PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE

SCHOOL OF ENGINEERING

ANALYSIS OF THE MICROSTRUCTURE AND
ELECTROCHEMICAL PROPERTIES OF Cu-Ni-
Al USED FOR MOLTEN CARBONATE FUEL
CELL

CAMILA FERNANDA ARCOS SEGURA

Thesis submitted to the Office of Graduate Studies in partial fulfillment of the

requirements for the Degree of Doctor in Engineering Sciences.

Advisors:
MAMIE SANCY
CAROLA MARTINEZ

Santiago de Chile, March, 2024
© 2024, Camila Fernanda Arcos Segura




PONTIFICIA UNIVERSIDAD CATOLICA DE CHILE
SCHOOL OF ENGINEERING

ANALYSIS OF THE MICROSTRUCTURE AND
ELECTROCHEMICAL PROPERTIES OF Cu-Ni-
Al USED FOR MOLTEN CARBONATE FUEL
CELL

CAMILA FERNANDA ARCOS SEGURA

Members of the Committee:

MAMIE SANCY %u]

B, /

CAROLA MARTINEZ y/
@, . zc//(/ 3
ARMELLE RINGUEDE ,[/ <
S B s i) D
MAGDALENA WALCZAK Wia. /,/, v N .,",//:3,_,,("‘
CLAUDIO AGUILAR Clauddio Aguilar Ramirez

MICHEL CASSIR Mcoé/ &t

SERGIO MATURANA

Mg Ar—— —

A A A

Thesis submitted to the Office of Graduate Studies in partial fulfillment of the

requirements for the Degree of Doctor in Engineering Sciences.

Santiago de Chile, March, 2024



Dedico esta tesis a mi familia, por
todo su apoyo incondicional vy
comprension durante estos afios. En
especial a mi esposo, nuestras nifias,

mi madre y mi hermana.



ACKNOWLEDGEMENTS

The doctoral program was the most challenging proof in my life, not only in the academic
file but also in terms of resilience and mental health. For this reason, it is important to
name all the important people by my side during these years of training as a scientist.

| want to demonstrate my profound gratitude to my family for their love, kindness,
understanding, and unconditional support throughout my entire life, specifically during
these years of my doctoral thesis. In particular, | want to thank my mother and sister for
their support and my husband for his infinite understanding.

Moreover, | am sincerely grateful to my advisors, Dr. Mamié Sancy and Dr. Carola
Martinez, for their support, wisdom, and supervision over all these years of working
together. It is important to mention other women scientists who inspire and support me,
Dr. Carolina Guerra and Dr. Lisa Mufioz.

In addition, I thank my colleagues from the Laboratory of Electrochemical Materials for
their companionship, understanding, and mutual support. Moreover, | want to thank the
I2E laboratory (Interface, Electrochemistry & Energy) for their help and made my stay a
wonderful experience.

Also, | want to thank my psychologist who played an essential role during this process,
for all her dedication, patience, and advice.

Finally, I am deeply grateful to Pontificia Universidad Catdlica de Chile, in particular, to
the “Vicerrectoria Académica de Investigacion™ (VRI) for funding my doctoral studies
and the Engineering Department of Mechanical and Metallurgic (DIMM UC) for
supporting my research. Also, | would like to thank the Chilean National Agency of
Research and Development (ANID), granted by Fondecyt grant N°11190500 and
Millennium Institute on Green Ammonia as Energy Vector (MIGA) ICN2021_023.



GENERAL CONTENT

ACKNOWLEDGEMENTS ..ottt iv
GENERAL CONTENT ..ottt bbb %
TABLES CONTENT ..ottt viii
FIGURES CONTENT ...ttt bbbttt iX
RESUMEN ...ttt ettt bbb bbb Xi
ABSTRACT ..ottt bbbt Xii
PROLOGUE........ooiiiitsie ettt bbbttt sttt nnenre s xiii
DISCLAIMER ...ttt ettt bbb re s Xiv
l. INTRODUCTION ...ttt st 1
I\ [0 (Y 1[0 OSSPSR 1
1.2 State-0f-the-art ..........cccooviiee e 2
1.2.1 General Background on Fuel Cells ...........ccoooveiieiiiiiiee e, 2
1.2.2 Molten Carbonate FUll Cells ..........ccoveiveiiicce e, 5
1.2.3 Anodes in Molten Carbonate Fuel Cells ..., 7
1.3 NOVEI ASPECES ...ttt ens 10
I, HYPOTHESIS ..ot 11
2.1 ODJECLIVES ...ttt 11
2.1.1 Main ODJECHIVE .....uecviceie et 11
2.1.2 SPECiIfiC ODJECLIVES ......ocveiiiiicce e 11
[l METHODOLOGY ..ottt sttt 12
3.1 Samples Fabrication ..........cccccocieiieii i 12
3.1.1 Laser Powder Bed Fusion (LPBF)........ccccocceviiiiiiicieccc e 12
3.1.2 Spark Plasma Sintering (SPS)........cccoiveiiiiieiieie e 12
3.1.3 Heat Treatment........cccviiiie i 13
3.2 GravimetriC MeasUrEMENTS.......c.eciieiiieiie e esiee et sre e te et siae e e 14
3.3 Electrochemical measurements.........ccoovveiiieeiieiiiesie e 14

IV. CHAPTER I. Ni-Al Bronze in molten carbonate manufactured by LPBF:
effect of porosity design on mechanical properties and oxidation ................... 16
4.1 INFOTUCTION ... ebee e e nree s 16
4.2 Materials and Methods ..........cccoveiiiiiiiiie e 17
4.2.1 Sample Fabrication ..........cccooveiiiiiiii i 17
4.2.2 Morphological and Chemical Characterization ............c.cccccevvennee. 18
4.2.3 Gravimetric MeasUremMeNtS.........ccccvevvveeieeiiie e e 18



VI.

4.2.4 Mechanical CharaCterization .........ccceeeeeeeee e 19

4.3 ReSUItS and DiSCUSSION.......ccviiieiiieieiiesie e ste e e et sre e 19
4.3.1 Microstructural and Chemical Characterization ...............c.c.ceeu..... 19
4.3.2 Mechanical Properti€s.........ccccuveieiieiieie e seese e se e 23
4.3.3 Gravimetric MeasUremMeNtS.........cccecvververeeieseeneeiesee e eeesrae e 26

O o2 Tod [1 1] o] SRS 29

CHAPTER II: The effect of adding CeO2 nanoparticles to Cu-Ni-Al alloy for

high temperatures appliCations ...........cccocvevieieiieie e 31

TS0 111 €0 To 1 od 1 o] USRS 31

5.2 Materials and Methods ............cccooveiiiiiiice e 31
5.2.1 Sample ObteNntioN........ccceviiieiicie e 31
5.2.2 Gravimetric MeasUremMeNtS.........ccccvveieeresieieerie e e e sre e 33
5.2.3 Morphological and Chemical Characterization ...............c.cccocuee.... 33
5.2.4 Mechanical Characterization ............cccoceevveevieresiieieere e 34
5.2.5 Electrochemical Measurements ..........ccccceeveevveveseeieenieseesie e 34

5.3 ReSUItS and DiSCUSSION........ccviiieiiieiieiiesie e 34
5.3.1 Gravimetric MeasUremMeNtS.........ccccoveieerreiieeieeiesee e eiesee e 34
5.3.2 Microstructural and Chemical Characterization..............c..cc.c....... 35
5.3.3 Mechanical Properties.........ccccuvveiveieieere s 38
5.3.4 Electrochemical measurements...........ccccceevveveevieseeieenieseesie e 39

5.4 CONCIUSIONS .....veeieiiicie ettt reeae e 42

CHAPTER III: Corrosion behavior of Ni-Al bronze by LPBF in molten

CANDONGALES ...ttt e te et re e re e re s 43

6.1 INtrOUCLION ...t 43

6.2 Materials and Methods ............ccccoeiiiiicie e 44
6.2.1 Sample fabrication ...........ccccceiveiiiicieece e 44
6.2.2 MICrostructure analysiS........c.cccvveiieeiie i 44
6.2.3 SUrface analysis ........cccveiiiiiiiiie e 45
6.2.4 Electrochemical measurements...........ccccceeveeiiievieivieesie e 45

6.3 Results and diSCUSSION........cceciuiiiieiie et 45
6.3.1 Microstructure characterization .............cccoeveeviievieiieecic e 45
6.3.2 SUIface analysis .......cccccveiieiiiiiie e 46
6.3.3 Electrochemical behavior............ccccooviiiiiii i, 49
6.3.4 MICIONArdNESS......cccviiiiieiie e s 55



