsion forces between particles impeding
agglomeration. Surfaces charges are at minimum at pH corresponding to the point of zero charge
(PZC) that for iron and chromium oxide varies approximately between pH 6.5 and 8 at room

temperature.

In tribocorrosion test at PWR conditions using 304L alloy was observed that the pH modifies the
composition of the external oxide layer. At pH 6.9 the external oxide layer was rich in iron but at
pH5 it was chromium rich. In fact, the electrostatic repulsion created by changing the solution pH
could influence the sedimentation of certain debris particles inside the wear track. It was observed
that crystals of the primary oxide layer are recovered by particles. In fact, the isoelectric points of
chromium (Cr,03) and iron oxide (Fe,03) are 6.5 and 8.5 respectively [32]. This pH is near to 7.9,
which induces the oxides particles that detaches from the surface to be less charged than at pH 5
and in consequence sediment in the wear track. The re-deposition phenomenon was also
observed when testing 316L nit alloy under PWR conditions [31]. Figure 2-15a show that outside
the wear track, single crystals with well-defined structure are observed; in contrast, inside the
wear track (non-compacted zones), fines particles covers the initial structure as presented on

Figure 2-15b.
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OUT OF THE TRACK INSIDE THE TRACK

Figure 2-15 SEM images worn and un-worn surface of a tube after tribocorrosion test under PWR conditions (EC12) using 316L nit. at pH 6.9, under
OCP conditions, during 70h and by applying a normal force of 10N. a) Surface structure observed out of the wear track, b) Inside the wear track
inside a non-compacted zone [32].

Mechanical mixing

The mechanically mixed zone situated below the oxide layer (Figure 2-16a) showed a dynamic
behavior and affect the substrate situated below. The chemical composition of the mechanical
mixed zone located below the wear track, using X-ray spectrometry, on a tube cross section
showed that this zone can be rich in oxygen and impoverished in iron (Figure 2-16b). A gradient of
oxygen concentration was observed with the increase of the particles size. In fact, more oxygen
was present on the nano-grain zone and diminishes when going to the substrate. The author
describes this behavior by the superposition of thick layer of stainless steel and oxides [31].

Rubing
direction

Coating b)

O ——— \q
~ Mechanically mixed oxide |
s bl .
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1

Figure 2-16 a) FIB cross section of a lamellar zone in the so-called friction film, b) SEM image of micro-refinement under the worn zone of a tube on
stainless steel [31]
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Mechanical mixing behavior was related to the scratching phenomenon presented previously in
this section. Perret [32] proposed a mechanism (Figure 2-17) explaining the incorporation of metal
in this friction film. Indeed, ridges created during scratching of the metal could be detached after
repeated passes and incorporated into the friction film [32]. However, the metal particles rapidly

oxidize as soon as exposed to the environment during smearing of the film.

) ) II. First scratch . IV. Ridge breaks and
I. Oxide formation . . lll. Flattening
(Ridges formation) smeared

Figure 2-17 Schematic representation of the wear mechanism producing mechanical mixing on tests performed in PWR conditions [32].

Tribological Transformation Surface (TTS)

Figure 2-18 show the cross section inside the wear track after a tribocorrosion tests using 316Lnit
in the rubbing direction. It presents a summary of most of the observations in this section. This
image shows the presence into three zones: oxide layer on the top part, a zone with mixed oxide
and metal and the third one a zone with plastic deformation. These observations are in agreement
with Rigney [29] features concerning the TTS behavior. The plastic deformation area (zone 2) was
observed to present a gradient of hardness in the subsurface metal layer after PWR wear of
stainless steel [4, 7]. In some cases work hardening resulted in remarkable embrittlement of the
metal leading to cracking during hardness indentation tests [4]. In Norem 02 (hard facing iron base
and cobalt free alloys) tribologically induced martensitic transformation was observed at
temperatures below 465K. Above this temperature, where thicker oxide films are formed, severe

wear and large plastic deformation was observed [22].

The area with mixed oxide and metal was typically found on worn surfaces and so-called friction
film [8, 31, 32]. This film corresponds in principle to the Zone 3 illustrated in Figure 2-12. They
were described as being composed by compacted and smeared oxide wear debris particles. In the
case of the stainless steel, the friction film was observed to be twice as hard than the substrate

metal. It could present a martensitic @’ phase due to work-hardening process [32].
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Plastic deformation

Figure 2-18 Metallographic cross section of the tube wear area in stainless steel (AlISI 304L) performed under PWR conditions [31]

Evidence of subsurface deformation was also observed on Zr alloys [33] and Inconel [34] alloys.
The formation of cracks and strained layers increases with the applied load on the Zr alloys [33,
35]. The brittle behavior observed was attributed to a delamination wear mechanism (platelets
detachment). In the case of Inconel, the subsurface deformation was influenced by the formation
of smaller cells (690TT alloy) that can easily accommodate large strains. This assumptions permit
to rely the subsurface deformation to a reduction of wear comparing the 690TT alloy (smaller

cells) and the 600MA alloy [34].

The observed phenomena related to the subsurface deformation have shown that the presence of
friction films and/or oxide could influences the mechanical response of contacts and thus wear.
Moreover, they can show the presence of different mass laws going through this so-called friction

film. In consequence this behavior can be represented as a third body concept.
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2.3.1 Wear models in nuclear domain

A lot of laws and parameters have already been proposed in order to explain the wear taking into
account the mechanical and chemical aspect. Some of them were used in the nuclear domain. For

example, in the eighties Frick et al. [36] developed a work-rate model described by a time
dependence of the Archard’s equation (V = k%’"l) correlating wear volume V(t) with the work

W(t) done during the wear process [37]. The work energy has also been used to determine the
work depth in fuel rods [38] and the critical sliding conditions [31]. Ko et al. proposed that the
utilization of the tangential force in a wear model concerning impact sliding was better adapted to
estimate the wear behavior. Other proposed models are based on the oxidation kinetics [9, 39] or
the latency time [9]. The majority of the proposed models are based on the mechanical approach
(Archard’s), vibrational modes (VITRAN) and corrosion (Faraday’s law) separately. Some of theses

models and the parameters used are exposed on the Table 2-2.

Table 2-2 Examples of wear rate models

Frick ‘s model [38, 40] | Wear depth model [41] Numerical simulation | Wear for CRDM
[42] (9]
Based on Archard’s | Based on Archard’s model VITRAN  (vibrational | Based on
model V=KQS model) Faraday’s law
av(t) dw (t) dD(x) dS(x) t =i
dat v at o - Ke— (Wn>=%ffd ¢ lttt -n
o) 0 - f i, (—) dt
o — o
if W) > Ww, = kNt "
V (t) wear volume D(x) t Q
W(t) specific wear | wear depth transient time Quantity of
rate coefficient S(x) f material loss per
F slip distance at a specific | normal impact force, | step
force point within the contact|g k
I(t) region. rod sliding distance constant
sliding distance q(x) S(x) N
K, local dissipated energy due Steps number
proportionality factor to the shear stress in the t
contact time  between
two steps

The observed phenomena in the literature study has shown that wear in PWR conditions involves
a number of complex phenomena controlled by the interaction between mechanical and chemical

effects at different length scales. A few models were proposed to quantitatively describe wear in
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these conditions. However, none of them includes any combination of mechanical, chemical and
material aspects. In order to develop a new approach to tribocorrosion modeling, the third body
concept will be used as a tool because it integrates different phenomena by introducing flows; as

is explain on the next section.

2.3.2 Mass flow on Aurore PWR conditions

Based on the third body approach, Perret [32] proposed a phenomenological wear model that
describes wear process as a series of mass flows. Phenomena such as oxidation of the bare metal
following a parabolic kinetics, particles deposed inside hollows (re-deposition), the thickening,

compacting and mixing of the oxide permitted to construct the model observed on Figure 2-19.

METAL

Figure 2-19 Mass flow model proposed by Perret [32]

The mass flow model proposes that the oxide could be considered as a third body and is formed
by the flow Jox1.3 (oxidation) coming from the bare metal. Due to rubbing and the mechanical
deformation observed below the surface, some local depassivation can be formed and give rise to
scratches and ridges. This phenomena lead to a mixing of the oxide which could introduce metal
particles on the oxide by the flow Ji 1.3 or re-introduce this particles on the bare metal following
the flow Ji, 3.1. The metal particles that remains on the oxide can oxidize by been in contact with
water following the flow Jo 3.3. The particle ejection from the 3" body happens by following the
flow Jox 3 and Jm 3 that corresponds to the oxide particles and the metal particles (already on the 3"

body) respectively.
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Based on this model, wear was suggested to be limited by controlling the flows Jox3 and Jm3s
together with the mixing of the oxide. The factors affecting the behavior of the 3" body on this
model depends on the mechanical efforts, mechanical properties of the oxide and metal, and

adhesion properties between the bodies.[32]
2.4 Conclusion

The nuclear industry requires a better understanding of tribocorrosion in PWR in order to develop
predictive models and test equipment allowing anticipating the lifetime of tribological

components of nuclear reactors.

The literature study has shown that wear in PWR conditions involves a number of complex
phenomena controlled by the interaction between mechanical and chemical effects at different
length scales. A few models were proposed to quantitatively describe wear in these conditions.
However, none of them includes any combination of mechanical, chemical and material aspects.
The phenomenological model proposed by Perret in his thesis constitutes a promising approach
for rationalizing the deterioration phenomena and the associated critical factors reported in

literature. However, it does not allow quantitative predictions.

The information obtained in this chapter will permit to define the thesis objectives and the

strategy to be adopted in order to model PWR tribocorrosion.
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Thesis objectives and strategies
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3.1 Goal of the thesis

This thesis was initiated with the general aim to provide theoretical tools for assessing and
anticipating sources of wear problems in nuclear reactors and for the selection of appropriate
materials and designs. As seen in the previous chapter tribocorrosion phenomena in PWR are
complex and involve a number of different mechanisms including various interactions between
mechanical and chemical factors. The appraisal of this complexity requires a theoretical
framework capable of qualitatively and quantitatively link the different deterioration mechanisms
and the corresponding governing physical laws. Among the existing tribological concepts only the
third body approach appears to satisfy this need. Based on this approach, J. Perret postulated that
the wear process in PWR relevant conditions could be described by a number of mass flows
involving material transfer from the contacting body to a third body generated during sliding (the
friction film) on the body surface and subsequent transfer from the third body to the
environment. Perret's attempt (Chapter 2, Figure 2-19) allowed rationalizing qualitatively many

experimental observations but was unable to provide any quantitative framework.

In this perspective the goal of this thesis is to develop a quantitative model of the mass flows
through the third body in an attempt to generate a theoretical framework able to predict the wear
of metals operating in PWR conditions as a function of well defined parameters and by considering

the interplay among different degradation phenomena.

Such an attempt implies a number of scientific challenges:

- To identify a set of mass flows corresponding to the main degradation mechanisms
observed experimentally. At the initial stage, the number of considered mass flows has to
be kept at a minimum and this for simplicity reasons. Nevertheless, the set should be at a
later stage expanded to include other phenomena.

- To describe, for each flow, a physical law based on a mechanistic vision of the involved
process. This task is particularly challenging, as some processes can hardly be isolated from
the overall wear process. This is for example the case of the chemical reactivity of metal
particles incorporated in the third body that can hardly be investigated as distinct process.

In this case, assumptions must be taken.
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- To incorporate the physical laws into a system of differential equations to be integrated

into an effective wear predictive model.

Comparison with experimental observations will serve to assess the validity of the model, its limits
and its improvement perspectives. Note that due to the complexity of the phenomenon the
available amount of experimental results obtained under well defined, model relevant conditions
are limited. The development of a third body based mass flow model of tribocorrosion in PWR is a
complex task and must be seen as an iterative process where initially simple models will be refined
based on ad hoc designed experiments and the introduction of more comprehensive and detailed

physical laws.
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3.2 Strategy
Third body approach of wear in PWR conditions

Figure 3-1 summarizes in a schematic way the experimental observations on the structure of
metals surfaces after tribocorrosion in pressurized high temperature water as found in PWR. The
metal surface experiences work hardening leading among others to the formation of a nano-
crystalline surface layer, as typically found in tribocorrosion systems at room temperature [43-46].
Under the effect of repeated deformation the metal surface experiences mechanical mixing with
the surface oxide formed by corrosion reaction. As suggested by the absence of metal on the
outer oxide layer, the metal particles embedded in the oxide layer progressively oxidize in contact
with water either at the oxide surface or when the oxide film locally cracks. Finally, wear occurs by
detachment of oxide particles and their dispersion in the agueous environment. Some of the
detached oxide particle may nevertheless redeposit on the oxide surface. For the purpose of
modeling the surface structure is divided in three sections: the liquid environment constituted by
water, the friction film including the mechanically mixed layer, the oxide layer and the redeposited
oxide particles, the metal substrate comprising the nano crystalline layer, the deformed

subsurface and the bulk material.

Water with wear (4 Water

debris o

Oxide layer including

redeposited particles Friction film
Mechanically mixed (third body)

layer

Metal, including
nanocrystalline
surface layer and
deformed subsurface

Metal

Figure 3-1 Schematic view of a summary of the experimental observations on the metal surfaces after a tribocorrosion in PWR conditions.
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3.2.1 Flows and compartment description

The starting point of the present modeling attempt is the mass flow concept proposed by J. Perret
encompassing source mass flows from the metal or from the water alimenting the friction film
(considered as third body), internal flows accounting for third body chemical transformations and
wear flows describing the definitive elimination of material from the contact. For the simplicity,

only one sliding partner is assumed to wear while the counterpart is supposed to be inert.

This phenomenological model implies a number of flows described in Table 3-1

Table 3-1 Summary of flows and their terminology

Flow Definition
b1 Metal particles entering the friction film
b2 Oxidized metal entering friction film
o3 Particle detachment from the friction film
b4 Particles re-deposition
¢s Oxidation of metal particles within the friction film

Further, in order to establish mass balances between the different flow, the physical spaces
(metal, friction film, water) were associated to four different compartments (listed in Table 3-2)

fed by specific mass flows (¢p1, ¢z, ¢p3, psand ¢s).

Table 3-2 Summary of compartments and their terminology

Compartment | Definition

1 Contains mass of bulk metal

Contains mass of oxidized metal on the friction film

Contains mass of non oxidized metal in the friction film

Al W N

Contains mass of oxidized metal in water (WEAR)

Figure 3-2 illustrates the correspondence between the physical model of the surface, the involved

mass flows and the defined compartments.
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Friction

film

Thickness

Figure 3-2 Model of the mass flow occuring in a contact operating in high temperature water

The starting point is the compartment C1; which contains particles of bare metal. From this
compartment, the particles feed the friction film in two different manners: The first is transfer of
metal particles. They are integrated in the friction film by mechanical action and deposited on the
compartment C3 following the mass flow ¢1. The second manner to feed the friction film is the
chemical transformation of the metal into oxide particles. The latters moves towards the

compartment C2 following the specific flow ¢>.

The oxide particles are released from the friction film into the compartment C4 by the action of
the flow ¢s. Some of these particles can re-enter the friction film by compaction or
sedimentation from environment and thus return to C2. In this case they follow the flow ¢p.. This
approach assumes that all the particles that will be released into the water solution are oxide
particles. Metallic particles located within the friction film (C3) will oxidize inside the friction film

and migrate to C2 following the flow ¢bs.

57



Chapter 3:Thesis objectives and strategies

3.2.2 Thesis phasing

The thesis will be developed according three successive stages.

As a first step, the physical laws describing the different mass flows will be defined. The physical
law will be established based on a mechanistic understanding of the involved phenomena, which
allows identifying critical parameters. As far as possible, the physical law will be supported by
experimental evidence. For example, the flows ¢, and ¢, can be studied in model systems
operating in water solution at room temperature in absence of third bodies. The obtained results
can be interpreted in term of existing mechanistic models such as described in the previous
chapter. Transposing the obtained results to the PWR conditions requires considering that the
third body will attenuate the stress field acting at the metal surface. Further, moving from room to
high temperature requires adapting the chemical kinetics. This will be appraised by analyzing
experiments carried out in a dedicated high temperature, pressurized tribocorrosion instrument
(Aurore). The flow ¢4 is closely related to the wear rate of metal oxides and can thus be extracted,
at least as a first approximation, from literature data. The flow ¢, requires analysis of the possible
deposition mechanisms and their modeling. The flow ¢5 can hardly be investigated separately and

thus it description must be based on speculative hypotheses.

As a second step the physical laws needs to be assembled in a set of differential equations in order
to establish mass balances in each compartment and obtain in this way a model describing the

evolution of the mass flows as a function of specific physical parameters.

As a final stage the model predictions will be compared to experimental results in order to assess
the validity of the developed model and to identify future improvements and design dedicated set

of experiments designed to improve the model.
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Wear of Stellite alloys and 304L stainless steel

at low temperature

The flows ¢ and ¢, can be best assessed by using a model tribocorrosion system exempt of
friction films as observed in PWR conditions. Such as system consisting of stellite type alloys and
stainless steel rubbing in sulphuric acid at room temperature is investigated in this chapter. Under
these conditions, both types of alloy form a much thinner (1-5 nm) surface oxide layer than the

one observed in high temperature water (um range).

The tribocorrosion of three different CoCr alloys (with varying carbide contents) and stainless steel
was investigated using a reciprocating ball (alumina)-on-plate tribometer immersed in a 0.5M
sulfuric acid solution. Alumina was chosen as a mechanical and chemical inert counter body. The
alloys studied were a Stellite6 (S6) with 22% of carbides, a Stellite 21 (S21) with 6% of carbides, a

Stellite 21 (LCS21) without carbides and 304L stainless steel for comparison.

Tribocorrosion tests were carried out under different applied potentials and under different loads
in order to evaluate determining parameters and mechanisms. Scanning electron microscopy,
laser profilometry and focused ion beam (FIB) were used for surface and sub-surface

characterization of the wear tracks.
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4.1 Experimental

4.1.1 Materials

Three different CoCr alloys (stellites) and one stainless steel (304L) alloy were used in
electrochemical and tribocorrosion tests. The first alloys is a CoCrW alloy named also Stellite 6
(S6), the second and the third alloys are CoCrMo alloys with high (S21) and low (LCS21) carbon
content. The stainless steel alloy is a 304L type. It was obtained from a control rod guidance

assembly furnished by Areva [32]. The nominal compositions of the different alloys are shown in

Table 4-1.
Table 4-1 Nominal composition of CoCr alloys (S6, S21, LCS21) and stainless steel 304L type.
[wt%]
Alloys . .
Co Cr w Mo C Ni Fe Si Mn B

CoCrW

Balance 27-32 4-6 - 0.9-1.4 3 3 2 1 -
(s6)
CoCrMo (S21) Balance 26-28 - 5-7 0.20-0.25 |1 0.75 1 1 0.007
Low carbon

. - . . .32 .24 - - -

CoCrMo (LC21) Balance 28.8 5.68 0.01 0.3 0
Stainless steel

- 19.9 - 0.2 - 10.6 Balance - 2.5 -
(304L)
Microstructure

Carbides were revealed on the three alloys by immersing the samples in a permanganate solution
(4g KMnO4, 4g NaOH in 100ml water) during one minute, subsequently they were rinsed with
distilled water and dried with compressed air. The microstructure of the S21 alloy was revealed by
electrochemical etching at 6V in 8% oxalic acid and afterwards by staining using a permanganate
solution (4g KMnO4, 4g NaOH in 100ml water). This treatment resulted ineffective on the same
LCS21 alloy, which as expected presented no carbide staining. The structure of the S6 alloy was

observed by analyzing SEM images taken with backscattered detector (BSD).

In order to determine the volume fraction of carbides the optical microscope images were treated
using the Imagel) software (Developed by the National Institutes of Health NIH), which first

transforms the grey scale pictures in bit mapped black/white according to a selected color
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threshold (maintained identical for all pictures). Afterward the software calculates the surface

fraction of the two color phases.

Optical microscope image of the S21 alloy microstructure is shown on the Figure 4-1. The
observed grains have sizes varying between 1 to 10 um in diameter. The carbides (stained using
permanganate solution) appear darker on the Figure 4-1. Their size distribution is wide: large
carbides with a size up to 5um were found together with sub micrometer sized carbides.
According to optical image quantification using the software Imagel, the volume fraction of the

carbides is 10%.

Figure 4-1 Optical microscope image presenting the alloys microstructure of S21 alloy. Electrochemical etching has been performed in oxalic acid
solution and carbide staining using permanganate solution.

The Figure 4-2a shows the image obtained by using the optical microscope of the S6 alloy surface
after polishing and stained in permanganate solution. The darker zones represent the carbides.
This image treated by the software Imagel revealed that the carbides volume fraction is ~29%.
Most of them formed a network on the surface and only few were dispersed in the matrix. The

smallest isolated carbides sizes are in the sub micrometer range.

The Figure 4-2b shows an SEM image using backscattered detector (BSD) of the S6 alloy surface. It
was observed that the carbides present two different phases. EDS analysis showed that the whiter
zones corresponds to a Tungsten rich phase and the darker to a Chromium rich phase. The W-rich
phase act as bridges between the Cr-rich phases forming thus elongated carbides agglomerates.

Few of them are randomly isolated on the matrix, their size being in the micrometer range. Image
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analysis (Software Imagel) showed that the Cr-rich phase and the W-rich phase covers ~21-22%

and ~2-3% of the surface respectively.

Similar microstructures were observed in previous studies concerning cast Stellite 6 alloy [[47]]. In
contrast no W-rich phases were observed on HIPed alloys; this behavior was attributed to
dissolution of the W-phase phase on the matrix. Therefore the formation of W-rich phases on

Stellite 6 alloys is directly related to manufacturing processes [48].

g}

W-rich P
carbides

EHT = 6.00 kV Signal A=NTS BSD Date :28 Mar 2013
WD = 7.0mm I Probe = 300 pA o2 N ‘my
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Figure 4-2 Images of the surface of the S6 alloy using a) optical microscope and b) backscattered detector (BSD) on SEM.

The microstructure of the stainless was analyzed in a previous studies using electrochemical
etching [32]. The obtained metallographic section (Figure 4-3) shows that twined austenitic grains

mainly compose the structure of the 304L stainless steel.
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Figure 4-3 Microstructure of the 304L alloy. Its microstructure was revealed using electrochemical etching. Data from [32]
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4.1.2 Tribometer

The reciprocating pin-on-plate tribometer shown in Figure 4-4 was used for tribocorrosion tests.
The back and forth movement is obtained by a linear motor ALS that is driven by an Aerotech’s
Soloist device controlling the amplitude and the velocity of the displacement and the dwell time at

direction reversal during reciprocating motion.

A PP electrochemical cell is fixed over the motor. The three-electrode system is composed of a

reference electrode of mercury sulfate electrode (MSE 0.658 vs. NHE).

Counter electrode (2) : a platinum wire in spires that is placed around the sample.

Work electrode (3): sample

The electrodes are connected to a Bank Wenking LB 95L potentiostat.

Figure 4-4 Tribometer a) 3D view. b) Specific view of the electrochemical cell: (1) Reference electrode, (2) Counter electrode, (3) Work electrode, (4)
Quartz force sensor, (5) Spring, (6) Z-displacement captor, (7) Position sensitive device PSD.

The alumina ball fixed to a 3-component force sensor KISTLER 9251 (4), which is fixed on a
vertically mounted shaft held by a linear ball bearing. This quartz force sensor permits to measure
the orthogonal components of a dynamic or quasi-static force emitting an electrostatic signal
proportional to the acting force. The load is applied on the other end of the shaft by using

appropriate dead weights. The vertical position of the shaft is maintained by a spring (5) (constant
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2.4 N/mm) placed around it that compensate shaft’s weight and allows thus applying smaller

forces.

The table displacement is monitored for control purposes through a laser diode coupled with a

position sensitive device PSD (Hamamatsu) (7).

The electrochemical (current, potential), force (normal force, friction force) and displacement (x, z)
values are continuously monitored at a sampling rate of 1 kSample/s and treated by an acquisition
system based on a analog/digital board installed in a personal computer (PC) and controlled by a

home developed software based on Labview.

The data acquisition software treated the data in two different ways: transient and mean values.
Transient were recorded by continuously monitoring the different parameters during a single back
and forth cycles with a frequency of 1kSample/second. Every minute the current transient was
saved on the PC hard disk. Mean values were calculated as average value of each monitored

transient (typically every second) and continuously saved as a function of time on the PC hard disk.
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4.1.3 Tribocorrosion test

Sample preparation

The samples were polished in water using SiC paper from 500-mesh up to 4000-mesh. Final
polishing was performed using diamond particles of 1um (Struers lubricant). The obtained surfaces
were ultrasonically cleaned in ethanol during five minutes and then rinsed in distilled water and

dried using oil free compressed air.

Tribocorrosion tests were conducted in a 0.5 M H,SO,4 solution. The experimental parameters
tested were the normal force (5.8, 11.7 or 17.5 N), the applied potential (-1.5 or 0 Vuse) and the
dwell time (0.25 or 0.75 s). In all experiments the stroke length and the sliding velocity were kept
constant at 5mm and 20 mm/s respectively (corresponding to an oscillation frequency of 1 Hz).

Each test was performed two times using new alumina balls in order to evaluate reproducibility.

The elastic stresses generated between the alumina ball and the sample surface were calculated
using Hertz theory and listed in the Table 4-2. The average contact pressure largely exceeds the
yield stress of this type of alloy (between 540 and 750 MPa depending on Stellite type). Thus the

contact is expected to behave plastically at least at the beginning of the test.

Table 4-2 Hertz analysis of the alumina/CoCrMo contact

Force [N] E’ [GPa] Pmoy [MPa] Pmax [MPa] Tmax [MPa] 0 [um]
5.8 312 964 1446 482 0.64
11.7 312 1218 1828 609 1.02
17.5 312 1393 2090 697 1.33
E': Effective Young’'s Modulus Pmoy: Mmean contact pressure

Pmax: maximum contact pressure Tmax . Maximum shear stress

0: indentation
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Acquisition protocol

Three types of protocols were performed depending on the applied potential. They are illustrated

in Table 4-3.

Table 4-3 Protocol of the tribocorrosion test depending on the domain of the applied potential

Cathodic potential

Cathodic cleaning |Stabilization |Pre-polarisation |Movement Stand-by
Time 30 (0.25s dwell time, 1800 cycles)
5 5 3 2 3
[min] 3 (0.25s dwell time, 180cycles)
E[V] -1.5 ocp -1.5
Fn [N] - - - 5.8N or 11.7N

Passive domain

Cathodic cleaning |Stabilization |Pre-polarisation |Movement Stand-by
30 (0.25s dwell time) or
Time [min] |5 5 8 2 3
60 (0.75s dwell time )
E[V] -1.5 ocCpP 0
Fn [N] - - - 1.09,5.8,11.7 or 17.5

Open circuit potential

Cathodic cleaning |Stabilization |Load application |Movement Stand-by
30 (0.25s dwell time) or
Time [min] |5 5 3 2 3
60 (0.75s dwell time )
E[V] -1.5 ocCP
Fx [N] - h1.7

Experiments start by a cathodic cleaning at a potential of -1.5Vse. Afterwards the sample is kept
for 5 minutes without any polarization in order to stabilize the OCP (open circuit potential). This
procedure is supposed to yield the same initial surface state for all samples independently on
possible surface contaminations occurring during storage or mounting. The following steps varies

depending on applied potential as follows:

Tests at cathodic potentials: after the stabilization at OCP, the potential of —=1.5 Vst is applied.
After 3 minutes the ball is set in contact with the CoCrMo disk. After 2 more minutes motion is
activated for the given number of cycles (180 or 1800 cycles depending on test corresponding to 3
or 30 minutes duration for a constant dwell time of 0.25 s). After the motor has completed the

requested number of cycles the sample is left under applied potential for 3 more minutes after
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which the ball is lifted, the liquid removed and the sample is rinsed with distilled water, dried

using compressed air, and finally disassembled.

Tests at passive potentials: after the stabilization at OCP, the potential of 0 Vs is applied. After 8
minutes the ball is set in contact with the CoCrMo disk. After 2 more minutes motion is activated
for 1800 cycles (corresponding to 30 or 60 minutes duration for dwell times of 0.25 or 0.75 s,
respectively). After the motor has completed the requested number of cycles the same procedure

as described for the cathodic potential is followed.

Tests at Open circuit potential: the potential is left free during 3 minutes and then the ball is set in
contact with the disk. After 2 more minutes, motion is activated. After 1800 cycles the same

procedure as described for the cathodic potential is followed.
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4.2 Electrochemical behavior

4.2.1 Polarization behavior

The potentiodynamics curves of the three CoCr alloys and the stainless steel 304L in a 0.5M H,SO,
solution are shown in the Figure 4-5. The corrosion potential of the alloys is similar and remains
between -0.7 and -0.8V. Three different domains can be distinguished: The cathodic domain
includes potentials below -0.8V. The current in this domain is due to the reduction of protons and
in a lesser extent dissolved oxygen. The passivation plateau extends from -0.5V to 0.3V. The
transpassive domain is observed above -0.4V. In this region, the current increases with the applied
potential due to water oxidation and alloy dissolution. The latter on CoCr alloys is related to the

oxidation of Cr** species into soluble Cr®* [49, 50].

No active peaks are observed in S21 and LCS21 potentiodynamic curves. The S6 alloy and 304L
exhibit an active/passive transition around -0.7V. The passive domain is smaller for the S6 and

LCS21 compared to the S21 and 304L alloys.

Log (i (A/cm?))
~

-10

-11
-1.4 -1.1 -0.8 -0.5 -0.2 0.1 0.4 0.7
Potential [V/MSE]

Figure 4-5 Polarization curves of the CoCr alloys S6, S21, LCS21 and 304L stainless steel in a 0.5M H,SO, solution. Sweep rate is 2 mV/s.

4.2.2 Passivation transients

The Figure 4-6 shows the passivation transient of three different CoCr alloys and 304L stainless
steel in 0.5M H,S0O, solution. The current decreases exponentially with time due to the formation
and growth of the passive film. This behavior is typical for metal passivation [51, 52] and it was
previously reported for CoCrMo alloys [53, 54] and stainless steel [55].
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The shape of the transients recorded in sulfuric acid solution indicates that CoCr alloys passivate

faster than 304L stainless steel. The current peak is higher in the case of 304L with respect to the

CoCr alloys.
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Figure 4-6 Passivation transients of the stationary Stellite 6 (S6), Stellite 21 (S21), low carbon Stellite 21 (LCS21) alloys and 304L stainless steel
measured in 0.5M H2S04 solution. Potential is switched from -1.5V up to OV.

The passivation transients were used to calculate the passivation charge density Q, in order to
determine the amount of metal that is oxidized when forming a passive film. The values were
calculated by integrating the current density from 0.003s (first measured point after the potential
step) up to 0.5s [51]. Three experiments at OV for each alloy were performed. In the case of the
304L alloy, two potentials were performed, -0.25V and -0V. The obtained charge densities are
presented on Table 4-4. It is observed that passivation charges are similar for CoCr alloys where

the low carbon CoCr alloy (LCS21) is the lowest. Higher values are observed for 304L alloy on both

passive potentials, -0.25V and 0OV.

Table 4-4 Passivation charge densities in 0.5M H,SO, solution.