B.4  CONCIUSIONS ...ttt e ettt e e e e e e e e e eeeeaeeeaaas 55

VII. Chapter I1V: Suitability of nickel aluminium bronze alloy fabricated by laser
powder bed fusion to be used in the marine environment..............cccccevvennne. 57
7.1 INEPOTUCTION ..ot 57
7.2 MethodolOgY ....cvveeeiieiece e 59
7.2.1 Sample fabrication ..........ccccoeiveii i 59
7.2.2 Sample charaCterization ...........cccccveeeveeresiie s 60
7.2.3 Electrochemical Measurements..........ccocvvveieieieneneneseseseeennens 60
7.3 RESUILS ...t bbb 61
7.3.1 Microstructure charaCterization ............ccoceveverenenene s, 61
7.3.2 Electrochemical behaviour ..., 62
7.3.3 Surface COMPOSILION........cceciiiieiicic e 65
7.4 DISCUSSION ...ttt sttt sttt sttt bbbt r e ene e 67
7.4.1 Electrochemical analysis..........cccccvvieiieieiiieiieie e 67
7.4.2 Suitability of additive manufacturing to produce pieces with better
COIrOSioN PErfOrMANCE ......ccveiveiieceece e 70
7.5 CONCIUSIONS ..ottt et 72
V1. GENERAL CONCLUSION .....coiiiiiiiiieese e 74
REFERENGCES ..ottt sttt ne e 76

vii



TABLES CONTENT

Table I-1: Materials and characteristics of hydrogen-oxygen fuel cells..................... 4
Table 1V-1: ID for NAB SAMPIES. .....cooiieiieecieceee e 18
Table 1VV-2: Summary of compressive strain before and after exposure.................... 26
Table 1VV-3: Summary of surface alloy elements obtained using XPS....................... 29
Table V-1: Chemical composition of the Cu—50Ni—5Al + xCeO> (Wt.%) alloys. .... 32
Table VI-1: Metal alloys exposed to high temperatures. ..........cccceccvevevvereeieeseennnn, 43
Table VI1I-1: Summary of the EIS parameters ..o 70
Table VI1I-2: Comparison of electrochemical parameters...........ccccceevevvevecieieennnn, 71

viii



FIGURES CONTENT

Figure I-1: Global change in electricity by source between 2019 to 2025. ................. 1
Figure 1-2: Schematic representation of different fuel cell operations......................... 3
Figure 1-3: Schematic representation of fuel cell power application ..............c............ 4
Figure 1-4: Schematic representation of molten carbonate fuel cells..............c............ 6
Figure 111-1: Schematic representation of Laser Powder Bed Fusion........................ 12
Figure 111-2: Schematic representation of Spark Plasma Sintering Process............... 13
Figure 111-2: Schematic representation of each heat treatment. ..............ccccooeevinenen. 13
Figure 111-3: Schematic representation of the gravimetric measurements process. ... 14
Figure 111-4: Schematic representation of reference electrode.............ccccceevvevvinnnnnn. 15
Figure V-5: Schematic representation of the gravimetric measurements. ................. 15
Figure 1V-1: Micrographs of samples without and with thermal treatment.............. 20
Figure 1V-.2: FE-SEM images before and after exposure to molten salt................... 20
Figure 1VI-3: EDS surface mapping before and after exposure t...........ccccceevvnennen. 21
Figure 1V-5: GD-OES of bulk samples before and after exposure...........ccccccvevenen. 22
Figure 1V-6: XRD patterns of the bulk sample............cccoooeiveiiiiiiicc e, 24
Figure IV-7: Microhardness (HV) of the samples before exposure............ccccceeennen. 24
Figure 1V-8: Compression stress-strain curves of samples..........c.ccccooveveivieiiiinennen, 25
Figure 1V-9: The variation of weight and corrosion rate of samples..............c.......... 27
Figure 1V-10: Physical model of the corrosion product evolution..............ccccccce..e. 28
Figure 1V-11: XPS survey of sample before and after eXposure ............ccccoeeevvenennen. 29
Figure V-1: Sample preparation and schematic representation .................ccccceevenen. 33
Figure V-2: The variation of weight of Cu—50Ni—5Al samples.........c.cccceevrirerrnnenn 35
Figure V-3: FE-SEM images before and after gravimetric measurements............... 36
Figure V-4: EDS surface mapping before and after...........cccccoveviiiicicicccce, 37
Figure V-5: XRD patterns of Cu—50Ni—5Al samples before and after ..................... 38
Figure V-6: Microhardness of the samples before eXposure.........c.cccccevvvveveeiiecnennn, 39
Figure V-7: Open circuit potential variation of samples...........ccccccovvviviiiiiciiecnnnnn, 40
Figure V-8: Nyquist diagrams of sSamples..........cccccoeiiiiiiiiii e, 40
Figure VV-9: Effect of correction of electrolyte resistance on Bode plots................... 41
Figure VI-1: Micrograph of Ni-5Al and NAB alloys before exposure..................... 46
Figure VI-2: FE-SEM and EDS analysis of Ni-5Al and NAB samples..................... 47
Figure VI1-3: XPS spectra of Ni-5Al and NAB alloys after exposure............c.c........ 48
Figure VI-4: Open circuit potential of Ni-5Al, NAB samples...........ccccoevvvveiiieinnnnn, 49

iX



Figure VI-5: Nyquist diagrams of Ni-5Al and NAB samples..........cccccevvviveieiiennnnn. 50

Figure VI-6: Nyquist diagrams of NiSAl and NAB samples. ..........cccccevvviveieiinnnnnn. 50
Figure VI-7: Bode plots of Ni-5Al and NAB samples. .........cccccvvveviieieiieiiere e, 52
Figure VI1I-1: Radar chart used to compare different alloys ............cccoooevviiveiiinnnn, 58
Figure V1I-2: Schematic representation of each heat treatment.............c.ccccccvvnenen. 60
Figure VI1I-3: FESEM micrograph before and after eXposure ...........ccccoeevvevviiiennn. 61
Figure VI1I-4: XRD pattern for samples before eXposure. ........ccccccevvevvcvieieeiecieennnn, 62
Figure VII-5: Open circuit potential (Eoc) reSUlt.........ccovviiviiinnenenineseseeeeee, 63
Figure V1I-6: Nyquist plot and Bode diagrams after eXposure..........ccccccevveveinenen. 64
Figure VI1I-7: (a) LSV curve of NAB alloy after 30 days of exposure ...................... 65
Figure V1I1-8: XPS spectra of all samples before and after exposure..........c...c.cc....... 66
Figure V-9: The relative quantity of elements processed from XPS ..........c..ccccee..e. 66
Figure VI1I-10: Nyquist plot of samples after 30 days of exposure.............ccccvevenen. 68
Figure VI1I-11: Schematic representation of the oxide evolution a.............cccccccvvnnee. 69



RESUMEN

El crecimiento explosivo de la poblacion global estas ultimas decadas ha aumento del
requerimiento energético, por lo que es necesario desarrollar nuevas tecnologias que sean
mas eficientes con respecto a las energias convencionales pero que ademas permitan
reducir las emisiones de gases de efecto invernadero. En este contexto, las celdas
combustibles representan a una de las tecnologias prometedoras que incluso pueden
actuar como dispositivo de almacenaje o también como un sistema de respaldo para evitar
problemas de intermitencias en sistemas eolicos o solares. Las celdas combustibles
corresponden a un dispositivo electroquimico que convierte la energia quimica de un
combustible directamente en energia eléctrica. Sus componentes son los electrodos
(4nodo y catodo), que son conductores de electricidad y el electrolito que es conductor
i6nico. En particular, las celdas de carbonato fundido (MCFC) utilizan hidrégeno como
combustible y carbonatos fundidos como electrolito, las que alcanzan mayores potencias
que la gran mayoria de las celdas combustibles, operando a temperaturas cercanas a 650
°C. Por lo que, a largo plazo, la corrosion de los electrodos y materiales usados en estos
sistemas podria disminuir la vida atil de los componentes debido a las elevadas
temperaturas de operacion.

En esta tesis se planted6 como objetivo general estudiar la microestructura y el
comportamiento electroquimico de las nuevas aleaciones Cu-Ni-Al para ser empleada en
celdas combustibles de carbonato fundido. Las aleaciones metélicas se fabricaron
mediante metalurgia de polvos, tal como prensado en caliente y manufactura aditiva. La
micro-macroestructura de las muestras se estudié antes y despueés de la exposicion a los
carbonatos fundidos (Li2CO3-K.CO3) a 550 °C a través de microscopia Optica,
microscopia electronica de barrido de emisidn de campo y difraccion de rayos X. Ademas,
se realizaron mediciones gravimétricas y espectroscopia de impedancia electroquimica
en potencial de circuito abierto para analizar la corrosion de los electrodos en ambiente
aireado y controlado.

Palabras claves: Celda combustible; carbonatos fundidos; anodo; aleaciones de Ni;
aleaciones de bronce al niquel y aluminio; Cu-Ni-Al; manufactura aditiva; metalurgia de
polvos; corrosién; impedancia electroquimica; micro-dureza.
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ABSTRACT

Global population growth has influenced further technological and scientific challenges,
where the exponential increase in electricity demand stands out. In this context, it is
necessary to continue researching alternatives to conventional energy generation to
reduce greenhouse emissions. Fuel Cell technology is promising for lowering and storing
carbon dioxide emissions in this context. It is a backup system to avoid intermittent
problems with wind, solar, or other technologies. Fuel cells correspond to an
electrochemical device that converts the chemical energy of a fuel directly into electrical
energy. Their main components are the electrodes (anode and cathode), electronically
conductive, and electrolyte. In particular, molten carbonate fuel cells use hydrogen as
fuel, highlighting their excellent power. However, the high working temperature, close to
650 °C, is a disadvantage due to the reduction of the component’s lifetime. Therefore, for
a long-term operation, electrode corrosion behavior must be considered.

This thesis aims to study Cu-Ni-Al alloys' microstructure and electrochemical behavior
for molten carbonate fuel cells. The metal samples were manufactured using powder
metallurgical techniques, such as hot pressing and additive manufacturing. The porosity
was analyzed using the Archimedes method. The micro-macrostructure of the samples
will be studied before and after exposure to LioCO3-K>CO3 at 550 °C using surface
analysis, such as optical microscopy, field emission scanning electron microscopy, and
X-ray diffraction. Moreover, gravimetric measurements before and after exposure and
electrochemical impedance spectroscopy at open circuit potential were used to analyze
the corrosion of the anodes in an aerated and controlled environment.

Keywords: Fuel Cell, molten carbonates, anode, Ni-based alloy, nickel-aluminum bronze

alloy, Cu—Ni-Al alloy, additive manufacturing, hot pressing, corrosion, electrochemical
impedance, microhardness.
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PROLOGUE

Global population growth has influenced further technological and scientific challenges,
where the exponential increase in energy demands stands out. Alternatives to
conventional energy generation that produce no greenhouse gas emissions from fossil
fuels reduce air pollution and avoid increasing global temperatures, which are some
challenges that could be achieved using specific sustainable energies from renewable
resources. In this context, fuel cell technology represents a technology that effectively
reduces carbon dioxide emissions, which allows energy storage, works as a backup
system to avoid intermittent problems, and can be used as a carbon dioxide (CO>) capture
system.

Fuel cells (FC) correspond to an electrochemical device that converts the chemical energy
of a fuel into electrical energy. Their main components are anode and cathode, electronic
conductive materials with a sizeable electroactive surface area. In addition, electrolytes
are a component of FC with high ionic and no electronic conductivity. Solid oxide fuel
cells (SOFC) and molten carbonate fuel cells (MCFC) are often used for their high
efficiency. However, one of the disadvantages of this type of cell is the high working
temperature, close to 800 and 600 °C, respectively, which consequently decreases the
component's lifetime. Recent investigations have mainly focused on researching new
electrodes with better corrosion resistance and mechanical properties because it is better
if both technologies are separated. For the long-term operation of the cell, it is necessary
to consider the electrode's structural stability and corrosion.

In this doctoral thesis, Cu-Ni-Al alloys were studied for MCFC applications using
morphological, microstructural, mechanical, and electrochemical analysis. The effect of
adding Cu and cerium oxide nanoparticles (CeO2-NPs) to Ni-Al anodes, which were
manufactured using different powder metallurgy processes, was also analyzed.

This manuscript presents an introduction and state-of-the-art information related to the
problem associated with electrodes and materials used in MCFC. In this doctoral thesis,
three articles were published in WoS journals, and a fourth article is in preparation, which
will be submitted soon in a WoS Journal. The scientific articles appear in a chapter for
each one in this manuscript. Article 1 shows the mechanical properties and oxidation
response of bulk and porous Ni-Al Bronze alloy manufactured by additive manufactured,
laser powder bed fusion (LPBF), under molten carbonates in aerated condition. This
article was published in the Materials Journal. Article 11 studies the effect of adding CeO-
nanoparticles to Cu-Ni-Al alloy for high-temperature applications, comparing the
mechanical and electrochemical properties. This article was published in the
Nanomaterials Journal. Article 111 describes the electrochemical behavior of the Ni-Al
alloy and Ni-Al Bronze alloy after exposure to molten carbonate at high temperatures
under a controlled atmosphere. This article was submitted to the Corrosion Science
Journal. Article 1V, submitted in the Corrosion Science Journal, compares the Ni-Al and
Ni-Al Bronze's corrosion behavior in marine media at room temperature.
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l. INTRODUCTION

1.1 Motivation

Global energy demand has increased significantly due to world population growth and
the industrialization of developing economies [1,2]. Its production has been based mainly
on fossil-fuel energy [2,3], increasing the global warming effect upon the rise of
greenhouse gases in the atmosphere, such as carbon dioxide (CO2) [3]. Moreover,
according to the last report in 2023 of the Intergovernmental Panel on Climate Change
(IPCC), the “Sixth Assessment Report” reported that the world temperature is 1.1 °C
warmer due to the greenhouse gas emissions from human activities, which undermines
people’s health, food security, water supply, and this consequence affects nature and
people around the world [4]. In this context, the International Energy Agency (IEA)
reported “A Global Pathway to Keep the 1.5 °C Goal in Reach”, determinate that to ensure
a liveable and sustainable future, it is necessary to deep, fast, and sustained reductions in
greenhouse-gas emissions [5].

The total world renewable energy capacity was 1945 GW in 2021, 16% higher than the
previous year. This capacity is divided into the following technologies: wind 845 GW,
photovoltaics 942 GW, concentrated solar power 6 GW, biomass 143 GW, and
geothermal power 14.5 GW [6]. Figure I-1 shows the growth of renewable energy as a
function of time, revealing that renewable sources can overcome fossil fuels to generate
electricity.
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Figure I-1: Global change in electricity generation by source between 2019 to 2025 [7].

Chile is considered a specific country with a massive potential for renewable energy
resources (RES) [8]. The Ministry of Energy promulgated a Decarbonization Plan for the
electricity matrix in 2019, closing eight thermoelectric plants by 2024 [9]. An alternative
energy source for fossil fuel is hydrogen (Hz), which provides energy security and better
pricing [10,11]. Therefore, H> can be produced through renewable resources (green



hydrogen), such as solar, wind, or geothermal [11], which provide clean electricity to the
water electrolyser.

Furthermore, the energy efficiency of H, increases (120 kJ/g) [12], with a calorific value
three times higher than diesel oil (44 kJ/g) [13].

In Chile, the National Green Hydrogen Strategy (H2V) was promulgated in 2020 to
stimulate and promote domestic applications and export H2 from renewable energies. On
the other hand, a further scientific-technological challenge is related to H> storage and
energy conversion devices [14]. Consequently, it is necessary to study and develop
technologies, such as fuel cells (FC), that generate energy by using H. without emitting
polluting gases into the atmosphere because FC offers promising solutions to reduce the
environmental impact of energy production by the possibility of generating electricity
without emitting harmful substances into the atmosphere. All the technologies
compromise as main components the electronically conductive electrodes, electrolyte
membrane with high ionic conductivity, and electrolyte [15]. Moreover, it is essential to
highlight that lithium carbonate is a vital electrolyte due to its high electrical conductivity
[16]. This material has been promoted in the national lithium strategy in Chile since it
considers its promotion in the refining processes and obtaining of lithium chemicals, such
as carbonates (Li2COs) and lithium hydroxide (LiOH) [17]. This is because Chile has one
of the leading lithium reserves in the world in the Salar de Atacama.

1.2 State-of-the-art

1.2.1 General Background on Fuel Cells

William R. Grove developed the first Fuel Cell (FC) concept in 1839, describing a clean
form of combustion through the direct oxidation of carbon in an electrochemical device
[18]. Fuel Cells are electrochemical devices that transform energy from electrochemical
reactions into electrical and thermal energy, which can be used in transportation and
portable or stationary applications [18]. Nowadays, it is agreed that FC technology
represents an excellent opportunity for reducing the dependence on fossil fuels and carbon
footprint production [19]. FC produces clean energy with a high conversion efficiency
and system configuration that, in some cases, facilitates the easy capture of CO2[20,21].
Wang et al. [22] reported that FC corresponds to an electrochemical device that converts
chemical energy directly into electrical energy; there are different kinds of fuel cells, as
shown in Figure 1-2, which can be classified according to the range of operation
temperature. For example, low-temperature fuel cells between 20 °C and 200 °C, the
phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), and polymer carbonate fuel
cells (PEMFC). On the other hand, high temperatures are between 650 °C to 850 °C, the
solid oxide fuel cell (SOFC) and molten carbonates fuel cell (MCFC).

The main components are electronically conductive materials (electrodes) with a sizeable
electroactive surface area and an electrolyte with high ionic conductivity, as described by
Mitsushima et al. [23]. In the FC, the anode is the negative electrode of the cell, where



the fuel (i.e., H2) is oxidized while the electrons are released. The cathode is the positive
electrode in the system, where the oxidant (i.e., oxygen) is reduced and reacts with the
cations, forming the final chemical product (i.e., water). The authors emphasized that
electrolyte separates the anode from the cathode to avoid direct chemical reactions and
electronic contact. It must be ionically conductive to enable an electrochemical reaction.
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Figure 1-2: Schematic representation of different fuel cell operations (adapted from references [23-25]).

The FC are classified according to the operation temperature, the chemical nature of the
electrolyte, and the fuel type, as described by Da Rosa and Ordéfiez [26]. Table I-1 shows
the classification and characteristics of FC according to the working electrode. For
example, Solid Oxide Fuel Cells (SOFC) and Molten carbonate fuel Cells (MCFC) are
the most rapidly developing high-temperature fuel cell technologies [27]. The most used
fuel corresponds to H,, which is oxidized into the water at the anode, releasing electrons.
Those electrons are involved in the oxygen (0,) reduction reaction at the cathodic side,
forming carbonate ions (CO3%~) in MCFC and oxide ions in SOFC. Then, the formed
anions cross the electrolyte by migration and diffusion to help the oxidation at the anode.

The cathode and anode are porous materials that allow the transport of reactants and the
removal of products, offering a sizeable geometric surface area or density of active sites
for chemical reactions. Therefore, their microstructure and chemical composition must
ensure mass transport and physico-chemical phenomena [26,27]. In this sense, the
cathode and anodes should keep their high electrical conductivity and stability at elevated
temperatures in the electrolyte environment. For FC, Nickel is commonly used to
manufacture electrodes, such as anodes and cathodes. Several pilot power plants and
commercial units have demonstrated the attractiveness of this technology. Nevertheless,
its maturity is only apparent because it is necessary to reduce costs and extend the



durability of the material frequently used in this area. Table I-1 shows each fuel cell's
electrodes' materials, fuel, and operation temperature.

Table I-1: Materials and characteristics of hydrogen-oxygen fuel cells [23,24].

Work
Fuel Cell Fuel Anode Electrolyte lon Cathode | Oxidant | temperature
transfer C)
SOFC:
Solid oxide fuel Héﬁo’ Ni, 0, | 12022102 | Ni | O (air) 850
cell 4 (ceramic)
MCFC: Li,COs-
Molten H,,CO, Ni- K2CO3 9 . CO,+02
carbonate fuel CH4 based (molten COs NiO (air) 650
cell carbonates)
HsPO4
PAFC: H,,CO, Pt, Ru, . . .
Phosphoric acid | CHa C (phgz?g)orlc H PLC | Oz (ain) 200
PEMFC: Cation
Polymer Hz, Pt Ru, exchange H* Pt,C | O (air) 80
CHs0H C
electrolyte membrane
AFC: KOHzq
o H, Ni,Pt,Ru | (alkalie salt OH" Ag,Ni 0O, 100
Alkaline .
solution)

Moreover, another critical parameter that classifies the FC technology is the power
application range, classified as low, high, and very high-power generation [25], as shown
in Figure 1-3. First, low-power FC between 1W and 100W could be used in portable
technologies such as phones, computers, or electronic equipment [28]. High-power FC is
considered 1kW to 100kW and can be employed in transport systems, such as trains [29].
Finally, very high-power FC ranges between 1MW and 10MW for stationary applications
as power generators [25]. Figure I-3 shows a schematic representation of fuel cell power
application, according to the kind of Fuel Cell and power range.
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Figure 1-3: Schematic representation of fuel cell power application (adapted from references [25]).