Alloy Potential [V] Passivation charge Q, [mC/em?]
P ——_—_—_
S6 0 3.11+0.06
521 0 3.55+0.04
LCS21 0 2.92 £ 0.06
304L 0 5.40+0.04
304L -0.25 5.21£0.37
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4.3 Tribocorrosion behavior

4.3.1 Total wear volume:

Profilometry using a non-contact scanning laser UBM Telefokus apparatus (10nm vertical
resolution, 1 um lateral resolution) was used to characterize the wear track geometry. For this 3
scans across the wear track (perpendicular to the sliding direction) were measured on each sample.
Typically, a profilometer scan can exhibit two distinct wear features (Figure 4-7): the track formed
by removed material and ridges formed by metal displaced by plastic deformation during sliding.
The track (V,,,) and the ridges volume (V®) can be determined from the cross section profiles as
follows. The perpendicular area of the track (A,,,) showed in the Figure 4-7 is calculated by

integration along the track width.

b,1 b,2

a ; ; b

) 0.0004 A\\ /.A )
0.0002 * |

0 ittt ol _d__ MWM -
( 0.2 0 0.6 0.8 1 di2

g -0.0002 : : ] | — D>
= -0.0004
-0.0006 [ Atrac!' ‘v
-0.0008 4
-0.001
[mm]

Figure 4-7 Different areas taken in account for the calculation of the wear track and ridges volume. a) profilometer trace, b) estimation of the track
border for the volume cap calculation.

The obtained area is multiplied by the stroke amplitude (5mm) to obtain the V. The complete
track volume should also consider the hemicycles formed at the ends of the strokes. For this, the
end of the track has been estimated as a perfect geometrical half cap (Figure 4-7b), so a complete
cap is formed taking in count the two ends. Its volume is calculated by Eq. (4-1).

T

d/ V2
Vcap =§-(3R—h) R =M (4-1)

2h

Then the track volume (V) is defined as:

Vtrack = (Atrack,l ' Smm) + Vcap (4-2)
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The area of the ridges (A"**) observed outside of the track (Figure 4-7) are integrated over 0.Imm
from the border of the track. The additions of both areas correspond to A"™'*> The ridges are
assumed to go all around the wear track and their volume is calculated in two parts. The first part
corresponds to the length of the track (5mm) and the second to the hemicycles at the end of the
track (V"&?). The distance around the border will corresponds to a semi-circumference of a radius

d/2 (Figure 4-7b). The obtained ridges volume is calculated as:
Vridges — ((Aridge,l + Aridge,z) ; Smm) + (Aridge 1T d/4) (4-3)

It was observed that the S6 alloy (15% of carbides) present the smaller wear track profile. In
contrast, the largest wear track on the CoCr alloys corresponds to the LCS21 alloy, which
corresponds to the alloy with no carbides, and 304L. Both alloys presented large ridges compared

to S6 alloy.

In the Figure 4-8 is presented characteristic wear track profiles obtained for the three CoCr alloys
and the stainless steel alloy (304L) at the same normal load (11.7N). Total wear volumes were
calculated taking into account the area of the cross section, the sliding distance and the

hemicycles formed at the end of the track.

0.004

0.002

0 0.2 04 06 0.8 1
[mm]

Figure 4-8 Profilometer cross section scans of wear tracks formed at OV (passive potential) at 11.7N.
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4.3.2 Chemical wear volume

The chemical wear volume, that, together with mechanical wear, contributes to overall

degradation of the rubbing area, can be extracted from the average current lyean as plotted in

Figure 4-9.
0.25
—1.09N —5.8N —11.7N ~—175N
0.2 —1.09N(2) —58N(2) —11.7N(2) —17.5N(2)
0.15
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g
g 0.1 - LI L B
0.05
0 T T T T
0 500 1000 1500 2000 2500
Time [s]

Figure 4-9 Evolution of the current with time during an experiment at passive potential (0 V) at different loads. Results of two independent tests are
plotted for each load.

For extract this information the procedure described next has been used. First the excess current I,
was determined by subtracting to the value of the current |.an averaged over the rubbing period
the average value of the current values measured just before rubbing onset and 60 s after rubbing
end [51]. This calculation allows eliminating the contribution to the current from the area outside
of the wear track. According to the Faraday’s law (Eq. ( 4-4)) the excess of current produced by
rubbing at passive potential corresponds to an equivalent metal volume (Vnem) that was oxidized.

Ir “Crub Mmol

Vehem = n-F-p (4-4)

where, I, is the current excess, t. is the rubbing time, M, is the molar mass in g/mol, n the

charge number, p density in g/cm? and F the Faraday’s constant.

The charge number is calculated from the molar ratio of the main alloy elements. The elements
considered for the CoCr alloys were the Co, Cr and Mo(S21, LCS21)/W(S6). In the case of the 304L,

the oxidized elements are the Fe, Cr and Ni [19]. If the elements present two valences, their
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average value is used. The data corresponding molar mass, density and charge number of the

alloys is presented on Table 4-5.

Table 4-5 Table of alloys characteristics, the charge number and the valences of the elements taken into account for charge number calculation.

Molar mass P n
Alloy 3 Average value of the valences
[g/mol] [g/cm?] [
LCS21 | 59.02 8.33 2.52 Co +2, Cr +3, Mo +5 (+4-+6)
s21 58.80 8.33 2.37 Co +2, Cr +3, Mo +5 (+4-+6)
S6 61.84 8.44 2.54 Co+2,Cr+3, W +5 (+4-+6)
304L | 55.44 7.86 2.80 Fe +3, Cr +3, Ni +2

The mechanical wear volume is calculated as the difference between the total and chemical wear

volume. The numerical values corresponding to the wear track volume (Viack) are presented on

Table 4-6.
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Table 4-6 Summary of the results extracted from tribocorrosion tests performed at OV and -0.25V (304L).

3 3 3
Alloy | Force COF Viraa*10 Venem *10 Vineah™10 Hardness Hardness
[N] 3 3 5 Inside [HV] | Outside [HV]
[-] [mm’] [mm’] [mm’]
0.21+£0.01 3.30+£0.25 2.50 0.80 920+ 35 670+ 12
> 0.22+0.01 3.63+£0.06 2.59 1.04 875+ 50 668 £9
0.24 £ 0.02 5.5+0.22 3.83 1.66 852+ 10 688 + 91
S6 11.7
0.23+£0.02 5.87+£0.32 3.76 2.11 1012 £ 65 743 £ 144
0.24 £0.01 6.90£0.31 4.75 2.15 975+ 52 750 + 30
1 0.24 £0.01 7.05+0.20 4.79 2.26 895+ 63 712 + 86
0.20+0.01 1.33+£0.04 0.90 0.43 663 + 17 594 + 22
109 0.22 £0.02 1.43 £ 0.07 1.05 0.38 675 %33 555+ 16
0.27 £0.01 6.56 £ 0.12 3.95 2.61 781+21 592 +4
> 0.28 £0.02 6.67£1.78 4.00 2.67 803 +34 538+ 15
s 0.25+0.01 10.16 £ 0.36 6.10 3.13 789 £ 92 554+ 6
s 0.26 £0.01 9.80+0.28 6.47 3.33 780 £ 65 579+6
0.25+0.01 15.61 +0.99 8.60 7.01 771+ 116 597+ 10
1 0.28 £0.02 17.69 +1.58 8.31 9.38 751+ 45 588 + 20
0.23 +0.01 7.75+£0.30 3.89 3.86 848 + 78 462 + 15
LC > 0.25+0.01 7.59+£0.15 3.87 3.72 81152 446 + 23
S21 0.21+0.01 11.79+0.89 6.10 5.86 850+ 56 496 + 38
7 0.23+0.01 12.15+1.15 6.13 6.05 882+21 473 £52
0.28 £0.01 12.13+0.47 6.85 5.28 398 £ 20 180+ 20
304L 11.7
0.29+0.01 12.57 +0.84 6.71 5.86 352+39 174 +5
0.22+0.01 4.74 +0.41 2.96 1.79 304 £ 16 188 + 25
27 0.19 +0.02 4.31+0.14 2.72 1.64 2669 147 +8
304L 0.30+0.01 9.13+0.52 5.66 3.47 350£52 166 +2
0.25V > 0.29+£0.01 9.06 £ 0.25 5.53 3.53 370+ 18 149+9
- 0.26 £0.01 19.49 +1.62 11.52 8.02 3308 168+ 4
7 0.27 £0.01 19.47 £ 0.51 11.25 8.10 365116 143 +11
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4.3.3 Wear topography

The Figure 4-10 show the different patterns observed inside of the wear track for the three alloys

by using high resolution SEM microscope.

The Figure 4-10a show the wear scar of Stellite 6, it is observed that the surface is flat and few
marked stripes can be distinguished. Most of the debris observed was few nanometers in size.
Bigger particles measuring around 1um were rarely observed. Carbides were clearly visible. In few
places, they start to de-bond (#1) but most of them seems to be pull into the matrix (Figure

4-10a).

The Figure 4-10b shows the wear scar of the Stellite 21 alloy. The surface presents marked stripes
on the rubbing direction. A large quantity of debris particles is observed with respect to the Stellite
6 alloy. The debris particles size is in the range of few nanometers. Particle agglomerates were

observed randomly on the surface (#2). Carbides were clearly distinguished.

The Figure 4-10c presents a surface with more stripes compared to Stellite 21 (Figure 4-10b). It
was also observed in few places deeper stripes (#3). Inside the track fine particles (nm range) are
observed, most of them are confined on stripes. A few are spread all around the wear track. No

carbides were observed in the middle of the track.

The Figure 4-10d presents a wear scar with sheet-like wear particles on the surface. This behavior
is related to surface fatigue during repeated plastic deformation by a harder counter-body [56].
Most of the debris observed were apparently compacted and spread over the wear track. Few

debris particles (not compacted) were observed inside the track, their size is smaller than 100nm.

The counter piece in alumina was observed using optical microscope and it did not present

scratches after the tribocorrosion tests of the three alloys independently of the applied force.
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Figure 4-10 SEM images taken inside the wear track at OV and 11.7 N for a) S6 (CoCrW) alloy, b) S21 (CoCrMo) alloy, c) LCS21 (Low carbon CoCrMo)
and d) 304L. #1 carbide de-bonding, #2 debris particles agglomerated and #3 stripes.
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4.3.4 Subsurface deformation (FIB)

Figure 4-11 shows SEM images obtained of a cross section prepared through focus ion beam (FIB)
of CoCr alloys obtained after a tribocorrosion test at 0V and 11.7N normal force. The images were
taken perpendicular to the sliding direction inside (Figure 4-11a, c, e) and outside (Figure 4-11 b, d,

f) of the wear track. The latter was taken at ~300um from the border of the wear track.

* Qutside of the wear track:
Outside of the wear track (Figure 4-11a, c, e), the alloys presented well-defined grains with a size
up to ~3um on the LCS21 and S21 (Figure 4-11a), and ~2um on the S6 alloy. Numerous twins were

observed on the matrix of the three alloys.

Figure 4-11c shows the structure of the Stellite 21 alloy. Grains on the bulk are in size similar to
those observed on the LCS21 except near the carbides where grains are smaller. Carbides

measuring up to 2um are observed on the bulk.

Figure 4-11e shows the bulk microstructure of the S6 alloy. It is observed a grain refined zone on
the top of the surface of less than 0.5um thick. Then larger grains are observed on the bulk
material. They can be distinguished two types of carbides, chromium (dark grey) and tungsten
(white) types, they were observed on grains boundaries. Most of the chromium carbides are
observed to be agglomerated and only few randomly distributed. Tungsten carbides are found

together with chromium carbides. Single chromium carbides measures less than 1um.

* Inside the wear track:
The Figure 4-11b, d, f show the subsurface deformation of samples tested under passive potential
with an applied normal force of 11.7 N. Notice that the initial microstructure of the alloys (Figure
4-11 a, ¢, e) is lost and a grain-refined zone is observed near the surface. The grain size increases
towards the bulk. The formation of the grain-refined zone was observed on previous
tribocorrosion works performed in stainless steel [43-45] and CoCrMo [46]. Its origin was

attributed to the large strain and strain rate, as well as the multidirectional repetitive loading [57].

Figure 4-11b shows the deformation of the LCS21 alloy (no carbides); the grain-refined zone is the
largest compared to the other two alloys. Figure 4-11d present the grain-refined zone on S21, the

grains are observed to be smaller compared to the LCS21. At the lower part of this zone, the bulk
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microstructure is still recognized. Carbides were observed floating in between the nano-grains and
others on the top of the refined zone. The latter remains at the same level than the surface. Figure
4-11f shows that the deformed area on the S6 alloy is smaller compared to the other two alloys
and is limited to the first two microns. Chromium and tungsten carbides were observed to keep
their shape and structure. In some cases, the grains below the carbides are slightly bigger
compared to the ones observed on the refined zone. The bulk microstructure is rapidly observed

below the refined zone.
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4.4 Discussion
4.4.1 Effect of normal force
The total wear volume was divided into chemical and mechanical wear from Table 4-6 for the S21

and S6 alloys. These values were plotted in Figure 4-12 as function of the normal force. It appears

clearly that the normal force influences both the mechanical and chemical wear.

18 18

$21 alloy S6 alloy
16

1.09 5.8 11.7 17.5 1.09 5.8 11.7 17.5
Normal Force [N] Normal Force [N]

Figure 4-12 Evolution of the wear volume with the normal force for tests on Stellite 21 and Stellite 6 under applied potential (OV/MSE).

It is observed that wear increases with the applied normal force for both alloys. The influence is
less important in the case of the Stellite 6 (S6) alloy where the total wear decreases of half when
applying the same force (5.8N). The difference is even higher when applying higher normal loads
(17.5N). The observed difference when testing different loads between both Stellite alloys could
be related to the presence of a higher amount of carbides (¥15%) forming a network on S6 (Figure
4-11c). This structure will acts as an internal structure avoiding the matrix to be damaged. In
Stellite 21, the amount of carbides is less than 5% in volume and they were dispersed on the

matrix (Figure 4-11e).
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4.4.2 Effect of potential

The chemical and mechanical wear volumes from Table 4-6 were plotted in Figure 4-13 as a
function of the applied potential. It appears that tribocorrosion damage of the investigated
CoCrMo alloy is greatly affected by the electrochemical conditions. Indeed, more wear is observed
when a passive film forms on the surface independently whether the potential is applied or not
(OCP). The prevailing potential influences both the mechanical and the chemical wear. Chemical
wear increases with potential from -0.7 V up to 0 V where it tends to stabilize. This increase can be
attributed to the harsher oxidative conditions established at larger anodic potentials. Interestingly
the mechanical wear shows a clear transition towards higher values (5 time increase) when
moving from cathodic potentials to passive potentials. Within the cathodic and the passive

domains the potential does not affect significantly the mechanical wear volume.
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Figure 4-13 Evolution of the wear volume (decomposed in chemical Vchem and mechanical Vmech wear volumes with electrode potential.

The massive difference in mechanical wear between cathodic (free surface) and passive (oxide
film) potential was already reported in the case of carbon steel [58, 59], stainless steels [43-45]
and Ni-Cr alloys [60]. It was tentatively attributed to the embrittlement of the metal surface
(Roscoe effect [61]) caused by the presence of the thin passive film that interferes with dislocation
mobility [44]. Indeed, the SEM images show the occurrence of large plastic flow at cathodic
potential (Figure 4-10c) while at passive potential cracking and material tearing out are observed

(Figure 4-10b).
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At cathodic potential a thinner nano-crystalline layer forms in the wear track indicating a less
damaged surface compared to the passive potentials. Moreover, friction induced strain
hardening is more pronounced at passive potential as indicated by the micro-hardness
measurements (Table 4-6). Further, the larger strain hardening evidenced since the coefficient
of friction is similar or even slightly larger at cathodic potential, the difference in deformation
response is likely caused by the passive film that can act as dislocation source due to its
relative hardness compared to the metal as well as a barrier against dislocation annihilation

at the surface [44].