Therefore, it is possible to observe that the fuel cells that present more power generation
are the technologies that operate at high temperatures, such as SOFC and MCFC. Both
fuel cells present different kinds of advantages. However, MCFC is highlighted because



it operates in lower temperatures than SOFC, close to 650°C. This is why it is considered
an attractive option to develop medium-scale stationary units that generate between
100kW and 10MW [30]. These temperature conditions allow the distribution of the heat
generated as a product from the fuel cell or combined heat and power [31]. It can also be
used as CO2 separation in other industries, such as conventional power plants [31].

In the same way, this technology was studied for CO capture and storage devices (CCS).
M.A. Abdelkareem et al. [31] proposed that MCFC is considered a promising method of
CCS technology due to its possible integration with power plants. This fuel cell requires
CO3, which could complement industries that release CO into the atmosphere.

1.2.2 Molten Carbonate Full Cells

Molten carbonate technology was developed in the 1950s [32]. The high operating
temperature allows the use of different kinds of fuel, such as hydrogen, methane, biogas,
and carbon monoxide. It also permits the application of non-noble material in the
electrodes [33].

MCFC has been commercialized for stationary applications for over three decades of
research and development [15]. It can be used in large-scale power generation due to its
high capacity related to its single units. MCFCs were developed mainly in the USA,
Germany, Italy, South Korea, and Japan [34-36]. The primary developer of this kind of
fuel cell was Fuel Cell Energy Corporation, acompany in the United States that developed
carbonate fuel cells from 10 kW to 2 MW of electrical output, followed by the
implementation of three commercial power plants from 300 kW to 2.8 MW [37-39]. The
maximum effective area of a single cell may reach 1 m?, the current density is around 120
mA/cm?, and the power generation efficiency is around 50%. In 1993, Hitachi and IHI in
Japan developed carbonate fuel cells for stationary power, with a 1 MW power station
composed of four fuel cell modules of 250 kW each unit [40-42]. Lu et al. [43] and
POSCO [42], a South Korean company, described that an MCFC power station of 58.8
MW was composed of 21 fuel cell modules, which produced 2.8 MW each module, which
provided power for 140,000 households. Wang et al. [22] reported that the operating
temperature of MCFC is around 650 °C which is lower compared to SOFC. Meanwhile,
the energy conversion efficiency of fuel-to-electricity is maintained near 47%, as
described by Hacker et al. [23], Lu et al. [43], and Moreno et al. [44].

As mentioned above, in the MCFC, the anode and cathode are separated by the electrolyte
that corresponds to a porous ceramic matrix [22] based on lithium aluminate (LiAIO2), as
reported by Abdollahipour and Sayyaad [38]. A porous Ni alloy has been used as an anode
for MCFC [22,38]. Nickel oxide has also been used as the cathode, allowing it to work at
1-10 atm of pressure. In this case, the fuel is supplied at the inlet of the anode side (Ho,
water, unconsumed methane, CO>, and carbon monoxide), and in the cathode, the O, and
CO; are injected. Hence, a charge transfer process controls the electrochemical reaction
of MCFC in a slow reaction system and a mass transfer process in a rapid reaction system,
as reported by Lee [45]. Therefore, to produce the interchange of charges between the



anode and the cathode, the electrodes must be porous to allow the reacting gases to reach
the interface electrode-electrolyte. The electrode reactions involved in the circuit are the
following:

Anode: 2H, ;) + 2C03~ — 2H,0.4) + 2C0y4) + 4e™ (1.1)
Cathode: 0, + 2€0,(4) + 4~ — 2C03~ (1.2)
Overall react.: 2H, 4y + O,(g) + 2C0,(4) = 2H,0(4) + 2C0,4) + Electricity + Heat (1.3)

In the MCFC, chemical energy is related to the electrochemical reactions between the
fuel, H,, and oxidants, 0,, and CO,, which place at on anode and cathode, allowing
electrical energy generation. Therefore, the cathode catalyzes the reaction between O
and €O, towards the formation of CO5~ ions, as shown below:

O35 + 2C04(g) + 4e™ — 203~ (1.4)

The €05~ ions migrate through the molten electrolyte to the anode, where the fuel is
oxidized, H,, and electrons are released, as can be seen below [23,27,46]:

ZHz(g) + ZCO?%_ - ZCOZ(g) + 2H20 + 2e” (|5)

The oxygen reduction reaction is the rate-determining step, often considered more
complex and slower than the anode reaction [23,27,47-49]. Complementary mechanisms
related to forming the CO4™ ions at the boundary between the electrolyte melt and gases
were proposed that can involve the transport of species in the electrolyte through an oxo-
Grotthuss mechanism via pyrocarbonate ions (C,02™) [50]. Figure I-.4 shows a schematic
representation of a molten carbonate fuel cell adapted from the literature [51,52]. These
systems can also be used as Carbon Capture and Storage (CCS) devices, with the second
possibility of producing electricity.

Electric Current
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Ni-based alloys NiO (Li, Ni, O)

Figure I-4: Schematic representation of molten carbonate fuel cells (adapted from references [51,52]).



The most common electrolytes used in MCFC are alkaline salt [53], for example, lithium
and potassium carbonates (Li-CO3-K2COz3), which have high ionic conductivity and good
chemical stability [54]. However, the main problem is the cathode dissolution in the
molten carbonate because it decreases the performance of the fuel cell [55]. On the other
hand, nickel-based alloys are often employed in the cathode, even when they present
oxidation and lithiation processes in situ in the molten carbonate. Therefore, the
corrosiveness of molten carbonates is a significant difficulty leading to the cathode
dissolution [55].In this context, some authors, such as Meléndez-Ceballos et al. [56], Lee
et al. [45], Ricca et al. [57], and Lair et al. [55] proposed to optimize the electrolyte used
in MCFC, incorporating additives to avoid dissolution of the Ni from the cathode and to
modify the cathode, employing different metallic coatings. Although MCFC technology
has existed for decades, there are still challenges remaining to improve the efficiency of
MCFC due to the high working temperature, which is a disadvantage and consequently
decreases the system's lifetime. According to Hacker et al. [23] and Da Rosa and Ordofiez
[26], for achieving a long-term operation of the FC, it is necessary to consider the
following problems: reduction of the anode structural stability, cathode dissolution and
corrosion caused by operating temperatures. For this reason, technological development
is currently focused on researching new materials with good corrosion resistance and
better structural properties when exposed to molten carbonates. Specifically, the material
used as anode, since there is little research in this area.

1.2.3 Anodes in Molten Carbonate Fuel Cells

Nickel with small amounts of additives (Cr, Al) has been widely used as an anode material
in MCFCs for the past two decades due to its good electrochemical activity and low
polarization losses. However, MCFC operates at high temperatures, and creep and
sintering problems of the anode produce a collapse of the anode, resulting in the
electrolyte redistribution phenomenon due to a reduction in the contact between the anode
and electrolyte matrix. However, the high operating temperatures imply that using
precious metals is unnecessary for anodes. In this context, porous Nickel-Aluminum
alloys (NiAl) are commonly used due to their low density, high melting point, excellent
acid/alkali corrosion resistance, good oxidation resistance at elevated temperatures, and
reasonable charge transfer conductivity.

Accardo et al. [58,59], Frattini et al. [60], and Youn et al. [61] analyzed the catalytic
activity and mechanical strength of the electrodes. However, only some works have
investigated the effect of the microstructure of the anode on the performance of FC. It
should be mentioned that the standard porosity of MCFC anodes varies usually between
50-65%, while the pore size is around 2-3 um [46,59]. Wejrzanowski et al. [62] proposed
that the material microstructure influences a porous electrode's catalytic performance and
efficiency, reporting that the open pores offer a large geometric area for chemical
reactions. Lee et al. [63] reported porosity and the average size of the pores due to a more
excellent specific surface can improve the catalytic performance of an electrode.
Therefore, the pore size drastically determines the area between the anode and molten



electrolytes, as reported by Bie et al. [64]. Furthermore, some authors found that the
stability decreased with the loss of the anode porosity during the MCFC operation [59,65].

The anode can be reinforced by adding a third alloying metal to a binary Ni-based alloy
or a hard metal oxide as a coating to the anode, blocking the dislocation movement and
sintering that can occur during the cell operation [60,61,66—71]. The first strategy
involves producing ternary alloys requiring heavy metallurgical or ball-milling processes.
These ternary systems have interesting electrochemical properties, good ductility and
stiffness, low creep resistance, and limited corrosion resistance. Therefore, more studies
should assess reliable advantages and effective fabrication processes [46,58-61,63,66—
68,70-75].

Consequently, to improve the structural stability, the incorporation of other metals into
the initial alloy, such as titanium [60], chromium [61,67,76], and copper [68,76], among
others, have been studied. Also, the incorporation of nanoparticles in commercial alloys
such as zirconia oxides (ZrO2) [58,59] and cerium oxides (CeOz) [58] has improved the
mechanical and electrochemical behavior of the anode.

1.2.3.1 Ternary alloy as electrode

Nguyen et al. [67] incorporated chromium into the NiAl anode, finding the best creep
strain with Ni-5wt.%AIl-10wt.%Cr. However, including this third alloying element did
not improve the electrochemical performance. Kim et al. [66] analyzed the creep behavior
of Ni-(4-7 wt.%)NizAl and Ni-5 wt.%Ni3Al-5 wt.% Cr anodes for molten carbonate fuel
cells, reporting that the creep deformation decreased synergistically with the Ni3Al and
Cr inclusion. Wee et al. [66] studied the impact of aluminum and chromium on the
reference Ni-Al anodes, particularly for the creep and sintering resistance. The authors
found that adding 5 wt.% NizAl and 3 wt.% Al obtained the most resistant material against
the sintering, keeping the porosity close to 60% even at 1000 °C. Ni-Al alloys, including
Ni3Al in the anode, show crack growth via the step-wise cracking mechanism under stress
at 500-760 °C. Also, the researchers determined that the creep of anode for MCFC mainly
occurred within 60 h from the start of operation. Li et al. [68] investigated Cu-35Ni-15Al
as cast and porous materials, reporting that both had a Cu-rich phase, a Ni-rich phase, and
intermetallics. Besides, the authors noted that the yield strength of porous alloys increased
with the decrease in porosity and that the relationship between porosity and yield stress
follows the Gibson-Ashby equation. Moreover, they determined that reducing the
deformation temperature increased the yield strength for cast and porous alloy.

Incorporating copper (Cu) into the Ni-Al alloy can be an excellent opportunity to increase
the thermal conductivity and mechanical resistance over a wide range of temperatures,
making it an ideal material to work under extreme heat flow and compression conditions
[68,77]. According to Klassert and Tikana [78], copper alloys are an important metallic
material due to their metallurgical, physical, and chemical properties. For example, at
high temperatures CuNi alloys show great tensile strength, also have good corrosion
resistance. Other authors as Martinez et al. [79] study Cu and Ni separately and Cu-Ni



alloy and indicates that Ni presents the maximum strength, however Cu-Ni alloy presents
intermediate values between pure Cu and Ni. It is essential to mention that the
incorporation of metal can stabilize solid solution alloy, which means atoms of solvent
metal are randomly replaced from their lattice position by atoms of solute metal, creating
metallic bonds [80,81].

Also, Cu has good electrical conductivity and sintering properties. Cu-Ni-Al porous alloy
can be an ideal material for MCFC anode [68,82]. Moreover, Fe could be introduced to
the alloy Cu-Ni-Al, manufacturing a commercial Nickel-aluminum bronze or NAB alloy
(Cu-Al-Ni-Fe) characterized by good corrosion behavior in hostile environments, such as
marine environments [83]. Indeed, the corrosion behavior of alloys such as 51Fe-24Cr-
20Ni and 5Fe-23Cr-58Ni-8Mo in molten salts has been investigated in the literature [84].
In this sense, Liu et al. [85] reported that adding ceria nanoparticles to a Cu-Ni anode
improved the catalyst performance for the Hz oxidation reaction, which is critical to the
electrode performance in MCFC. Accardo et al. [59,60] demonstrated that adding CeOo-
NPs in Ni5Al alloy reduced the creep strain [58]. However, the investigations have not
evaluated the influence of the CeO>-NPs on the micro-macrostructural and
electrochemical behavior of the electrodes.

1.2.3.2 Nanoparticles in Electrodes

The effect of nanoparticles on electrodes for FC has been investigated. For instance,
Accardo et al. [59,60] found that the pore size decreased slightly when 1-5 wt. % of nano-
zirconia oxide (ZrO2-NPs) was added. The authors also reported that zirconia coated
almost all the surfaces for a sample with 10 wt.% ZrO,-NPs, possibly due to the
aggregation of the nanoparticles. While for samples with 3 wt. % ZrO,-NPs, the response
was similar to the standard anode, reducing the creep strain [58,60]. On the other hand, a
reduction of porosity and pore size was found for the Ni5Al sample with 3 wt. % ZrO,-
NPs and nano-cerium oxide nanoparticles (CeO2-NPs), possibly due to the diameter of
raw NiAl powders and the addition of many nanometric hard oxide particles [58]. The
authors also found that nanoparticles reduced the creep strain. Accardo et al. [59] added
nano-zirconia on NiAl anodes, reporting an enhancement in the physical, mechanical,
microstructural, and electrochemical properties and long-term single-cell operations.
Thus, the potential use of hard oxide nanoparticles is assessed to increase the performance
of MCFC and anode properties.

Lee et al. [70] achieved better electrocatalytic activity and corrosion resistance using a
Gd20s electro-coated Ni-alloy. The authors obtained an open circuit potential of 1.015 V,
maximum power densities close to 100-115 mW-cm™2, but no stable polarization curves
when using carbon as fuel. Meléndez-Ceballos et al. [71,74,86] used CeO2, TiO2, C0o304,
and NbOs on the cathode, investigating the microstructural properties. Still, the authors
did not use single-cell MCFC tests for electrochemical measurements in molten
carbonate. Devianto et al. [74] analyzed the wettability and cell performance of a Ni
anode coated by MgO and PbO for a direct-ethanol MCFC, obtaining low cell
performances without analysis related to long-term durability.
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1.3 Novel Aspects

Ni-Al anodes are widely used for MCFC applications owing to their relatively low
density, high melting temperature, excellent acid/alkali corrosion resistance, and good
charge transfer conductivity. They are susceptible to creep and provoke sintering
resistance, dramatically reducing fuel cell lifetime. In this context, generating efficient
and stable anodes by incorporating alloying additives requires understanding the
underlying mechanisms to engineer other efficient and stable anodes.

This work analyzed Cu-Ni-Al alloys as an anode for MCFC, studying the micro- and
macrostructural properties and their corrosion. CeO2-NPs were added to the Cu-Ni-Al
alloys to improve their performance as catalysts using electrochemical measurements.
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1. HYPOTHESIS

This work proposed the following hypothesis:

Hypothesis 1: Adding Cu to Ni-Al alloys enhances the corrosion properties in molten
carbonate fuel cells. This is based on improving the passivity of the oxide film formed on
Cu-Ni-Al.

Hypothesis 2: Adding CeO2-NPs to Cu-Ni-Al alloys increases the microhardness and

improves the catalytic properties as an anode in molten carbonate fuel cells. This is based
on reducing the grain size and increasing the active site.

2.1 Objectives

In this work, the following objectives are proposed:
2.1.1 Main objective

The main objective of this thesis is to study the effect of adding Cu and CeO2-NPs on the
microstructural, morphological, and electrochemical behavior of the Ni-Al alloys in
molten carbonate.

Based on the main objective, the following specific objectives are proposed:
2.1.2 Specific objectives

e Specific Objective 1: To analyze the physic-chemical properties of Cu-Ni-Al
alloys.

e Specific Objective 2: To evaluate microstructural and mechanical properties of
Cu-Ni-Al alloys.

e Specific Objective 3: To study the electrochemical behavior of Cu-Ni-Al alloys.
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1. METHODOLOGY

3.1 Samples Fabrication

3.1.1 Laser Powder Bed Fusion (LPBF)

The Cu-11AI-5Ni-4Fe (NAB) and Ni-5Al samples were manufactured using Laser
Powder Bed Fusion (Chapters 1, 11, and 1V). For the Ni-5Al sample, the powder size was
smaller than 45 um, and for the NAB sample, the powder size was smaller than 40 pm.
The equipment utilized was GE-Concept Laser Mlab using a 200R machine, and the
selective laser melting was set to 30 pum and 80 um,180 W, and the laser speed was kept
at 600 mm-s'. The total volumetric energy density was 125 J-mm=. The Cu-11AI-5Ni-
4Fe sample was fabricated over a copper platform and Ni-5Al alloy was manufactured on
a 100 x 100 mm stainless-steel platform. The samples were removed from the platform
using wire electrical discharge machining at 100 V and 2.5 A.

Metallic

Powder Bed L Object Build

|_ Build Plate

Figure I11-1: Schematic representation of Laser powder bed fusion (adapted from Reference [87]).
3.1.2 Spark Plasma Sintering (SPS)

Cu-50Ni-5Al (Chapter I1) was manufactured using spark plasma sintering (SPS).
Previously, the pure powders, Nickel <10 pm, Copper <63 pm, and Aluminum <60 um,
were mixed using mechanical alloying in a Planetary mill PQ4 Across International,
obtaining powder compositions of Cu—50Ni—5Al (wt.%). The milling conditions
included a ball-a—powder ratio (BPR) of 10:1 and 2 wt.% stearic acid as a control agent
under an inert Ar atmosphere. The milling time was 100 h effective, and there was an
on/off cycle of 30/15 min at a speed of 350 r.p.m. Then, cerium oxide nanoparticles (CeO-
- NPs) were added in 1, 3, and 5 wt.%, using a particle size smaller than 25 nm, performed
in a Mixer Y—type Astecma for 1 h. Later, Cu—50Ni—5Al samples without and with
CeO>—NPs were consolidated by SPS, using a Fuji Electronic Industrial SPS1050. The
samples were heated from room temperature to 800 °C at a heating rate of 100 °C-min™",
applying a pressure of 50 MPa simultaneously during the heating, keeping at the sintering
temperature for 5 min. The entire SPS process was kept under a vacuum of approximately
20 Pa. Finally, the samples were cooled to room temperature at a cooling rate of roughly
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10 °C-s"! in the SPS chamber. Figure I11-2 shows a schematic representation of the entire

process.
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Figure 111-2: Schematic representation of Spark Plasma Sintering Process (adapted from

3.1.3 Heat Treatment

Reference [88]).

The NAB and Ni5Al samples (Chapters | and 1V) were thermally treated, applying a
quenching and tempering process (Q+T). This thermal treatment consisted of heat
treatment at 900 °C for 1 h, then a rapid cooling in water, heating to 700 °C for 5 h, and
finally cooling in the air. Meanwhile, in the annealing process (A), the samples were

heated to 900 °C for 2 h, followed by a cooling in the furnace [89,90]. Figure 111-3 shows
a schematic representation of the heat treatment processes.

le]
T/°G,
Annealing

900 |-y,
|  Tempering
e | I\ AL cooling
e\} | Fiirhace cooling
12

2 t/h
5

Figure I11-3: Schematic representation of each heat treatment “Q+T" and “A” is annealing (from

Reference[91]).