4.4.3 Effect of carbides content

The Chemical and mechanical wear volumes values obtained (Table 4-6) for the CoCr alloys and
304L, at 11.7N and OV were plotted in Figure 4-14. It is observed that stainless steel behave
similarly than LCS21 alloy with respect to mechanical and chemical wear. Cobalt-based alloys
showed that increasing their carbide content makes them more wear resistant when testing them

on a sulfuric acid solution.
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Figure 4-14 Wear volumes for the alloys LCS21, S21, S6 and 304L decomposed into chemical Vcem and mechanical Viyech wear. The normal force is
11.7N and the applied potential is OV.

FIB cross sections on the CoCr alloys showed a tribological transformation of their surface (TTS)
after a tribocorrosion test as consequence of large strain. The presence of carbides in high amount
(15%) seems to limit this deformation as it was observed on the S6 alloy (Figure 4-11f). In contrast,
the presence of a few carbides (5%) was observed to not influence this subsurface deformation
(Figure 4-11b). This indicates that the carbides structure on the alloys can take part of the applied
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load, as exposed on 4.4.1, and introduce less strain on the matrix even if the applied force is the

same.

4.4.4 Mechanical wear

Mechanical wear, in absence of significant chemical effects is expected to follow an Archard wear
behavior with the wear volume proportional to the normal load, sliding distance and inversely
proportional to the indentation hardness of the metal (Eq. ( 4-5)).

FN'ls
H

Vmech =K- (4-5)

where K is a proportionality constant. In order to check this proportionality the mechanical wear
volumes listed in Table 4-6 for passive potentials were plotted in Figure 4-15 against the
corresponding ratio normal load Fy to the Vickers indentation hardness (load 0.1 Kg) measured
inside the wear track (i.e. accounting for work hardening). In all cases the experimental points fit
reasonably well the interpolation line corresponding to the Archard's correlation. The different
slopes of the curves indicate that the wear coefficient K varies among the alloys, with the S6 alloy
having the lowest sensitivity to wear. Mechanical wear at cathodic potentials is much lower than
at passive potential. Unfortunately, the wear rate at cathodic potential was only measured at a
single normal load and therefore the applicability of Archard law to the alloys rubbed in absence

of passive film cannot be verified.
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Figure 4-15 Effect of the normal force FN and micro-hardness on mechanical wear volume. All tests carried out at 11.7N and OVMSE are considered
for CoCr and 304L.
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4.4.5 Chemical wear

Models exist to describe chemical wear as a function of a number of mechanical, electrochemical
and materials parameters [Chapter 2]. Considering chemical wear as a consequence of wear
accelerated corrosion as plastically deforming asperity contacts, the model proposed by Landolt

[24] predicts that the chemical wear volume follows equation ( 4-6 ):

F 0.5
Ky vs - QP ) (ﬁN) “trub * Mot (46)
Vchem = n-F- p

where K, is a proportionality constant, vs is the sliding velocity in m/s, Q, is repassivation charge
density in C/m?, Fy is the normal force in N and H is the indentation hardness in Pa, t,;, [s] is the
rubbing time, M,,,; [g - mol™1] is molecular mass, n is charge number, F is Faraday’s constant

(approximately 96500 [C - mol™1]) and p [g - cm™3] the mass density.

In order to verify that this law can describe the experimental results obtained here the chemical
wear volumes were plotted against normal force, hardness and passivation charge density. The

obtained trends are presented on Figure 4-16.
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Figure 4-16 Effect of the normal force FN, micro-hardness H and passivation charge density Qp. on chemical wear volume. All tests carried out at
11.7N and OVMSE are considered for CoCr and 304L.

Reasonable good linearity was observed for the tests performed under different loads on all the
alloys. Interestingly, the interpolation curves in Figure 4-16 do not cross the origin but cross the
abscissa at a value corresponding to a normal force of approximately 0.6 N. This suggests that a

minimum force is necessary to trigger chemical wear. This force corresponds to an initial
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average Hertz pressure of 420MPa, a value close to the yield strength of the S21 alloy (500
MPa). Plastic deformation of the contact occurs in principle only when the average pressure
exceeds the yield strength [62]. This explanation is in apparent contrast to the fact that a
similar threshold should be observed for mechanical wear, which also depends on asperity
plastic deformation. This is however not clearly observed in Figure 4-15. It is possible that the
larger scattering in mechanical wear compared to chemical wear masks a possible threshold.
An alternative explanation is that lubrication effects influences wear at low loads and thus

creates this apparent threshold.

The increase in current observed during rubbing (Chapter 1) implies that the factor K, varies
with time. K, depends on the number of asperities and on the probability an asperity contact
effectively depassivates the metal. With on going wear the wear track widens and therefore
the number of active asperities is expected to increase too. This yields larger currents. Indeed,
Dahm [63] observed using a microscope mounted on a tribocorrosion test rig an increase in

current with progressive wear track widening.

However, considering average values, the linear relationship found in Figure 4-16 for tests carried
out under different loads is in good agreement with Eq. ( 4-6 ), which appears as a useful tool to
rationalize the effect of different parameters on the electrochemical response of the alloys during

tribocorrosion.

Clearly, improving of the modeling requires a better consideration of side effects as lubrication,
evolution of roughness and possible evolution of temperature. Local temperature can have and

effect although increasing of temperature could not be observed during the test.

87



Chapter 4: Physical laws for ¢, and ¢,

4.5 Conclusion

In this study the tribocorrosion behavior of three CoCr alloys and stainless steel 304L has been
investigated in a model contact (alumina counter piece, 0.5M sulfuric acid environment, room

temperature). Under these conditions, the following conclusions could be drawn.

Two mechanisms contribute to the CoCr alloys deterioration; wear accelerated corrosion
(corrosion of depassivated metal) and mechanical wear (ejection of metal particles). Archard's
wear law was found to accurately describe the evolution of wear with different normal loads and
chemical conditions while the chemical wear is well described by an existing model describing this
phenomenon as the repassivation of plastically deformed asperities. Moreover, it was observed
that the presence of carbides diminishes the deformed surface below the wear track after a

tribocorrosion test.

The results showed that the electrochemical response is mainly determined by the amount of
metallic matrix during rubbing. It was observed that a higher amount of carbides diminishes
the electrochemical reactivity of the alloy and thus their corrosion. Carbides influence over
the mechanical response is much more complex, phenomena such work hardening, friction,

third body and wear debris were observed to affect the alloy behavior.
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Experiments in high temperature pressurized

water (Aurore tribometer)

This chapter presents the tribocorrosion behavior of Stellite 6 and 304L alloys under PWR
conditions as investigated using Aurore tribometer in high temperature (300°C) and

pressurized (150bars) water. Two test protocols are described:

- short term tribo-electrochemical tests intended to provide insights into oxidation
kinetics, wear mechanisms and electrochemical response of the investigated metal

- long term wear tests aimed at quantitatively establishing wear rates

The obtained results will serve as basis for the definition of the mass flows ¢, (high

temperature water) and ¢,.
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5.1 Experimental

5.1.1 Materials

The samples were made out of the same Stellite 6 and 304L alloys as used for room temperature
tests in the previous chapter. The alloy 316L was subjected to a nitrating processing. This later was
obtained in a plasma containing 10% H,, 20%N, and 70% CH,4. The obtained alloy was named
316Lnit [31, 32]. The composition of the alloys is listed in Table 4-1 (Chapter 4).

The sample configuration consists in a tube sliding against a sleeve as sketched on Figure 5-1a.
The dimensions are given in the table below for the protocol A (short term tribo-electrochemical

tests) and protocol B (long term wear tests).

Protocol Sample Internal diameter | External Height
diameter
A Tube 7.7mm 9.7 mm 5.7 mm
Sleeve 10.7 mm 15.1 mm 3 mm
B Tube 8.7 mm 9.7 mm 11 mm
Sleeve 10.7 mm 15.1 mm 5 mm

Tube

Figure 5-1 Schematic view of the contacting components in the Aurore tribometer.
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5.1.2 Aurore tribometer

Aurore tribometer has been developed by AREVA in order to investigate the wear behavior of
components under pressurized water reactor (PWR) relevant conditions. One of the applications
of AURORE tribometer is to simulate materials degradation in rod control cluster assembly (RCCA)

and CRDM under controlled mechanical and electrochemical conditions.

The general features of Aurore are shown in Figure 5-2. Two coaxial cylinders form the contact: a
stationary sleeve and a mobile tube rigidly clamped on a support mast (Figure 5-2a and Figure 5-2b).
The motion of the tube is controlled by four electro-magnets that permit to obtain different types
of motions. Force sensors placed around the sleeve support measure the normal and tangential
forces (Figure 5-2¢). In addition, AURORE tribometer can be equipped by an electrochemical cell

and a circulation loop for the water flow [16, 32].

The electrochemical measurements are performed using a three-electrode system. The working
electrode is the material to be tested; it corresponds to the tube presented in the Figure 5-2b. The
counter electrode is made out of platinum. The reference electrode is an external, cold,
pressurized Ag/AgCl electrode. A secondary reference electrode (Pt disk) is also used to minimize
the Ohmic drop [8]. The tribometer work in an autoclave at a temperature up to 320+5°C and a

pressure of 154 bars [64].
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Figure 5-2 Configuration of the contact in Aurore Tribometer a) general representation, b) Perpendicular cross

section and c) view from the upper part
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5.1.3 Tribocorrosion test

Environment

In order to simulate the environment of a PWR, a fully de-aerated solution containing boric acid
(H3BO3) and lithium hydroxide (lithine LiOH) is commonly used. In PWRs, Boron is used in order to
control the neutrons absorbance and lithine is used as pH regulator. The pH of the solutions at
300°C can be adjusted by appropriate dosing of boric acid and lithine. When the solution contains

2000 ppm of boric acid the pH is 5.2. In the case of lithine addition (2.2 ppm) the pH becomes 7.9.

Mechanical solicitations

The Aurore tribometer can provide three different mechanical solicitations: impact, sliding and
impact-sliding. The different movements are obtained by appropriately adjusting the current in
the electromagnets presented on Figure 5-2. During the impact solicitation, the magnets attract the
tube towards the sleeve producing the impact (Figure 5-2c). The tube is turned before each impact.
During the sliding, the magnets keep the tube in contact with the sleeve during all the movement
and make them slide all over the sleeve circumference (Figure 5-3b). In the case of the impact and
sliding movement, the tube suffers first an impact and then it is kept in contact against the sleeve

during one cycle. The tube sticks off and then a new impact is performed (Figure 5-3c).

a) Impact b) Sliding c) Impact+ sliding

e

_Tube j Tube

Figure 5-3 Mechanical solicitations between the tube and the sleeve using Aurore tribometer: a) impact, b) sliding

and c) impact + sliding [32]
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Acquisition protocol A

Tribocorrosion tests realized using Aurore tribometer follow the mechanical and
electrochemical protocol [32] schematically shown in Figure 5-4. During the initial phase of
thermal stabilization and pressurization, the sample is kept at open circuit potential (OCP), i.e.
without any polarization. After reaching a stable temperature of 300°C and a pressure of 150
bar, the sample is subjected to a cathodic cleaning at a potential of -1V/Pt during 600s.
Afterwards, the sample is kept at OCP for two hours in order to recover stable OCP. During
this time, a sliding cycle is performed to control the alignment of the sample. At t0, i.e. after
approximately two hours after thermal stabilization the chosen potential is applied. The first
sliding cycle is imposed after one hour of applied potential. Four different sequences of
rubbing are performed during the test: three times one cycle, once ten cycles, once hundred
cycles and then once thousand cycles. At the end of the rubbing, no polarization (OCP) is
applied during cooling and depressurization. 304L, 316Lnit and Stellite 6 alloys were tested

using this protocol. Their configuration is exposed on Table 5-1.

POTENTIAL
ey
: :
1 1
02 e !
1
1
I L
ocP I ' .
3x1cycle 10 100 1000
-1
1600s!__ 7400s
e AN ty tysoo 800 tagoo t7600 i
Time [s]
CATHODIC
CLEANING

Figure 5-4 Mechanic solicitations and applied potential during Aurore tests [32].
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Acquisition protocol B

This protocol was developed by D. Kaczorowski [12] in his thesis to simulate wear in industrial
components. Long tests time (70 hours) were chosen in order to match industrial cases and to
maximize wear in order to facilitate its quantification. Both sleeve and tube were made out of
304L stainless steel. The tribocorrosion tests were realized in impact/sliding regime. The rotation
frequency was 10 rotations per second and 15 impacts per rotation. The corresponding sliding
speed was 300 mm/s. The applied normal load was of 15N.The testing time was 70h
corresponding to a total number N of impacts of 4<10’. The tests were performed at open circuit
potential without any potential control. Test were carried out in water at 300°C and 154 bar with

either pH 5 or 6.9. Wear was quantified by gravimetry.
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5.2 Results

5.2.1 Protocol A: short term tribo-electrochemical tests

The results shown here are issued from the thesis of Julien Perret [32] except for the test ST4 on
the Stellite 6 alloy. A synopsis of the tests is given in Table 5-1.
Table 5-1 Summary of the JP tests by taking into account the configuration tube/sleeve, pH, applied potential, number of cycles, metal

hardness (theoretical), the current at the plateau (steady state conditions) and the parabolic oxidation constant k. for each test. The test ST4
on Stellite 6 was also included (same protocol as JP).

Potential Hardness Kp
Test Tube Sleeve pH # cycles Iplateau [MA]

[V/Pt] [HV] [cm?/s]
JP6 304L 7r0; 79 | 0.2 1000 400 8.92 2.5+10-16
JP8 304L 7r0; 79 | 0.2 1000 400 9.00 1.8+10-16
JP8bis | 304L 7r0; 79 | 0.2 1000 400 3.38 1.8+10-16
JP7 316L nit | Zr0O; 79 | 0.2 1000 1600 5.23 2.9-10-16
JP11 7Zr0; 304L polish | 5.2 | -0.1 1000 400 1.80 2.1+10-16
JP12 304L 7Zr0; 5.2 | 0.015 1000 400 0.74 1-10-17
JP14 7Zr0; 304L polish | 5.2 | 0.2 1000 400 0.70 5.08+10-17
ST4 | Stellite6 | ZrO; 52 | -0.1 1000 ~600 0.08 3.83:10-20

97



Chapter 5: Physical laws for ¢, or Source flows

Electrochemical response
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Figure 5-5 Current evolution during tribocorrosion test ST4 using protocol A. Applied potential -0.1V/Pt.

Figure 5-5 shows the evolution of the current during the ST4 experiment. In this figure time 0
corresponds to the application of the passive potential of -0.1 Vp:. The current steadily decreases
during the initial hour due to the oxide film build up and thickening (see chapter 2.x.a.b.c.f.g). The
first sequence of sliding (3 x 1 cycle, 10 cycles, 100 cycles) starts at 3600 s and in characterized by
current peaks related to the local removal of the oxide film and the subsequent re-oxidation of
these damaged sites. Note that after this sliding sequence, the current does not immediately
recover the level attained before the sliding sequence but rather attains a lower current, at least
within the first minutes. This behavior can be attributed to the reduction of hydronium ions to
that is catalyzed by the bare metal created by rubbing. The resulting cathodic current tends to
lower the measured current. With the repassivation of the rubbed surface, the contribution of the
hydronium reduction to the overall current disappears and thus the current recovers the level
characteristic of a passive surface. A similar but larger effect is observed after the second sliding
sequence (1000 cycles) starting at 7600 s. For the present work this second sliding sequence is

more relevant and therefore it will be discussed in more details.
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Typical current transients (1000 sliding duration) are shown In Figure 5-6a for the stainless steel
304 and in Figure 5-6b for the ST4 alloy. After an initial running in phase of few hundreds second
the current reaches in case of stainless steel (304 or 316Lnit) a steady state plateau. The current
recovers the pre-sliding value after few hundreds of seconds after sliding ceases. In case of the ST4
the current plateau is reached after a current peak at after approximately 100 s). The fall in
current after the maximum is probably related to the concurrent raise of the reduction of
hydronium ions on bare metal. The fact that the anodic recovery of the current after the sliding
sequence (Figure 5-6b) has a quite symmetric evolution as the decrease during sliding lend
support to this hypothesis. Thus the decrease in current after the peak is disregarded in the

following as an artifact not reflecting the real oxidation kinetics.

a)
10

Current | [uA]
[e)}

JP12

0 500 1000 1500 2000
Time [s]

ST4

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 5-6 Electrochemical response of test performed during 100 and 1000 cycles a) on 304L at pH 7.9 (JP6) and pH 5.2 (JP12), b) Stellite 6
pH 5.2 (ST4).