14

3.2 Gravimetric measurements

To determine the mass variation and corrosion rate, all samples were exposed to Li>COs-
K2COs molten carbonate inside an alumina crucible at 550 + 5°C for 21 days in aerated
conditions in a furnace. Every 7 days, samples were removed from the stove and cleaned
to eliminate the crystallized salt form on the metal surface using beakers filled with 25
mL of hot distilled water (~100 °C), which were placed in a sonicator bath ElIma D-78224
for 30 min. Subsequently, the samples were dried with hot air and weighed until they
reached a constant value, as reported by the ASTM G1-03 [92]. Figure I11-4 shows the
gravimetric measurements carried out during this thesis.

21 days of exposure

Figure 111-4: Schematic representation of the gravimetric measurements process.

3.3 Electrochemical measurements

The electrochemical measurements were performed using a potentiostat/galvanostat
(Solartron Analytical Xm) and a three-electrode electrochemical cell under aerated and
deaerated media. Ni-5Al, Cu-50Ni-5Al, and Cu-11AI-5Ni-4Fe alloys were used as
working electrodes. A gold wire welded to a silver wire was employed as the counter
electrode. A silver wire dipped into an Ag2SO4 (107! mol-kg ') saturated Li,CO3—K2COs
contained in an alumina tube sealed by a porous alumina membrane (frit) was used as the
reference electrode (Ag/Ag™) [93], as shown in Figure I11-5.
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Figure 111-5: Schematic representation of reference electrode.

The electrochemical measurements under controlled media were done using a constant
flow of Ha/N2 in a 40/10 ml-min ratio. The electrolyte was a molten carbonate (Li2COs-
K2>COs3) kept at 550 °C.

The open circuit potential and impedance data were collected during five days of exposure
to molten carbonate. The electrochemical impedance spectroscopy (EIS) was measured
in duplicates between 65 kHz and 3 mHz, using eight points per decade and an amplitude
of 10 mV. EIS measurements were carried out at E = Eoc and E = Eoc + 30 mV.
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Figure I11-6: Schematic representation of electrochemical set-up (adapted from Reference [94]).
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V. CHAPTER 1I: Ni-Al BRONZE IN MOLTEN CARBONATE
MANUFACTURED BY LPBF: EFFECT OF POROSITY DESIGN
ON MECHANICAL PROPERTIES AND OXIDATION

4.1 Introduction

Global energy demand has increased significantly due to world population growth and
the industrialization of developing economies [2]. Energy production has been based
mainly on fossil-fuel energy [95], which has increased the global warming effect with the
rise of greenhouse gases, such as carbon dioxide (CO,), in the atmosphere [64].

Fuel cell technology has been explored as an excellent alternative for reducing the
dependence on fossil fuels and carbon footprint production because the fuel cells use
clean energy with a high conversion efficiency, also allowing CO, capture [22,96]. Fuel
cells are electrochemical devices that convert chemical energy to electrical energy [26].
Molten carbonate fuel cells (MCFCs) are one of the most rapidly developing high-
temperature fuel cell technologies [22] that offer promising solutions to reduce the
environmental impact of energy production by generating electricity without emitting
harmful substances into the atmosphere. The main components are electrodes and an
electrolyte membrane with high ionic conductivity [15]. The fuel frequently used is H,,
which is oxidized into the water at the anode, releasing electrons which are involved in
the oxygen (0,) reductio reaction at the cathodic side, forming carbonate ions (C03~) in
MCFCs. The electrolyte separates anode and the cathode, which corresponds to a porous
ceramic matrix [22,64], such as a ceramic lithium aluminum oxide (LiAlO,), embedding a
mixture of the molten carbonate, as reported by Abdollahipour and Sayyaad [38]. The
cathode and anode are porous materials, offering a sizeable geometric surface area or
density of active sites for chemical reactions [26,27]. Although MCFC technology has
existed for decades, some open challenges remain for a real breakthrough regarding
durability, lifetime, and cost of core components [15,26].

Ni has been widely used in MCFCs for the past two decades due to its good
electrochemical activity and low polarization losses. However, high temperatures produce
a collapse of the anode due to the creep and sintering problems, decreasing the contact
between anode and electrolyte matrix. However, the high operating temperatures imply
that using precious metals is unnecessary for anodes. Porous nickel-aluminum alloys (Ni-
Al) are commonly used due to their low density, high melting point, excellent acid/alkali
corrosion resistance, good oxidation resistance at elevated temperatures, and good charge
transfer conductivity. The standard porosity of anodes varies between 50 and 65%, with
a pore size of around 2-3 pm [26,27]. Anodes are affected by compressive and thermal
stresses during the operation of MCFCs, which favor the creep deformation that decreases
their porosity and electrochemical activity [59,72]. Even though this alloy has been shown
to be ideal as an anode, some authors found that the loss of porosity during the MCFC
operation influences the catalytic performance and efficiency of anodes [58,59,73]. Some
alloying elements have been incorporated into NiAl anodes to improve their structural
stability, such as titanium [60], chromium [63,67], and copper [68,76]. Studies have
demonstrated that the anodes can be mechanically reinforced by adding a third alloying
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element to the NiAl or incorporating a hard metal oxide as a coating to block the
dislocation movement and the sintering that can occur during the cell operation [60,82].
These ternary systems have interesting electrochemical properties, good ductility and
stiffness, low creep resistance, and good corrosion resistance [56,60]. Nguyen et al. [67]
incorporated chromium into the Ni-Al anode, finding the best creep strain with Ni-
Swt.%Al-10wt.%Cr. However, the chromium addition did not improve the
electrochemical performance. Kim et al. [75] analyzed the creep behavior of Ni-(4-7
wt.%)NizAl and Ni-5wt.%NizAl-5wt.%Cr anodes for MCFC, finding that the creep
deformation decreased synergistically with the NizAl and Cr inclusion. Li et al. [68]
investigated a Cu-Al anode as cast and porous materials, reporting a Cu-rich phase, a Ni-
rich phase, and an intermetallic composed of both materials. In addition, the authors noted
that the yield strength of porous alloys increased with decreased porosity and that the
relationship between porosity and yield stress follows the Gibson—Ashby equation.
Moreover, they determined that reducing the deformation temperature increased the yield
strength for cast and porous alloys. Although Ni-Al anodes are widely used for MCFC
applications, a loss of the anode porosity and corrosion in molten carbonate due to the
high temperatures have been reported.

Adding copper (Cu) into Ni-Al alloy can reduce the cost of anode manufacturing,
increasing thermal conductivity and mechanical resistance. Therefore, Cu-Ni-Al can be
ideal for extreme conditions [68,77], such as an anode for MCFCs [68,82]. Moreover, Fe
could be introduced to the alloy Cu-Ni-Al, manufacturing a commercial NAB (Cu-Al-Ni-
Fe) alloy characterized by a good corrosion behavior in hostile environments, such as
marine environments [83]. Indeed, some authors study the corrosion behavior of alloys
such as 51Fe-24Cr-20Ni and 5Fe-23Cr-58Ni-8Mo in molten salts [84].

In this work, a new porous Cu-Al-Ni-Fe alloy was fabricated by laser powder bed fusion
(LPBF) through selective laser melting (SLM), which allows for the fabrication of
samples with different pore geometry at a laboratory scale [97]. This is unlike other
techniques that use salts to generate arbitrary porosity, such as conventional powder
metallurgy [98]. The samples were exposed to molten carbonate in an aerated medium to
simulate the MCFC conditions to better understand the anode degradation during
exposure, particularly its mechanical properties and corrosion resistance.

4.2 Materials and Methods
4.2.1 Sample Fabrication

Cu-11Al-5Ni-4Fe wt.% alloyed powders (<40 um, CNPC powder group CO) were used
to manufacture the anode samples through a selective laser melting (Concept Laser Mlab
using 200R Ge machine, Boston, MA, USA) that was set to 30 um and 80 um for the
layer thickness and hatch space. In contrast, the power and laser speed were kept at 180
W and 600 mm-s!. Samples were fabricated with a cylindrical shape, constructed
vertically over a copper platform with two lattice types with a length and diameter of 6
mm and 8 mm. After fabrication, samples were removed from the Cu platform using wire
electrical discharge machining (W-EDM) at 100 V and 2.5 A. Table IV-1 shows the ID of
samples and their characteristics.
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Table IV-1: ID for NAB samples.

ID Lattice Type Heat Treated
B No
Bulk
1G ) No
1GHT Gyroid + wall Yes
2G ] No
2GHT Gyroid Yes

Before exposure, the metal samples were polished by wet grinding with grit sandpaper
from #400 to #4000 to reveal their microstructure and then polished with colloidal silica
suspension. Some samples were thermally treated at 900 °C for 2 h and then cooled in a
furnace to analyze the effect of annealing on the mechanical and microstructural behavior.

4.2.2 Morphological and Chemical Characterization

The apparent porosity was estimated using Archimedes’ method, based on the Standard
Test ASTM C373-88 [99] and through image analysis using the open-source program
ImagelJ. The microstructure was revealed using 5 g of Fe;Cl, 10 mL of HCI, and 100 mL
of distilled water for 10 s. Images were obtained using an optical microscope (OM),
Olympus model GX41, and a field-emission scanning electron microscope (FE-SEM),
QUANTA FEG 250 [100]. The surface analysis was analyzed using X-ray Photoelectron
Spectroscopy (XPS), employing a K-alpha photoelectron spectrometer (Thermo
Scientific). The alloy phases were characterized with X-ray diffraction (XRD) using
Rigaku equipment, MiniFlex 600, detector D/tex Ultra 2 High-Speed 1D, and equipped
with a Cu Kal radiation source (A= 1.54056 A). The chemical composition depth profiles
of the corrosion products were measured using glow-discharge optical emission
spectroscopy (GD-OES, Spectruma GDA 750 HR).

4.2.3 Gravimetric Measurements

Anode samples were exposed to LixCO3-K>2CO3 molten salt at 550 °C for 21 days in
aerated conditions, with eutectic composition (62:38 mol. %), as described by Cassir et
al. [18], Ricca et al. [57], and Lair et al. [55]. Gravimetric measurements of samples were
carried out in quadruplicates to ensure replicability. Every 7 days, samples were removed
from the furnace and cleaned to eliminate the crystallized salt from the entire surface by
using beakers filled with 25 mL of hot distilled water (~100 °C), which were placed in a
sonicator bath (Elma D-78224 Singen/Htw, Singen, Germany) for 30 min for bulk
samples and 1 h for porous samples. Subsequently, the samples were dried with hot air
and weighed until they reached a constant value, as reported by the ASTM G1-03 [92].
The average mass (%) was calculated using Equation (IV.1).
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m; — Mg

— X 100 (IvV.1)
m;

where m; and m¢ are the initial and final sample masses at different exposure times. The

corrosion rate (CR) was estimated following the ASTM G1-03 [92] using the following

equation:

(Kx W)

(A XT X D) (IV.2)

where K is a constant in the corrosion rate equation, 7 is the time of exposure in hours, 4
is the area in centimeters square (cm?), W is the mass loss in grams (g), and D is the
density in grams per cubic centimeters (g-cm >).

4.2.4 Mechanical Characterization

Before exposure, the microhardness of samples was evaluated using a micro-Vickers
durometer in triplicate (Wilson® VH1150 Macro Vickers Hardness Tester, Ontario,
Canada) under 0.5 kgf of force, and the compression test was assessed following the
ASTM E9 using an Instron 4200 machine with a speed test of 0.05 min™".

4.3 Results and Discussion

4.3.1 Microstructural and Chemical Characterization

In this work, the apparent porosity and density of bulk (B) and porous samples (G) in as-
built conditions were evaluated, determining a porosity near 3.5 + 1.7% for the B sample,
81.4 £ 12% for the 1G sample, and 84.9 + 11% for the 2G sample and a density close to
7.3 g-cm > for the B sample, 1.36 g-cm™> for the 1G sample, and 1.15 g-cm for the 2G
sample.

Figure IV-1 shows the micrographs of the B and G samples in as-built conditions,
revealing a martensite phase with an acicular shape, as shown in Figure IV-1la—c [101].
After the heat treatment, a spheroid structure was formed on the 1GHT and 2GHT
samples, as described in annealing steels [102]. Therefore, it is possible to appreciate that
after the heat treatment, the martensite disappears, and it is only possible to observe the
grain form with a spheroid structure. Figure I'V-1 reveals that the B, 1G, and 2G samples
exhibit a microstructure composed of a darker matrix and precipitated phases in a lighter
color [103,104], identifying the martensitic phase as ', also known as “retained ” or as
B’ phase [105]. The heat treatment influenced a microstructure change, as shown in Figure
IV-1d,e. For example, the lighter zones were related to the o phase, which is a copper-
rich solid solution [106], as reported by Tavares et al. [107], who stated that the heat
treatment propitiated the B’ transformation to the equilibrium one [108], which can be
attributed to the darker regions.

Figure IV-2 shows the FE-SEM images that reveal that the bulk sample (B) had a
homogeneous surface with some pores whose diameter was near 2—5 pm (white arrow)
formed possibly during fabrication, as shown in Figure IV-2a. In contrast, porous samples
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had a more heterogenous surface, with some unmelted spheric powders, sticks, and
fissures, as seen in Figure [V-2b—e. After exposure to molten salt at 550 °C, all samples
had a heterogeneous surface with inlays (lighter zones) and sharp or ridged geometric
shapes (highlighted with black arrows), which could be molten salt deposits and corrosion
products on the surface, as reported by Gupta and Mao [109]. Some authors have
described the formation of different oxides on the metal surface when exposed to molten
salts with Li content, such as LiAlO2 and LiFeO, which can be formed due to the high
reactivity of Al and Fe and reactive in oxidizing environments containing CO3 [84,110—
112], which can diffuse to the surface [84,111,112]. It has also been reported that CuO,
Cu,0, and NiO have low solubility in molten salt [84,111,113] and, thus, can be adhered
to the metallic surface.

10 pm ol 10 um 10 pm

Figure 1V-1: Micrographs of (a) bulk, (b,d) gyroid with wall structure, and (c,e) gyroid structure. Samples
(b,c) without and (d,e) with thermal treatment.
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Figure IV-.2: FE-SEM images of (a,f) bulk, (b,d,g,i) gyroid with wall structure, and (c,e,h,j) gyroid
structure (a—e) before and (f—j) after exposure to molten salt. Samples (a—c,f~h) without and (d,e,i,j) with
thermal treatment.



21

Figure IV-3 shows the EDS elemental mapping performed on the sample surface,
revealing that the metal surface was composed mainly of Cu and Al for porous samples,
1G and 2G, before exposure. The Al content increased after heat treatment in the 1IGHT
and 2GHT samples by an even more significant amount than Cu, which could be related
to the more negative reduction potential of alumina oxide in comparison to copper oxides,
forming a thin alumina (Al2O3) film over the surface, as described previously by
Hasegawa et al. [114]. The Cu content was more remarkable than the Fe, Al, and Ni
content post-exposure.

In addition, FE-SEM analysis revealed local zones rich in Cu and Fe content and a more
homogeneous distribution of Ni and Al. Tang et al. [112] studied the corrosion resistance
of a Ni-10Cu-11Fe alloy as an anode exposed to molten carbonate in the presence of
oxygen, determining that the oxide formation was mainly composed of Fe and Cu. In
addition, Spiegel et al. [115] reported the formation of magnetite (Fe3O4) and hematite
(Fe203) on Fe-based alloys after exposure to Li2CO3-K2COj eutectic mixture, followed
by the appearance of LiFeO: or LiFesOs, which are highly insoluble in the molten
carbonate [116]. Audigié et al. [110] studied a nickel-aluminide coating exposed to a
eutectic mixture of NaNO3-KNO3 and observed the presence of NiAl,Os and ALOs3
oxides. De Miguel et al. [84] established the existence of aluminum-lithium oxide
(LiAlO2) on the surface of an alloy due to the high reactivity of aluminum in molten salts
in aerated environments, which improved the corrosion resistance of the material [110].
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Figure 1VI-3: EDS surface mapping of (a,f) bulk, (b,d,g,i) gyroid with wall structure, and (c,e,h,j) gyroid
structure, (a—e) before and (f—j) after exposure to molten salt. Samples (a—c,f-h) without and (d—e,i—j)
with thermal treatment.

Figure IV-4 shows FE-SEM images and EDS analysis of a cross-section of bulk and
porous samples after 21 days of exposure to the molten salt, revealing a homogenous
distribution of the alloying elements on the alloy. For porous samples, a thin film was
formed that was composed principally of Fe, then Al, followed by a Ni-rich zone, whose
thickness was approximately 1.5 pum, which depended on the porous design. The heat
treatment did not drastically influence the layer formed on these samples. However, a
local zone in Cu content was determined [112,116,117]. It has been proposed that at the
beginning of the exposure to the molten salt, Cu, Al, Fe, and Ni are oxidized, generating
the oxide layer. Tang et al. [112] exposed a Ni10CullFe alloy to Na2CO3-K2COs salts.
The authors found an inner oxide layer composed mainly of NiFe>O4 that could be formed
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by the reaction between Fe;O3; and NiO, which is more stable than Fe,Os. In the NAB
alloy, Fe is also the most reactive metal in the alloy [112] that can diffuse to the surface
quickly. Therefore, an intermediate layer rich in Cu and Ni oxides (CuO, Cu,0, and NiO)
can form. Goupil et al. [117] established that the CussNixoFeis alloy used as an inert anode
for aluminum electrolysis in oxygen presence can induce the formation of Fe>O3
precipitates and CuO, and then, Fe,O4 can be formed. Luo et al. [116] indicated that after
a short exposure time, the corrosion products formed on the sample SS316L surfaces are
mainly LiFeO> with a small amount of Fe3O4, Fe203, and LiFesOg and an inner layer of
NiO. Moreover, a thin alumina film (Al2O3) could form on the surface samples [114].
Therefore, all this oxide forms a layer that achieves stability over time.
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Figure 1V-4: (a—d) FE-SEM and (e-h) EDS analysis of the cross-section of (a,b) gyroid with wall
structure (c,d) gyroid structure after exposure. Samples (a,b) without and (c,d) with heat treatment.

Figure IV-5 shows a compositional depth profile obtained using GD-OES of the bulk
sample before and after exposure, revealing the variation of each element (O, Al, Fe, Ni,
and Cu) across the sample. Up to a depth of 1.5 um, the oxygen had the highest mass
concentration, which decreased drastically, which could be considered the oxide layer
thickness. Cu was the second predominant element up to 1.5 um, which increases until it
reaches a stable value. Al was the third element, up to approximately 2.1 um, reducing its
content later. Fe, Al, and Ni have low quantities on the surface, which increased near 1.5
um, demonstrating the transition from an oxide composed mainly of copper until it arrived
at the base metal. According to the GD-OES, the oxide was formed primarily by Cu. H,
the inner layer, is composed of other alloying elements. In particular, the B sample before
exposure had a more significant amount of Fe on the surface, later Al and Ni. After
exposure, Ni content increases in the inner layer.
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Figure IV-5: GD-OES of bulk samples (a) before and (b) after 21 days of exposure to molten salt. (--) O,

() Al (--) Fe, (--) Ni, and (--) Cu.