For the present study the steady state current is of interest. The evolution of the current during
the running-in phase and during the repassivation period was already discussed by J. Perret [32]
and modeled in terms of balance between mechanical depassivation by abrasion and
repassivation. The steady state currents are listed in Table 5-1 for the different tests considered

here.
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Figure 5-7 shows the surface of the ST4 tube after 1113 cycles. The rubbing direction is
horizontal. The original surface present a regular machining ripple pattern with 1.5um deep
hollows. The interval of these ripples is about 50um as it can be observed on Figure 5-7a. The
higher damage is observed on the upper part of the ripples (Figure 5-7b) although in the center of

the damaged area, where wear is more pronounced, wear marks are also visible inside the ripples.

Rubbing

Acc.V SpotMagn Det WD Exp pb—————————— 100 um
300KV 30 350x SE 280 1 ST4

Rubbing

AccV SpotMagn Det WD Exp b——————————— 100 um
3.00kvV30 350x SE 2811 ST4

20 um

Exp
{300 kv 30 1000x SE 2351 ST4

Figure 5-7 SEM images taken a) out of the track, b) inside the track c) inside the track
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A more detailed image of the wear marks is presented in Figure 5-7c. The scratches appear in in
form of elongated cupules with lengths in between 60 and 70 um and widths of approximately
10um. No debris particles were observed inside or outside of the wear track. These patterns are

consistent with observed features in nuclear power reactors (Figure 2-2, Chapter 2).

In an attempt to quantify the wear volume of the tube, two surface profiles were measured over a
distance of three millimeters perpendicular to the wear track (Figure 5-8) by using a scanning
dynamic focus laser profilometer (UBM Telefokus). The damaged sections, where the initial
surface patterns are lost, are marked in red in Figure 5-8 while the undamaged areas,
characterized by machining ripples, are marked in blue. In order to reduce noise from the ripples
and the waviness, the damaged area was interpolated with a function of second degree while the
undamaged areas with a polynomial function of third degree. The wear volume is then calculated
by taking the difference between the two interpolation functions integrated over the width of the
damaged area and multiplying it by the circumference of the tube. The obtained wear volumes are

2.2 and 1.8 10° mm?® for the two measured profiles.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 24 2.6 2.8 3
Distance from the border of the sample [mm]

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 18 2 2.2 24 26 28 3
Distance from the border of the sample [mm]

Figure 5-8 Wear track profiles using UBM profilometer in two different places.

In order to determine the thickness and the composition of the oxide present on Stellite 6 after a
tribocorrosion test, the sample ST4 was analyzed using Auger Electron Spectroscopy associated
with depth profiling by ion bombardment (PHI AES660 system, 10 KV, 10 nA primary electron

beam, 2 kV Ar+ ion gun rastered over an area of 1 x 1 mm). Two measurements were realized,
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inside and outside of the wear track. The depth profile is presented on the

Figure 5-9.
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Figure 5-9 Auger depth profile of the sample ST4 (S6 alloy). Tribocorrosion tests were performed on Aurore tribometer. a) Inside the wear
track and b) outside of the wear track

It is observed that the oxide thickness outside the wear track is 10nm larger compared to inside.
With respect to the chemical composition, it is observed an increase of cobalt outside the wear
track while chromium amount is similar. No traces of tungsten were observed. Moreover the
interface oxide/substrate outside the wear track is large and give rise to an uncertainty on the
obtained thickness. Difference in slope on the oxide Auger profile (inside and outside the wear

track) is probably related to the different roughness observed outside the wear track (Figure 5-8).
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5.2.2 Protocol B : long term wear tests

The results presented here are extracted form the thesis of D. Kaczorowski [12]. Two tests (KD15

and KD18) were considered. Surface analysis by Auger Electron Spectroscopy was carried out by

Julien Perret [32] to characterized the oxide film formed on the samples inside an outside of the

worn area. The test conditions and the obtained results, including film thicknesses, are

summarized on Table 5-2.

Table 5-2 Summary of the total wear volume obtained during tests performed on Aurore electrochemistry tribocorrosion tests (metal on

metal tests, 70h, OCP) [12].

Test pH Potential Fn Time Mass loss Thickness oxide (nm)
[V/Pt] [N] [h] Tube Sleeve Inside Outside
KD15/H 6.9 OCP 15 70 -1.72 -0.78 371 99
372 133
KD18/HpH 5 OCP 15 70 -13.3 -4.15 250 200
182 153
131 262
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5.3 Discussion

5.3.1 Parabolic constant of Stellite 6

The parabolic oxidation constants k, were obtained using the electrochemical current measured
when the potential is applied without rubbing, between t, and t3g00 shown in Figure 5-4. The
relation used corresponds to the charge density calculated using the parabolic kinetics presented

on

_pnF

1/2
2k t1/2 (5-1)
Mmol ( p)

q
Where g is the charge density [C/cm?], p the mass density [g/cm’], n charge number, Mpo is the
molar mass [g/mol] and F the Faraday’s constant (C/mol). All these parameters are grouped in the
constant a.

q = at'/? (5-2)

a is determined by the slope obtained when plotting the charge density (q) in function of square

1/2

root of time (t7°). Details of the procedure to calculate the parabolic oxidation constant is

described in Perret’s thesis [32].

When plotting the experimentally determined charge density against the square root of the time a
linear relationship should be observed with a slope a. The parabolic constant kp is then defined

as:

1 O('Mmolz
=—|— 5-3
ko Z(p-n-F) (53)
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Figure 5-10 Evolution of the charge density measured in the ST4 experiment (Stellite 6) as a function of the square root of time. Potential is -
0.1V/Pt.

Figure 5-10 shows the evolution of the passivation charge density as determined by the
integration of the current during the initial passivation time (from to to tsgoo in Figure 5-4 ). A clear
linear trend as predicted by the parabolic oxidation law is observed only after approximately 900 s.
The initial deviation from this law indicates that other factors such as the ohmic resistance of the
solution and the ions migration through the film under the influence of the electric field [19]. From
the slope of the linear part of Figure 5-10 one obtains through equation ( 5-3 ) a parabolic
oxidation constant k, for the Stellite 6 of 3.45:10°° [cm?/s]. This value is significantly lower than

the one founds for stainless steel (approximately 10™° [cm?/s] [19]).
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5.3.2 Application of wear accelerated corrosion

The wear accelerated corrosion model proposed by Landolt et al. [24] have shown to provide a
quite accurate description of the tribocorrosion of stainless steel and stellite at room temperature.
In principle, this model should also apply to the wear accelerated corrosion observed in high
temperature water. However, some of the model underlying hypotheses needs to be
reconsidered. The model assumes that rubbing remove the passive film formed at room
temperature on those passive materials with consequent repassivation (oxidation) of the exposed
bare metal. Assuming that the bare metal has sufficient time to repassivate between two
successive depassivation events, the amount of wear accelerated corrosion corresponds to the
amount of metal that needs to be oxidized to form the passive film. The above assumption implies
that the oxidation kinetics is much faster than the depassivation events. This condition is satisfied
in the low temperature experiments described in the previous chapter where the time necessary
for passive film build up is typically in the range of few tens on milliseconds and the time between
two successive passes of the ball is 0.5 s. The same is not true for the present Aurore experiments
since the oxidation kinetics is much slower than at room conditions. Indeed, as seen in Figure 5-5
the current stabilizes only after more than 1000 s, i.e. a time definitively larger than the time
between two revolutions in Aurore tests (1 s and 0.1 s for protocol A and B, respectively). Thus the
passivation charge density for Aurore experiments needs to be determined by integrating the
parabolic oxidation law from time 0 to the time between two successive depassivation events, i.e.
the cycle time tece in Aurore experiments. Thus the passivation charge density Q, in Aurore
experiments is defined by Eq. ( 5-4 ):

_pnF
Mmol

)1/2 1/2

Qp '(z'kp

) tcycle (5-4)
Combining equation ( 5-4 ) with Eq. (4 - 6 ) Chapter 4 one yield an equation ( 5-5 ) describing the

current (wear accelerated corrosion) at high temperature is then defined by:

pn-F l) F\%°
lL.=K-v.:|—(2k.)2]t 1/2.(_) (5-5)
r S < Mmol ( p) cycle H
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In order to verify the appropriateness of Eq. ( 5-5 ) to describe the wear accelerated corrosion in
Aurore tribo-electrochemical experiments (protocol A), the plateau current values (Table 5-1)
were plotted in Figure 5-11 against the ratio of the k, and hardness to the power 0.5. As all other
parameters were the same in these experiments and only the hardness (304L or 316L nit steels) or

the k, (different potentials) varied, a linear relationship is expected in Figure 5-11.
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Figure 5-11 Current function of the k, and the hardness under different tests conditions: JP6, JP8 and JP8bis (304L, pH 7.9, 0.2V/Pt), JP7 (316
nitrided, pH 7.9, 0.2V/Pt), (304L, pHJP11 (304L, pH 5.2, -0.1V/Pt, inversed configuration), JP12 (304L, pH 5.2, 0.015V/Pt) and JP14 (304L polished, pH
5.2, 0.2V/Pt).

Linear relations are indeed observed between current and the ratios k, to hardness. This
indicates first that equation ( 5-5 ) effectively describes wear accelerated in PWR conditions.
Secondly, the slopes, i.e. the depassivation probabilities K, depend on the pH of the aqueous
environments. This is probably related to the different nature of the oxide film formed at
different pH values [32] and thus to the different generated surface mechanical properties

(hardness, toughness, internal stresses).
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5.4 Conclusion

Tribocorrosion test under PWR conditions using Aurore tribometer has shown that:

* Parabolic oxidation growth Kkinetics describes well the oxidation of S6 Stellite as
measured by electrochemical techniques in Aurore tribometer.

* The wear accelerated corrosion model developed for low temperature tribocorrosion
can be applied successfully to describe high temperature degradation. For this the
passivation charge density must be defined as a function of the parabolic oxidation
constant k, and the time between two depassivation events

* The proportionality constant of the wear accelerated corrosion model is significantly
affected by the water pH that, by modifying the oxide composition, likely influences its

mechanical properties.
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This chapter is dedicated to the formalization of mass rates associated to the flows considered

here for modeling the overall wear rate:

¢4
b2
b3
b4
bs

Metal particles entering the friction film

Oxidized metal entering friction film

Particle detachment from the friction film
Particles re-deposition

Oxidation of metal particles within the friction film

The formalization of the two first flows will be based on the mechanisms and models assessed in

the previous two chapters. Published theoretical and experimental observations will be used to

formulate flow rates. In absence of available experimental data or theories, the last two flows are

appraised by mathematically formalizing simplified, speculative phenomenological models.
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6.1 Mass flow

The variation of the mass dm as a function of time t is represented by the symbol ¢, and it

defined as follows:

dm dv
qbn zﬁzpmetal'a [g/S] (6-1)

Where, V is the wear volume [cm®], p the mass density [g/cm”].

6.1.1 Mass flow ¢p1

The mass flow ¢, corresponds to the amount of material that is lost from the substrate
(Compartment 1) and introduced as metal into the friction film by plastic deformation of asperities
and subsequent wear and mechanical mixing. This flow can be assimilated to the mechanical wear
as assessed in the investigation of room temperature tribocorrosion of Stellite alloys and 304L
steel described in Chapter 4. Mechanical wear was found to be correctly described by the
Archard's wear law (Equation ( 4 - 5)) relating volume loss to normal load Fy, indentation hardness

Hin and sliding distance Is.

Thus, by considering a constant sliding velocity vs and in absence of a friction film, the mass flow

¢4 rr is given by Eq. (6-2).

b1t = K¢1,RT *Pmetar " Fn " Vs "Ho (6-2)
in
Here the subscript RT designates room temperature conditions. The proportionality constants
K¢1'RTis determined by plotting the mechanical wear rate (Table 4-6) as a function of the
parameters exposed in Eq. ( 6-2 ). Data concerning S6 and 304L alloy were retained to quantify the
proportionalities constants, as these two materials are of more interest for PWR applications. The

obtained plots are presented in Figure 6-1.
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Figure 6-1 Mass flow ¢, for Stellite 6 and 304L stainless steel defined by taking Eq. ( 6-2 ). The slope of the linear regression that was forced to pass
through zero determines the proportionality factor Ky .. -

The slopes of the regression lines yield K¢1’RTvaIues of 12.9 +10” and 7.15+107 for 304L and Stellite

6 alloys, respectively.

However, before applying equation ( 6-2 ) to the PWR conditions one has to consider that the
oxide film thickness and the metal hardness may change when passing from a temperature of 25°C

to 300°C.

Oxides films formed at room temperature on the considered alloys have typical thicknesses of a
few nanometers, i.e. much thinner that the oxides formed under PWR conditions. The latter may
thus attenuate the stress field acting on the metal and thus decrease its deformation and wear.
Therefore, for applying the mass loss rate corresponding to ¢, one has to integrate stress

attenuation factor a in Eq. ( 6-2 ) as expressed in Eq. ( 6-3 ).

¢1,RT = K(j)l‘RT Pmetar " A" Fy Vs I (6-3)
m
The extent of attenuation depends on the acting normal and tangential forces as well on the
thickness and mechanical properties of the oxide film. Kermouche et al. [21] studied, using finite
element modelling, the cumulated strain in an austenitic stainless steel surface after sliding impact
of a rigid asperity (radius: 105um) and more in particular the effect of a surface film of 1 um

thickness. The numerical simulation showed that for a friction film of 1um thick, the plastic strain
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just below the substrate surface can be reduced by a factor of 2 under impact-sliding (Figure 6-2).
Further, the presence of the film greatly reduces the accumulated strain in the near surface zone.
This analysis was performed assuming the asperity to be rigid and spherical. Loading is achieved by
monitoring the displacement of the asperity of radius 105um; the maximum penetration depth

during sliding is 1um and an oxide thickness of 1um [20].
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Figure 6-2 a) Distribution and intensity of the cumulated plastic strain after impact-sliding on a 304L stainless steel in presence (left diagram) and in
absence (right diagram) of a 1 um thick oxide film [21].

The above information is not sufficient in order to precisely determine values of the attenuation
factor a. By taking the maximum cumulated strain one can estimate an attenuation factor of 0.5
for a 1 um thick film. In the Aurore tests considered in the present work the film thickness is
approximately 200-300 nm and thus the attenuation should be less, around 0.9 by taking a simple
cross multiplication. However, by considering the amount of deformed material, which is much
larger in absence of the film as shown in Figure 6-2, the attenuation could be significantly smaller
than 0.5. Thus, the attenuation factor a is considered in the followings as a known unknown

parameter that requires fitting for quantitative assessments.

The mechanical property of 304 stainless steel varies depending on temperature. When passing
from 20°C to 300°c the elastic limit and young's modulus changes from 175 to 100 MPa and from
200 to 179 GPa, respectively, Thus the hardness and the work hardening are also expected to
change. Therefore, the hardness values considered in Eq. ( 6-3 ) should be measured directly on
surface worn under PWR conditions. Kaczorowski observed experimentally that after rubbing
under PWR conditions in the Aurore tribometer, the hardness of the 304L steel lying below the
friction film was approximately 600 HV suggesting larger work hardening than found at room
temperature (hardness after rubbing ranging from 300 to 370 HV) in the laboratory experiments

described in Chapter 4.
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The hardness of Stellite alloys also decrease with increasing temperature at a rate of
approximately 0.1 HV per °C [65], i.e. a difference of less than 30 HV when moving from room
temperature to PWR conditions. Although the effect of temperature on the Stellite mechanical
properties alloys appears small, experimental determined hardness values should be used in the

model.

6.1.2 Mass flow ¢p2

The mass flow ¢, corresponds to the amount of oxidized substrate material that feeds the friction
film from compartment 1. In the tests at room temperature this behavior is related to the wear
accelerated corrosion that results chemical wear. In Chapter 5 Eq. (5 — 5) was derived from the
wear accelerated model proposed by Landolt et al. [24] by expressing the oxidation charge density
in terms of parabolic oxidation kinetics. Eq. (5 — 5) expresses the current due to wear-accelerated
corrosion at high temperature as a function of the parabolic oxidation constants and the time tcie

between two successive strokes. Eq. ( 6-4 ) can then define the mass flow ¢,:

n-F -

1 0.5
b2 =1 Zmol K¢2 "Us (,0 ) (2 ' kp)z) ) tcyclel/z ’ (FFN) (6-4)

Data concerning S6 and 304L alloy were retained from experimental room temperature
tribocorrosion tests to quantify the proportionality constants. The obtained plots are presented on

Figure 6-3.
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Figure 6-3 Mass flow ¢, for Stellite 6 and 304L stainless steel defined by taking Eq. ( 6-4 ). The slope of the linear regression that was forced to pass
through zero determines the proportionality factor K, ...
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The linear regression performed on each material data was forced to pass through zero in order to
obtain the slope. This latter corresponds to the value of the proportionality constant K_ ... under
room temperature conditions. The obtained values are 19.5 and 6.54 for 304L and S6 alloys

respectively.

These values were used to calculate the anodic current due to the flow ¢,. The obtained values
are listed in the Table 4 - 6 for different experimental conditions. Interestingly, the calculated
currents are significantly larger than the experimentally observed ones. The ratio between model
predictions and measured values is quite reproducible for identical conditions and attains 0.12 for
the 304L steel at pH7.9, 0.04 for the 304L steel at pH5.2 and 0.4 for the Stellite 6 alloy at pH 5.2.
This indicates that at high temperature the depassivation process is less effective than at room
temperature, most likely because the thicker oxide film formed at 300°C screens the loads and
reduces the overall plastic strain experienced by the underlying metal in an analogous manner as
already discussed for the mechanical wear associated with flow ¢4. Thus, the attenuation factor a
should also be introduced in Eq. ( 6-4 ). This yields Eq. ( 6-5 ) that describes the mass flow ¢,

under PWR conditions.

(6-5)

1 F 0.5
b2 =Ky, -0, <p (2 kp)z) toyeret? (ﬁN)

From the ratios listed in Table 6-1, the attenuation factors are 0.12 for the 304L steel at pH7.9,
0.04 for the 304L steel at pH5.2 and 0.4 for the Stellite 6 alloy at pH 5.2.

Table 6-1 Summary of the current values calculated using the Eq. ( 6-4 ) and compared with the experimental steady state current presented on

chapter 5.
pH 5.2 7.9 5.2 7.9
Material S6 304L 304L 316L
Test ST4 JP6 jP8 jP8bis JP12 JP14 JP11 JP7
Current [pA]
Predicted ! 0.20 81.15 68.86 | 68.86 16.23 | 16.23 | 74.37 | 43.70
Current [pA]
Measured in Aurore
(300°C) 0.08 8.92 9.00 | 8.38 0.74 0.70 1.80 5.23
Measured to
calculated ratio 0.40 0.11 0.13 0.12 0.05 0.04 0.02 0.12

Y based on equation ( 6-4 ) considering K, rr values determined

conditions.
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6.1.3 Mass flow ¢3

The mass flow ¢5 corresponds to the oxide wear rate. It represents the oxide particles moving
from the compartment 2 to compartment 4 (external environment). In order to convert the mass
of oxide into equivalent mass of metal, the stoichiometric ratio r,y is defined as follows:

- Maiio0y Malloy "Ny oxide (66)
= = 6-6

o0x

Moxide formed nX,alloy ' Moxide

Thus:

_ malloy
Moxide formed —

(6-7)
Tox

Where, Mg, represents the mass of bare metal [g], Moxise formed is the amount of oxide formed
using a given amount of metal [g], Moy is the molar mass of the alloy [g/mol], X is the element
present in the oxide and the alloy, ny ,yigeis the number of moles of the element X on the oxide
[mol], nx 4110y is the number of moles of the element X present on the alloy composition [mol] and

Moxide is the molar mass of the oxide [g/mol]

7, Values are calculated based on the hypothesis that the oxide formed is mainly CoO in the case
of Stellite 6 and Fe,0s3 for the 304L. The values of 1,, are 1.55 and 1.04 for CoO and Fe,03; oxides

respectively.

In this work it is postulated that the wear of the oxide films follows an Archard's law type. Thus

one can write:

s = K¢3 *Poxide " Fn " Vs " Tox

The proportionality constant K, corresponds to the specific wear rate, i.e. the removed volume
per unit load and per unit sliding length commonly used in the engineering practice of tribology.
Such data are more commonly found in literature and easier determined experimentally than the
non dimensional wear coefficients corresponding to the ratio between specific wear rate and

indentation hardness used for ¢ .

The specific wear rates depend among others on materials properties such as composition,

microstructure and level of internal stresses. They should be therefore determined
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experimentally. In the present case this would require producing oxide films on the investigated
metal surface through oxidation in high temperature pressurized water in order to reproduce the
specific structures and composition found in PWR conditions. The tested oxide film could then be
tested in tribometers as used for the investigations of the source flows at room temperature. Such
an approach presents several difficulties. First, the oxidation process in water is slow and requires
long immersion times of several weeks or even months. Secondly, metal oxidation is highly
dependent on surface defects and thus optimized protocols need to be established for carrying
out controlled oxidation experiments. Further, the ex-situ tribological characterization is needed
isolate the oxide wear process and to suppress concomitant oxide reformation. It is however
guestionable whether the oxide film properties established during isothermal oxidation in water
would change or not during cooling down, in particular with reference to internal and thermal
stresses. Due to the uncertainties associated with the experimental determination of specific wear
rates of oxide films and the time constraints of the thesis it was decided to extract approximated

wear rates from existing literature.

For this, a literature search of wear of ceramics in water was carried out. The obtained data are

summarized in Table 6-2.

Table 6-2 Literature data concerning the values of the constant K,

Reference Couple Environment | Load Speed Ky,

Litaoka Wear | SiC/SiC Water 19.6 N 0.42 m/s 410°® cm?/N

1997
300°c

Hsu in | Al,Os/AlLO; | Water, room | 10 N 0.3m/s 410" cm?/N

modern temperature

tribology

Handbook

idem Y TZP/Y-TZP | Water, room | 10N 0.3m/s 210" cm?/N
temperature

idem Sic / SiC Water, room | 10 N 0.3m/s 110" cm?/N
temperature

Wei 199X Cr,0; / steel | Water, room 110 cm?/N
temperature

The specific wear rates found for different types of ceramics in cold water range from 2 to 8 10™*

cm?/N, a surprisingly small range. Increasing the temperature of water apparently leads to larger
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wear rates as suggested by comparison of the data on SiC from Kitaoka [39] and Hsu [66]. In the

following a specific wear rate of 2 10 cm?/N was considered as reference value for K.

As indicated by the variability of the attenuation factors determined in the precedent paragraph,
the mechanical properties, and thus the wear rate, of the oxide film are expected to change when
modifying the water pH or the alloy. A speculative but simple approximation can be considered for
taking into account the differences in wear rates of the different oxide films. For this the oxide

formed on 304 stainless steel at pH 5.2 was considered as a reference having a Kg3 of 2 10"

cmz/N as extracted from the literature.
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6.1.4 Mass flow ¢p4

The mass rate ¢, corresponds to the amount of metal that was first detached from the friction
film and afterwards re-deposed on the friction film by sedimentation and/or compaction. The re-
deposition is a complex phenomenon involving among others inter-particle forces linked to the
double layer charge and particle size [32], convection conditions in the fluid, contact geometrical
considerations. This flow cannot be appraised in its complexity within the time frame of this thesis.
Thus it will be phenomenological described by a kinetic of first order involving the flow being
proportional to the metal mass concentration |M°|, in the compartment 4 (solution) as described

below:

¢4=k¢4'|M°|4 (6-8)

The proportionality constant kg, can be estimated from the experimental findings described in
Chapter 5 in the following way. The re-deposition of particles in the contact was observed to
depend on the water pH. Indeed, the Aurore test KD15 (Table 5-2) performed at pH 6.9 presented
thicker (approximately 250 nm according to Auger depth profiles) oxide layers inside the wear
track compared to the outside, non rubbed part. This thickening is entirely attributed to the re-
deposition of oxide particles. This permits to calculate the fraction of re-deposed metal (FRDM). In
fact the 250nm are equivalent to 0.042mg of metal by assuming Fe,O3; to be the main oxide
formed on the surface (density 5.2g/cm?). The volume is calculated considering the sample
geometry and that the thickness of the oxide is uniform in the 1mm long wear track. The
experimental FRDM is then the ratio of the amount of re-deposed material (0.042mg) and the
total material loss (2.5mg, tube and sleeve). This relation permit to calculate that only
approximately 2% of material released into the water re-deposes on the metal surface during

rubbing.

By regarding this information, the constant k, can be calculated. Based on the mass rates flow
chart (Chapter 3). It is observed that the FRDM fraction can be defined as the ratio between the
mass rate coming from the Compartment 4 (¢,(t)) and the mass rate going out of the friction film

(¢3(t)). This relation is presented on Eq. ( 6-9 ) :

$a(t)

FROM =5.®

(6-9)

By replacing ¢, (t) with the expression presented on Eq. ( 6-9 ), we obtain:
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k., -|MP°
FRDM = kg, 1M1 (6:10)
¢P3(t)

. . . d
Where |M?|, is determined by performing the mass balance on the compartment 4 (%). The
procedure to obtain this expression is presented on Appendix section. It was observed that |[M?°|,

is equal to

(1_9_k4t)'¢'3 . . . .
— By replacing this expression on Eq. ( 6-10 ), we obtain that:
4

FRDM =1 — e tka (6-11)

The experimental FRDM (2%, KD15) is then replaced on Eq. ( 6-11 ) with a time t equal to 252’000
seconds (70h tests). According to this procedure kg, is equal to 6.8+102 s™. This value will be used

in the mass balance calculations described in the next chapter.
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6.1.5 Mass flow ¢p5

The transport between the compartments is written in terms of a first order irreversible reaction

rate. Its general form [67] is presented on Eq. ( 6-12 ).

AiB, r=k-Cy (6-12)

Where A is the reactant, B the product, k the reaction rate constant, r the reaction rate and C, the
concentration of A. When describing the mass rate ¢, and ¢, the reactant A corresponds to the

amount of mass present on the compartment 4 (C4) and on the compartment 3 (C3) respectively.

They mass ¢sthen will be written as is present on Eq. ( 6-13 )

¢s = kg, " [M°]; (6-13)

The constant kys is related to the amount of material that will pass from the compartment 3 (C3)
to 2 (C2). The cross sections performed on samples after tribocorrosion tests on Aurore tribometer
(PWR conditions) [31] do not show the presence of metal particles on the friction film. In contrast,
it can be observed the subsurface deformation and a mixing behavior. Based on these
observations, | could assume that all the metal particles will be transformed into oxide by being in
contact with the interface substrate/friction film and/or friction film/solution. Under this

condition the constant k¢5 is 1.
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6.2 Summary

6.2.1 Parameters values and proportionalities constants

Table 1: Parameters values of tests KD15 and KD18 using 304L alloy during an Aurore tribocorrosion test.

Constants Parameters
pH 5.2 pH 6.9 Units
Pmetal » 8 [g/cm3] K¢1 1.61-10° [']
poxide K¢2 0.86 235 [-]
5.24 [g/cm3] ]

(Fe205) Ko, 2*10™ [em?/N]
Fy, 15 [N] kg, 6.8¥10° [1/s]
v, 30 [cm/s] kg, 1 [1/s]

t(;ycle 0-1 [S] a (d) 0.04‘ 0.12 [']
H 600000 [N/cm?]
k, 1+10-17 2.5+10-16 [cm?/s]

t 252000 [s]
(KD18) (KD15)
Table 2 Parameters values of test ST4 using Stellite 6 alloy during an Aurore tribocorrosion test.
Constants Relevant
Pmotal 8.44 [g/cm3] | Ky, 71510 [-]
Poxide 5.24 [g/cm3] Kd)z 2.61 [']
Ky, 2*¥10™ [cm?2/N]
(Cr203)
Fu, 1 [N] kg, 6.8:108 [1/s]
Vg 3 [cm/s] kg, 1 [1/s]
tcycle 1 [S] a (d) 0.4 [']
H 700000 [N/cm?]
t 1000 [s] k, 3.83-10-20 (pH 5.2) [cm2/s]
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6.2.2 Mass rates laws

Table 6-3 Summary of the volume rates and mass rates with their physical laws

Volume rate Mass rate
Flo av._ . [em? Am . g
w dt ~ [s ae ===V []
1
=) ca(d) -Fy v —
. Fn - ¢1 (03] Pmetal N Vs }
b1 Vinech = K¢1 ~a(d)- v Hin
$,=a- K¢2 " Pmetal
0.5
Ve = K, - k_p.(z.F)o.S.t 0.5 Ve - z.k_p.p.t
¢2 chem — D, H N cycle S H N s
. vs
) Fy - v, b3 =K¢3'poxide'FN'vs'rox
b3 Voxide = K¢3 ’ H
s = k¢4 - |M°|,
P4
s = k¢5 - [M°|5
¢s
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Chapter 7 Modeling

This chapter presents the mass balance definition and its further application to solve the

mathematical equations in function of different compartments:

C1 Contains mass of bulk metal

C2 Contains mass of oxidized metal on the friction film

C3 Contains mass of non oxidized metal in the friction film
C4 Contains mass of oxidized metal in water (WEAR)

The assumptions and definitions of flows performed in the precedent chapter will be used to
calculate the overall behavior of the system and to compare with respect to the experimental PWR
tests values (Chapter 5). It will be highlighted the importance of some critical parameters such as

the friction film wear rate, hardness and the parabolic oxidation constant on the system behavior.
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7.1 Mass balance

7.1.1 Generalities

The materials quantities, as they pass through processing operations, can be described in terms of
material balances. The law of mass conservation stipulates mass can neither be created nor
destroyed. A mass balance on a material in a system is written in a general way as presented on

Eq. (7-1).

INPUT + Generation — OUTPUT — Consumption = Accumulation (7.1

Where “Input” is the mass entering through the system boundaries, “Generation” is the material
produced within the system boundaries, “Output” is the material leaving through the system
boundaries, “consumption” is the material consumed within the system and “accumulation” is the

buildup within the system [68].

When no chemical reaction is happening on the system, the mass balance can be rewritten as (Eq.

(7-2)):

INPUT = OUTPUT + Accumulation (7-2)

When no accumulation occurs, two cases could be described [69]:

* A batch process, in which the materials are fed into the process at the outset. No material
removal or addition is performed during the process time. At the end of the product is
removed. During batch process the variables will change with time, so they proceed as a
transient operation.

* A continuous process, over a time interval, is described as a process where raw materials
continuously enter and product continuously leaves the process. Under these conditions
the operation can be performed as transient or steady state. The latter being when the

values of all variables associated with the process does not change with time.
7.1.2 Mass balance on the compartments
Regarding to the definitions cited on Section 0, the mass balance would be realized for each

compartment by considering a continuous process under transient conditions [69]. The
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accumulation of mass on each compartment will be calculated regarding the relation showed on
Eq. ( 7-2 ). All the mass arriving to the compartment are accounted as INPUT fluxes, the mass
leaving the compartment are accounted as OUTPUT and the remaining mass inside the

compartment corresponds to the mass accumulation.

The mathematical description of the mass balance is expressed as a differential Eq. that evaluates
the mass variation on each compartment in function time. A recapitulative of the procedure to be

performed in each compartment is presented on the Figure 7-1.

Generality Accumulation = INPUT — OUTPUT (7-2)

Accumulation

b, b,
Schema |:>
INPUT OUTPUT
M,
dt = ¢TL - (;bm

Differential equation

Figure 7-1 Recapitulative of the mass balance procedure for each compartment, where C, is the compartment number, ¢,, and ¢, the mass rates
defined with a physical law and dM, the mass variation in a given compartment.

The differential Eq. ( 7-3 ) to ( 7-6 ) represents the mass balance on the compartments C1 to C4

according the mass diagram exposed on Chapter 3 when defining the strategy of solving this

system.
dM,
C1 1t =—¢, — P, (7-3)
dM
C2 T =02~ b3t bt s (74)
dM,
C3 7t = ¢y — Ps (7-5)
ca M,

dt =¢3_¢)4 (7-6)
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7.2 Resolution of differential equations

The mass balance, performed in each compartment, give an equation system of four differential
equations. In order to solve them, it is considered that all the compartments are empty at the

beginning (t=0s) of the process.

From the mass balance it is observed that the compartment two (C2) is the one where most of the
mass flows meet. The resolution of the Eq. ( 7-4 ) will then be performed when solved M;, M, and

M;.
7.2.1 Compartment1

The Eq. ( 7-3 ) that corresponds to the first compartment is solved taking into account that all the
parameters defining ¢; and ¢, are independent of time. The mass variation on the compartment

one is described by the Eq. ( 7-7 ).

dM, L )
=gy~ 0,
My(6) = f (= — o) dt
to=0
M (t) = —t(¢, + ¢3) (7-7)

7.2.2 Compartment 3
In the case of the compartment three, the resolution of the equation is developed as it follows:

M,
dt = ¢1 - ¢5

(7-5)

As for the Eq. ( 7-3 ), the parameters describing ¢,are independent of time. By replacing the

definition of the mass flow ¢z obtained on Chapter 5 on Eq. ( 7-5 ) we obtain:

dM,(t
;t( )=¢1_k5'M3(t) (7-8)

The integral is then:
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M3‘f 1 d tf=t d
fMg_o (1 — M) aMs (1) = tg=0 ¢ at (7-9)
(o}
By solving the integral, we obtain:
—ks .
M;(t) = <e & ((At) " MS'O) - 1) . ( ¢kl ) (7-10)
—Ks

It was assumed that the compartments are empty at the beginning of the process, then M3, = 0.
By replacing this value on Eq. ( 7-10 ), we obtain the mass on the compartment three (Eq. ( 7-11)).
(1—e™™%- ¢,

M;(t) = k (7-11)
5

7.2.3 Compartment 4

The mathematical resolution of the mass on the compartment four is similar to the procedure

presented for the compartment three. Then the resolution sequence of the Eq. ( 7-6 ) is:

dM,

T =3 — Py (7-6)

dM,(t
;t( RPRRIAC (712)

M 1 tr=t
fM:(;f (1_%) FAM, (1) = ftof=o b3 dt (7-13)
3
1 — e kat).

M,(t) = ( ) b5 (7-14)

ks

7.2.4 Compartment 2
Eq. ( 7-4 ) correspond to the mass balance on the compartment two.

dM,

C2 dt =¢2— P33+ ¢y + s (7-4)

By replacing ¢, and ¢ with the mass flow definition (Chapter 5) we obtain:

dM,
dt

= ¢, — Pz + (ks My(t)) + (ks - M3(t)) (7-15)
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M,(t) and M5(t) were obtained by solving the mass balance of the compartments three and four
respectively. By replacing M,(t) and M3(t) with the Eq. ( 7-11 ) and ( 7-14 ) respectively on Eq. (
7-4 ), we obtain:

M,

d
T ¢ + p3(—e7*4b) + ((1 —e7kst). ¢1) (7-16)

M, (t) corresponds to the integral:

M,(t) = f f¢>2 dt — <¢>3f fe"‘4’~‘ dt) + <¢1f f(1 — e~ kst) dt) (7-17)

o

The initial time t,=0s, then M, (t) is presented on Eq. ( 7-18 ) :

—kat _ 1 —kat __ 1
Mz(t)=¢zt+<¢3%>+¢)1 <t+%> (7-18)

A more detailed procedure for the integral calculation is presented on the Appendix B. The mass

balance resolution equations are presented on Table 7-1.

Table 7-1 Summary of the mass balance equations resolution with respect to compartments one to four.

C | Initial conditions | Equations solved
1 M;(0) =0 M, (t) = —t($1 + ¢2) (77
2 M,(0) =0 —1 + e ths —1 + e tka (7-18)
M) =|t+——F—|d1+ it +|——F— | s
3 M.(0) =0 1 — e~ tks (7-11)
3(0) o = L=
5
4 M,(0)=0 1 — e~ tka (7-14)
40 o = L2
4

C: compartment number
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7.3 Mathematica software model interface

Mathematica is a software system and computer language for use in mathematical applications.
This software can be used to perform operations on functions, to do calculus and to manipulate
algebraic formulas. This latter was used in the context of this chapter in order to better visualize

the mass behavior on each compartment depending on the parameters values.

The graphical interface that was developed is presented on Figure 7-2 (with arbitrary values). It
can be divided in two sections: The first, Figure 7-2a, correspond to the plot of the metal mass
variation (mg) in function of time (s) for all the compartments simultaneously. The second part,
Figure 7-2b, presents the different parameters and their values. They were classified in function of
the laws corresponding to each mass flow. The values of the parameters can be treated as
individual values or varied with a bar that slides between two given values (#1). The color code for
each compartment is presented on the lower right part. The equations that are represented on
this tool correspond to the equations obtained after the mass balance on each compartment

(Table 7-1) and the mass flows law presented on Chapter 5.

) L )
Ky, 1-1 (1000002295 7.15x10-6 | #1
30 o
ai-1 [0.03 yoisw 1]
— )
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Figure 7-2 Interface showing the overall behavior of the system using Mathematica software. a) Plot of the metal mass variation in function of time.
It shows the evolution of each compartment with time. b) Parameters to choose that belong to each mass rate flow. Right bottom: the
compartments names with their color code. Parameters values are arbitrary.
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7.4 Model predictions vs Aurore tests

* 304L alloy

The validity of the model is verified by applying the parameters obtained in the previous chapter
when discussing the mass flows (Chapter 6). Three different tests conditions are considered. The
two first concerns the tests series KD18 (pH 5.2) and KD 15 (pH 6.9) performed with the protocol B
using 304L steel; the third one is the test ST4 performed with the protocol A and using Stellite 6
alloy (Chapter 5). The test parameters were summarized at the end of the precedent chapter
(Chapter 6). The obtained model predictions for the stainless s steel (KD15 and KD18) are plotted

in Figure 7-3.
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Figure 7-3 Compartments behavior of C1 (red), C2 (green), C3 (blue) and C4 (black) for the tests a) KD 15 and b) KD18. The value of the constant
K. is 2*10™ [cm2/N], parameters values are on Chapter 6.

The evolution of the mass in Compartment 4 reflects the evolution of the overall mass loss due to
wear. No difference between the two pH values can be observed on wear, which reaches after
0.25 Ms the value of 1.22 mg. The absence of a pH effect on wear is not surprising since the mass
balance in the compartment 4 is essentially controlled by the wear coefficient of the oxide K,
which is kept constant for both pH values, despite the fact that film properties are pH dependent
[12]. However, small variation in this coefficient may significantly change wear, as shown in the
next chapter. Nevertheless, the calculated total wear (1.22 mg) is very surprisingly close as the

experimentally determined ones (17 mg for KD18 at pH 5.2 and 2 mg for KD15 at pH 7). Clearly,
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the Ky, value extracted from literature data is a quite close, although underestimating,

approximation of the real values.

The green line on Figure 7-3 represents the mass variation of the friction film (C2). The model
predicts an increase in mass of the friction film formed at pH 6.9 up to 2.88mg (corresponding to a
thickness change of ~17um). In contrast a diminution of the mass is observed when passing to pH5
and reaching even negative values -0.15 mg (corresponding to a thickness change of ~-0.9um).
This tendency is in qualitative agreement with the thickening by 255 nm of the oxide film found
inside of the wear track compared to the rest of the sample. In test KD18 at pH 5, the thickness
remains similar inside and outside the wear track; this corresponds to the model prediction of a
smaller mass change of Compartment 3. The calculated friction film mass variations are quite high
compared to the experimental observations. This is most likely relate to the underestimated wear
rate of the oxide film introduced by the approximate Ky value used in the calculations. The effect
of this parameter on friction film thickness is discussed in the next chapter. Again, the K, appears
to constitute one of the key parameters determining the evolution of overall wear and of the

friction film.

The compartment 3 (blue) is not observable in Figure 7-3 because its value is close to zero and
overlaps with the abscissa. This negligible value is a consequence of the immediate conversion

within the friction film of metal into oxide, as assumed by taking a large value of K, as effectively

done in the present study. This issue will be discussed in the next section.
* Stellite 6 alloy

In order to observe the influence of the material regarding the mathematical model, a test using
Stellite 6 alloy parameters is now presented. It is assumed that the same re-deposition kinetics

(constant kg ) applies for Stellite alloys and stainless steel. The parameters values concerning the
®a

test ST4 are summarized in Chapter 6. Model predictions are illustrated in Figure 7-4.
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Figure 7-4 Compartments behavior of C1 (red), C2 (green), C3 (blue) and C4 (black) for the tests ST4 (Stellite 6). The value of the constant K_is
2*10™ [cm2/N].

The model predicts for a test duration of 1000s a total wear volume of 4.8 10®° mg which is very
close to the experimental values of 1.65-10 mg of metal (Chapter 5). This supports the validity of
the model. The model predicts an increase on the friction film of 6.8¥10° mg (~0.28nm). The
experimental oxide variation at the end of the test show a difference of 15 nm, 50 times more to
what is predicted by the model. According to the model, the amount of material lost by the
substrate metal (compartment 3-red line) is mainly accumulated in the friction film and

transferred to Compartment 4 as in the of the 304L steel at pH7 (Figure 7-3a).

135



Chapter 7: Modeling

7.5 Parameters influence

In the previous section discrepancy between experimental results and model predictions
highlighted the effect of certain parameters and the need to control them in a precise manner. In
order to determine the influence of parameters on the overall compartment behavior; the friction
film wear rate Ky, the hardness H, the parabolic oxidation constant k, and the rate constant
ks are evaluated in the followings. For comparison purposes, the system 304L alloy at pH 5.2 is
taken as reference for the defaults values of the different parameters kept constant (for these

conditions see Chapter 6).
7.5.1 Friction wear rate K,

Figure 7-5 shows the evolution of the compartments when varying the friction film wear rate
determining parameter Ky . The Figure 7-5a presents a general overview of the behavior while
Figure 7-5b is a zoom into the main changes. No significant changes are observed when varying
the K¢3 from 1*107° cmz/N up to 1*10™ cmz/N. In contrast, above 1*10™* the friction film (green
line) switches from a positive to a negative metal mass variation. This behavior is accompanied by
an acceleration of mass loss on the compartment 4 (C4). No influence of Ky, is observed on

compartment C1 and C3.
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Figure 7-5 Influence of K, on the different compartment behavior (x axis in logarithmic scale)

The model shows that by changing one order of magnitude on the friction film wear rate can

results on a significant acceleration of the overall wear rate. Moreover, the friction film is
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consumed and at a given moment, it appears not to regenerate as fast as its wears. As a

consequence the friction film start thinning.

7.5.2 Parabolic oxidation constant kp

Figure 7-6 shows the evolution of the compartments as a function of the parabolic oxidation
constant. Changing the parabolic oxidation constant does not affect the wear compartments 4
(C4) and 3 (C3). The model shows that the variation in mass of compartments 1 and 2 is stable up
to 1:10™'° cm?/s, i.e. a value close to the K, of 304L steel at 325°C [32]. At this point an inflexion on
the friction film evolution (green line) is observed and an exponential growth is observed for
higher k, values. This can be explained by the fact that below this transition metal oxidation is not
rapid enough to fully compensate the wearing off of the friction film. Above the transition the
oxidation rate exceeds the wear rate and thus the film thickens. Thus, for carbon steel (kp 1:10™*
cm?/s [ ] the model anticipates the build up of much thicker films than in case of 304L steel. This
confirms that the oxidation behavior of steel plays a crucial role in the degradation in PWR

conditions.

-+Cl =C2 =C3 ~C4

Metal mass variation [mg]
o
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-6

0.001 0.1 10 1000 100000
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Figure 7-6 Influence of the parabolic oxidation constant on the compartment behavior. For comparison purposes, the other constants and
parameters were fixed as presented for pH5.2 conditions ( Chapter 6).(x axis in logarithmic scale)
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7.5.3 Hardness H

Figure 7-7 shows the evolution of the mass compartments when varying the hardness of the
metal. It is observed that increasing hardness reduces the metal mass variation on the friction film
(green-line). It is clearly observed that from 500HV, the friction film starts to loss mass. This
diminution is observed up to a plateau that is reached from 1300HV. At his point the mass loss of
the friction film does not go below 1mg. In the case of the compartment 1 (C1), it is observed that
when increasing the hardness, the mass loss is decreased up to a plateau approximately at -0.5mg.
This compartment (C1) is observed to always loose material that is mainly changing the friction

film evolution.
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Figure 7-7 Influence of the hardness on the compartment behavior

The model shows that a harder material could decrease the sources flow. In fact a softer material
is easier to deform plastically and as consequence more efficiently feeds the friction film. The
model shows that, under these conditions, wear is not affected by the hardness of the material.

Nevertheless it is directly related to the friction film evolution and to the source flows.
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7.5.4 Constant rate k¢5

Figure 7-8 shows the evolution of the mass compartments when varying the constant rate kg, .
This described the transfer between the compartment 3 (C3) and 2 (C2) inside the friction film. In
others words, it determines the oxidation of metal particles inside the friction film. The model
shows that this parameter influences only the compartment to which it communicates (C3 and
C2). It appears that until 10 000s (1*10™ s™) for oxidation time, not clear change is observed on
the compartments behavior. For times decreasing up to 1*10° seconds an increase of 0.3mg is
observed which is also reflected on the friction film mass variation.
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Figure 7-8 Influence of the constant rate k,_ on the compartment behavior (x-axis in logarithmic scale)
It is observed that under these considerations, k¢5, is not a as crucial parameters as the previously
described ones. Nevertheless, one has to keep in mind that the effect of one parameter is linked

to the overall system and can thus have a larger impact when other parameters, kept constant in

these simulations, change.
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7.6 Conclusions

In conclusion the mathematical model built using the physical laws and assembled defining

compartment mass variation showed that:

* The model constitutes a valuable frame to appraise the interaction of physical parameters
determining the tribocorrosion according to well-defined physical mechanisms.

* The properties of the friction film are determinant for the wear loss behavior of the alloy
under tribocorrosion conditions.

* The increase of thickness of the friction film can be related to the growth kinetics of the
alloy and not only to the pH re-deposition phenomena.

* The model shows that parameters such as oxide wear rate (Kg,) play a crucial role and

need therefore to be determined and controlled.
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This work presents an attempt to model tribocorrosion of metals in high temperature pressurized
water as encountered in pressurized water reactors of power plants. Under these conditions,
tribocorrosion is characterized by the complex interaction of plastic deformation of the metal,
surface oxidation and build up of friction films. An analysis of the existing literature showed that
this tribocorrosion system can be described by a multilayer structure involving the substrate metal
undergoing work hardening, a mechanically mixed friction film containing oxidized and non
oxidized metal and, finally, the water solution. The wear process in such a structure can be
described through mass flows according to the third body approach of tribology. In this work,
wear is described using five interrelated flows. The two first were defined as source flows from the
substrate metal to the friction film (oxide and metal particles mixed mechanically). They describe
the introduction of metal or oxidized particles into the friction film. Inside this latter, another flow
describes the transformation of metal particles into oxide. Subsequently, two other flows illustrate

the expulsion and particles re-deposition respectively from the friction film.

The flows were described using wear physical approaches based on mechanical deformation of
the asperities. They were formulated by mirror techniques that permitted to illustrate the
mechanical (Archard) and chemical (tribocorrosion model) behavior of the system taking into
account materials aspects. The remaining flows that could not be experimentally developed were
approximated using literature data and/or first order kinetics law. The utilization of physical laws
permitted to describe wear rate as a function of clearly identifiable parameters. All these laws
were interrelated using a mass balance approach that permit to solve differential equation
systems in each connection point (compartments) where flows meet: bare metal, friction film or

external environment.
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The model showed that wear is directly related to the mechanical characteristics of the friction
film. According to the available experimental data, only 2% of the total particles ejected redeposit
on the friction film. As a consequence the wear properties of the friction film appears to play a key

role on the overall wear rate. Thus tailored experiments should specifically focus on this issue.

The parameters analysis using the proposed model showed that hardness of the metal is not
directly related to the overall wear rate. Nevertheless, it affects the inclusion of particles from the
substrate metal into the friction film and in consequence it could change the mechanical behavior
of the friction film. This analysis accounts for a thick friction film (1um) such as observed for
stainless steel. But in the case of thinner films, such as in Stellite 6, the hardness of the substrate
metal becomes a crucial factor for wear. Indeed, in this case the thinner film cannot provide
sufficient attenuation and thus a harder metal can bear a larger fraction of the load without
wearing. Because of the dynamic nature of the friction film, its attenuation capability as a function

of time should be taken into account for improving the proposed model.

The proposed model should be considered as a continuously evolving mathematical tool enabling
the physical interpretation of a given phenomena. It could be applied to different systems
independently on the geometry, which would help developing further insights on the flows

schema and discriminating critical parameters

In general, the model has shown to constitute a promising tool for appraising the interaction of
crucial material, mechanical and electrochemical parameters. It can be used to efficiently design
test campaigns and to anticipate and analyze the effect of specific parameters in a variety of

conditions.

For further studies, it could be interesting to develop the model by using the structural
identifiability principle. Such approach could permit to perform a parameter sensitivity evaluation

and mathematically identify the significance of specific parameters under given tests conditions.
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Apendix

Apendix A : Mathematica code

* Resolution of differential equations :

Exit[]

Main Equations (fluxes)

eql :=M1'[t] = -¢; - 3

eq2 :=M2 '[t] = ¢ - b3 + kg MA[t] + ke M3 [t]
eq3 :=M3'[t] = ¢; - ke M3 [t]

eqd :=M4 '[t] = ¢3 - ks MA[t]

Solving differential equations

DSolve[{eql, eq2, eq3, eq4}, {M1[t], M2[t], M3[t], M4[t] },

t]
{{mer e+t (-o1-02),
M2[t] >C[2] +e *%6 (~1+e"f6) c[3] +e "X (-1+e"%) 4] +
et*6 g, (-1+e"¥6) ¢y etka g3 (-l+et¥e) o3
- t _ ,
t ¢ ke + ke +t @2 ks + X,
M3[t] 5 e t¥6 3]+ 2, Ma[t] 5 etk cla] ﬁ}}
ke kq
FullSimplify[%]

{{Ml[t} SCI1] -t (61 +b2),

M2[t] > C[2] +C[3] -e tX6 Cc[3] +C[4] -etke 4] + (t-i) ¢1+t¢2—$,
ke K4
M3[t] > et 6 3]+ 2L, Malt] 5 etk Cla] +$}}
k6 kg
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Initial conditions

Solving differential equations with given initial conditions

DSolve[{eql, eq2, eq3, eq4, M1[0] ==0, M2[0] == O, M3[0] =0,
M4[0] =0}, {M1[t], M2[t], M3[t], M4[t]}, t]

{{mare1 -t (91402,
1

M2[t] -
ky ke

e BRIt Re (etRaky gy - " M4TER6 ky 9y + @ F4TERE £ ky kg g +
e Rt Re £ )y kg ¢y + €556 kg 3 - eFF4TEEE kg ¢3) ,

M3[t] -

e tke (—1+etk5) b1 etk (—1+etke) ¢y
, M4 [t] - }}
k6 kq

FullSimplify[%]

t+

14

~l+e t¥e tk4¢2+(—1+@7tk4)¢3
{{mire) > ¢ (01 +02), M20E] > 01 +

ke kq

(1—@7tk6> d)]_
M3[t] > — 1 "%
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* Code Mathematica

Parameters definition depending on the tests conditions

Parameters values

Parameters [pmetar =8, KF1=1.29%10", a=0.03, Fy=15, vs =30, H= 160000, KF2 = 0.26, kP =110"",
$=0.1, rox=1.04, KF3=0.91410"°, KF301 =0.91410"°, KF302 =0.914 10", KF303 =0.91% 10", poxide = 5.24];

(*Valuesx)
Grid[{{"pmetar [g/cm’]", "Kem [-1", "a [-]", "Fx [N]", "vs [cm/s]", "Hardness [N/em’]"},
{ Pmetar, KF1, a, Fy, Vs, H}, {},
"Ke2 [-]", "kp [cm’s']", "Stroke time [s]", "Ratio [-]", "Krs [cm’/N]", "poxize [g/cm’]"},
{KF2, kP, s, rox, KF3, poxiae}}, l-"rame-»nll]

Pmetal [9/cm3] Ker [-] a [-] Fy [N] vs [cm/s] |Hardness [N/cm?]
8 0.0000129 0.03 15 30 160000
Ke2 [-] kp [em?s ! Stroke time [s] [Ratio [-] [Kg; [cm?/N] Poxide [9/cm?]
° 0.26 1/100000000000000000 0.1 1.04 9.1x10°1° 5.24

Mathematica code for protocol B (KD series)

<< PlotLegends”
Manipnlate[

1
plot[{-(nwooom ((KFlnp._";nanF-nv,n E) + (KF2 % % pmetar * (KB /H) 5 x (2% Fux5) %5 xv,) ] *10°,
14 e (64100000 sks

([(tnlOOOOO) + =

1
]- (KFI»p...,.;*a*F.*v,*E)+

ki (((t%100000) # ks *a (KF2 % pnotar # (KB /H) > % (2% Fu#5)° > xvs)) + ((-1+e (“+190900*Ka) & ((KF3) & (poxiae * TOX) * (FuxVs)))) | % 10%,
o

(1- @ (£#100000+ks) (KF1 & pgtas @ Fu % Vs % 1) (1= e7(+100000 e} ((KF3) 4 (poxige * £OX) # (Fu#Vs))
*10°,

ks kq

*103}, {t, 0, 2.52},

PlotRange » {{0, 2.52}, Automatic}, PlotStyle » {Red, Green, Blue, Black}, Frame » True, FrameLabel - {"Time [%10° s]", "Metal mass variation [mg] “},
LabelStyle » Directive [FontSize » 30], ImageSize » Scaled[0.3], AspectRatio- 1, GridLines - Automatic

’

style["¢.", Bold, Large], {{KF1, 1.61%107°, "K,, [-]"}, {1.61+107°, 0.715410°°}}, {{a, 0.044, "a [-]"} , {0.044, 0.14, 1, 0.9}}, {{a, 0.044, 1}},

{{#, 1600000, "Hix [N/cm®]"}, {1600000, 70000, 40000, 17 000}}, {H, 1600000, 200000}, Delimiter,

style["¢:", Bold, Large], {{KF2, 0.86, "K;,[-]"}, {0.86, 2.35}}, {{kp, 1.04207", "k [em’/s]"}, {1.04107"7, 2.54107*°}}, {{kP, 1.04107*, 1.04107°}},
{{#, 1600000, "Hix [N/em®]"}, {1600000, 70000, 17 000}}, Delimiter,

Style["¢:", Bold, Large], {{KF3, 1.04107"", "K,; [em’/N]"}, {1.14107%, 1.04107"", 1.04107'°, 1.0%10"°, 12.0+107'°}}, {kF3, 1.0%10"°, 1.0+ 107"},
{{rox, 1.04, "rox [-]"}, {1.04, 3.45}},

style["¢.", Bold, Large], Delimiter, {{ks, 6.8+10°, "ky, [1/5]"}, {6.8+10°°, 4410°°, 1}}, Delimiter,

style["¢s", Bold, Large], {{ks, 1, "k¢, [1/5]"}, {1.0%10™°, 1. +10°°, 1. +10°%, 1. +10°%, 1}}, Delimiter,

Style["Cl: metal loss from the bare metal", Bold, Large, Red], Style["C2: metal oxidized and included on the FF", Bold, Large, Green],
Style["C3: metal included mechanically on the FF", Bold, Large, Blue], Style["C4: metal particles out of the contact-WEAR", Bold, Large, Black],

ControlPlacement - Right]
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Mathematica code for protocol A (ST4 test)

<< PlotLegends”
Manipulate[

1
Plot[{-(t) ([xn-p...nnaw.w”i). (KFZ*pmgui(kP/H)o‘sk(Zaa«F.*s)o‘skv.))*lo’,
-1+e(t)vks 1) 1
[[(t) + k—]' [xn'p...m.a.r..v,';) G (((t) * Kaw (KFan...";* (kP /H)®5 (z.a.r.'s)°-5'v,)) + ((-1+e"""‘l) # ((KF3) % (Poxide * YOX) * (r,.v,)))) *10%,
s A

(1-e **s) (KF1wpnetar % a% Fus Vs 2) 5 (1-e %) ((KF3) & (poxiae * TOX) * (Fu*V,))
*10%,

ks ke

*10‘}, (t, 0, 1000},

PlotRange -» {{0, 1000}, {-0.0005, 0.0005}}, PlotStyle -» {Red, Green, Blue, Black}, Frame » True, FrameLabel » {"Time [s]", "Metal mass variation [mg]"},
LabelStyle » Directive[FontSize -» 30], ImageSize » Scaled[0.3], AspectRatio - 1, GridLines - Automatic

],

Style["¢:", Bold, Large], {{kF1, 1.61410°%, "K; [-]"}, {1.61%10"°, 0.715+10°}}, {{a, 0.4, "a [-]"}, {0.4, 0.14, 1, 0.9}}, {{a, 0.044, 1}},
{{#, 1600000, "Hi, [N/cm’]"}, {1600000, 70000, 40000, 17000}}, {H, 1600000, 200000}, Delimiter,

style["¢.", Bold, Large], {{KF2, 0.86, "K;,[-]"}, {0.86, 2.35, 2.61}}, {{kP, 3.834107%°, "k, [en’/s]"}, {1.04107"7, 2.54107*¢, 3.83x107°}},

{{#, 1600000, "Hi, [N/cm’]"}, {1600000, 70000, 17000} }, Delimiter,

Style["¢:", Bold, Large], {{KkF3, 1.0%107", "K;, [em’/N]"}, {1.14107°, 1.04107*, 1.04107'°, 1.0410"°, 12.04107'°}}, {kF3, 1.0410°°, 1.04107 "'},
{{rox, 1.55, "rox [-]1"}, {1.55, 1.04, 3.45}},

Style["¢.", Bold, Large], Delimiter, {{ks, 6.8410°°, "k, [1/5]"}, {6.8+10°°, 4410°°, 1}}, Delimiter,

Style["¢s", Bold, Large], {{ks, 1, "ks, [1/5]"}, {1.0%10™%, 1.410°°, 1. x10%, 1. +10°*, 1}}, Delimiter,

Style["Cl: metal loss from the bare metal"”, Bold, Large, Red], Style["C2: metal oxidized and included on the FF", Bold, Large, Green],
Style["C3: metal included mechanically on the FF", Bold, Large, Blue], Style["C4: metal particles out of the contact-WEAR", Bold, Large, Black],

ControlPlacement - Right]
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Appendix B : Differential equations resolution

* Compartment3and4

dM
=P bs Where ¢s = kg - M3(t)

dM
d3t(t) = ¢, — ks - M3(D)

M) _ (11 dhf:(t))

1 dM; (1)
(1_k5-M3(t))' dc !

1

[ My = | Y dt
o (1~ 5 00) .

1

(03] ks - M3(t)
By oM

P1 n(l_ks'Ms(t)
¢y
In (1_k5'M3(t)) —ks

o = o ((At) Py — M3,0)

) + Mo = (tr—to) - Py

) = (At) - ¢y — M3

1— kS ' M3 (t) _ e})—kls((At)'QM—Ms,o)
¢4

_ k5 ’ MS(t) _ e})—kls((At)'q)l—Ms,o)

-1
b1

—k
M;(t) = (eTf((At)""l‘MS'“) - 1) ' (ﬁ)
If M3 = 0 (initial condition)

My(®) = (e~ 1) (2

(1 _ e—kSAt) . q)l

M;(0) = ks
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The development is similar for the mass balance of the compartment 4, where ks is replaced by kg4
and ¢, by ¢3

e Compartment 2

dM

d_tz = ¢y — b3 + (kg - My (1) + (ks - M3 (1))

We replace My(t) and Ma(t)

au, <k4_(1—e-kst>-¢3>+<k6_(1—e-kst>-¢1>

e da ks Ks

Simplifying and putting in common

dM,

== b= 0g + (1 =) ) + (1 - 7))

dM
e =P+ bs(-1H 1) 4 (1) ¢y)

sz = by + g (—e ) + ((1 —ekst) - ¢, )

M, (t) = ft tfq>2 dt — <q>3 ft tfe‘k‘*t dt) + <c|>1 ft tf(1 — e7ket) dt)

1 1
M, (1) = Pyt —t,) — <¢3 —_k4 (e_k4tf - e_k4t°)> + oy (tr —to) — <¢1 __ks (e_k“tf — e_k4t0))
with initial time t,=0s
1
M, (t) = ¢t — < (e ket 1) + Pt — ( (0N _—ks (e_k4t — 1))

+ Pyt + ( (e k:;_ 1)>

ket
M, () = Pt + <¢3 < 1%)

Mz(t)=¢2t+<¢3( - )> ( (e k4t—1)>

5

M, (D) = Pt + <¢3

GRS

)
G
e
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List of symbols

Units
Pmetal Density of the metal & |
cm3
Poxide Density of the oxide _8
cm3
¢ Mass rate E]
S
£ Ratio between Vrand Vs [-]
|0x|, Oxide mass on C4 [g]
IM°|4 Metal mass on C3 [g]
a (d) Attenuation factor [-]
d Oxide thickness [69]
G Compartment 1
C Compartment 2
Cs Compartment 3
Cq Compartment 4
Fn Normal force [N]
H Hardness [N/cm?]
m Mass flow [E]
S
ky Parabolic oxidation constant [cm?/s]
Ko, Proportionality constant of ¢, [-]
Kgp, Constant proportional to the probability that an | [-]
asperity can be depassivated
Ko, Proportionality constant of ¢ [cm?/N]
Ko, First order rate constant of ¢, [1/s]
Ko, First order rate constant of ¢ [1/s]
teycle Cycle time [s]
tr Rubbing time [s]
Vehem Chemical volume rate [cm?)
S
Vinech Mechanical volume rate cm?]
S
Vosade Oxide volume rate em?]
S
Vs Sliding velocity [cm/s]
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