23

Figure IV-6 shows the XRD patterns of bulk samples in as-built conditions and after the
heat treatment. The patterns show the presence of a-Cu (FCC), k-phases (intermetallic),
and the metastable B’-phase (martensite) in both conditions. The pattern of bulk samples
in as-built conditions demonstrated thicker peaks and less smoothness than after heat
treatment, which was attributed to internal defects due to rapid solidification [101]. After
heat treatment, a higher amount of crystalline phases was determined, which can
correspond to the equilibrium phases, such as the a-Cu that can reduce the residual stress
and homogenizes the structure. Alkelae et al. [118] described the microstructure transition
at different cooling rates for Cu-11AIl-5Ni-4Fe (in wt.%), showing through a phase
diagram that the B-phase (BCC) is stable at high temperatures (above 1050 °C). The
cooling rate can favor the formation of intermetallic compounds, such as k-phase, and
solid solutions, such as a-phase (FCC). Therefore, the B sample could have good
mechanical properties because the a-phase is a ductile and malleable phase that can
reinforce the k-phase. It is important to note that the martensite did not influence the XRD
pattern after exposure because it is a metastable phase and decomposed in the stable
phases at the test temperature.

4.3.2 Mechanical Properties

Figure IV-7 shows the microhardness of bulk and porous samples measured on the surface
of the samples. The bulk sample exhibited a maximum value of 315.6 + 15.8 HV, followed
by the 2G sample with 304.1 = 14.5 HV and the 1G sample with 279.7 = 18.9 HV. After
the heat treatment, the microhardness decreased by half, close to 164.2 + 3.2 HV for the
2GHT sample and around 152.2 £ 10.9 HV for the IGHT sample. According to Orzolek
et al. [104], the microhardness decreases when the NAB alloy is heat-treated due to a
microstructural transformation. For example, the martensitic microhardness is around 400
HV, while the a-phase value is near 320 HV. Lv et al. [119] determined that the
microhardness in a NAB alloy was about 280 HV, which decreased to 245 HV after heat
treatment at 675 °C for 2 h, which can be associated with a transformation of B’ phases
into a. The B, 1G, and 2G samples had higher hardness, close to 300 HV, which was
reduced to near 160 HV for the 1GHT and 2GHT samples after the heat treatment. After
exposure, the micro-hardness was not registered in this work due to the corrosion products
and deposits formed on the surface that were not soluble in hot water.
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Figure IV-6: XRD patterns of the bulk sample in as-built condition and after heat treatment (HT).
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Figure IV-7: Microhardness (HV) of the samples before exposure.

Figure I'V-8 shows compression stress—strain curves of samples before and after exposure
to the molten salt. The B sample exhibited the highest compressive strength and
elongation due to its lower porosity [120]. The 1G porous sample presented a greater
strength than the 2G sample, which has a similar porosity, around 84%, which in this case
had the shape of a gyroid lattice [120], which defines its mechanical properties. It has
been shown that outer shell wall inclusion in highly porous structures reinforces the alloy,
improving the maximum compressive strength, and is the factor that most impact the
compressive mechanical properties [121].
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Figure IV-8: Compression stress—strain curves of (a) bulk, (b,d) gyroid with wall structure, and (c,e)
gyroid structure. Samples with “empty symbols” before and with “filled symbols” after 21 days of
exposure to molten salt.

Before exposure, porous samples were drastically influenced by the thermal treatment,
revealing that annealing decreases the maximum strength and increases the elongation
due to the residual stress release accumulation during the manufacturing process [108].
After 21 days of exposure to molten salt, the material suffered a drop in its compressive
mechanical properties, especially for samples without heat treatment, reaching a
maximum strength similar to that of the heat-treated samples. The latter can be attributed
to the prolonged exposure of samples to a 550 °C temperature, which modified their
internal microstructure, fostering their similarities. Therefore, the maximum strength
diminished in all samples, but the elongation increased, which can be related to grains
coarsening [66] during the exposure, since the temperature provided enough energy to
increase the grain size [108], according to the phase diagram [118]. Additionally, the post-
processing of the samples is unnecessary if the alloy is exposed to high temperatures, and
thus, it can be used in its as-built condition.

Wee et al. [66] reported the creep behavior for porous anodes in fuel, varying the load
between 0.1 and 0.7 MPa and with different temperatures. The Ni-Cr and Ni-Al anodes
revealed an adequate creep rate between 5 and 10% creep strain at 100 h. The bulk NAB
alloy achieved a 0.01% creep rate after 1000 h using stress of 3.1 MPa at 550 -C [122],
which is promising for its use as an alloy in MCFCs. Table IV-2 summarizes the effect of
the heat treatment on the maximum strength and elongation of the NAB samples, as bulk
and gyroid, extracted from the compressive strain curves. The porous samples decreased
the maximum of stress in comparison to that of the bulk samples, which was more drastic
after exposure. However, the elongation was not significantly influenced by the porosity
and exposure.
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Table 1VV-2: Summary of compressive strain at room temperature tested before and after 21 days
of exposure.

Sample ID Before Exposure After Exposure
ours(MPa)  Max.g(%) %var.* ours(MPa) Max.g(%) %var.*
B 11409+27.1 20.8+0.5 100 1415.5 59.9 100
1G 317.7+10.0 19.0+05 27.8 1774 +6.5 19.1 12.5
2G 138.1+6.0 195+5.9 12.1 50.6+57 246+49 3.6
1GHT 237.7+5.6 37.3+0.2 20.8 168.7 29.2+53 11.9

2GHT 96.8+33.0 51.8+10.4 8.5 64.9+108 269%15 4.6
* Percentage or proportion of the maximum stress achieved of porous samples concerning bulk.

4.3.3 Gravimetric Measurements

Figure IV-9 shows the mass variation (AW) and corrosion rate (CR) of NAB samples as
functions of the exposure time in molten carbonate at 550 °C in aerated conditions. The
B and 2G samples lose mass for a longer exposure time, and the mass quantity loss also
increases, revealing a directly exponential relationship. Otherwise, the masses of the 1G,
1GHT, and 2GHT porous samples increased over time. It is important to note that 48 h
could be established as a critical time, since for all samples, the corrosion rate becomes a
constant value. The molten salt deposits and corrosion products formed on the surface
could cause the mass gain of 1G, 1GHT, and 2GHT samples. The corrosion products can
be formed by the interaction of the molten carbonate with the alloy, such as LiFeO., or
by the presence of oxygen, forming Al,O3, which has been demonstrated to be adherent
to the metallic surface.
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Figure 1V-9: The variation of weight (a) and corrosion rate of samples (b) after 21 days (504 h) of
exposure to molten salt. The samples exposed are B (©), 1G (1), 2G (A), 1GHT (m), and 2GHT (A).

Audigié et al. [110] studied the corrosive behavior of aluminide and nickel-aluminide
coatings in molten salts, suggesting that the aluminide coatings had a higher weight gain
due to their protective effect. Therefore, the heat-treated samples (LGHT and 2GHT) had
previously developed an alumina layer before exposure. Furthermore, De Miguel et al.
[84] studied the corrosion behavior of the bulk alloy 51Fe-24Cr-20Ni exposed to molten
carbonate at 700 °C. The authors proposed that the estimated mass loss was attributed to
the lower protective properties of the oxide layer, which can also be associated with the
solubility of the oxides in molten carbonates, as observed in the B and 1GHT samples,
which lose mass through the exposure. Gomez-Vidal et al. [123] estimated the
corrosion/protection rate according to the weight variation in alloys exposed to Na,COs—
K2COj3 at 750 °C, determining that it was 1080 + 40 um-y ! for In800H (30 wt.% of Ni)
and 4640 + 40 um-y ! for S5321 (9 wt.% of Ni). The authors [123,124] indicated that the
corrosion rate was reduced, while the amount of Ni increased in the alloy. In this work,
the corrosion rates were 0.1973 mm-y ! or 197.3 um-y ! for the B sample and 0.3742
mm-y~ ! or 374.2 um-y~! for the 2G sample, which are lower than those obtained in
InBOOH and SS321.
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On the other hand, the mass gain or the positive weight is attributed to the corrosion
products attached to the surface as CuO, Al203, and Fe20s. According to Audigié et al.
[110], Al203 has better adhesion to the surface. In addition, the pore geometry of the 1G
samples could have made it more difficult for corrosion products to detach from the
sample.

Figure 1V-10 shows a physical model of the effect of the heat treatment on the corrosion
product’s evolution over the surface. Before exposure, copper oxide formed clusters on
all sample surfaces. In addition, the alumina oxide was generated as a cluster on the
sample surface without heat treatment but as an outer layer on the sample surface with
heat treatment. After exposure, the heat treatment also determined the corrosion products,
forming an iron oxide caused possibly by the molten salt and metal reaction, under copper
oxide, competing with aluminum oxide. The EDS analysis suggests the diffusion of iron
to the surface after 21 days of exposure at high temperatures and aerated conditions, as
seen in Figures 1V-3 and 1VV-4, which simulates a real medium for an anode of exposure
to this kind of anode. In addition, a greater amount of copper oxide was formed in heat-
treated samples.

Without heat treatment With heat treatment ® CuO
® ALO,
———— Cu0 ® Fc,0,

L, ALO;

0 days

Molten salt at 550 °C

0 % 45 O

21 days

Figure 1VV-10: Physical model of the corrosion product evolution as a function of exposure time in molten
salt at 550 °C in aerated conditions.

Figure IV-11 shows the XPS spectrum surveys of Al, Fe, and Cu, analyzed on surface
samples before and after exposure to molten salt, with and without heat treatment. As
mentioned above, the heat-treated samples formed an oxide composed of Al and Fe over
the surface, which was attributed to the high reactivity of Al and Fe with the O produced
in the open-to-atmosphere furnace during the heat treatment. Additionally, the heat-
treated samples showed a peak of around 74 eV, which could be related to the intermetallic
compounds of AINi, which is a ki stable phase [124]. It is explained that the annealing
provokes the martensite decomposition into the equilibrium phases. The Cu XPS survey
is consistent with and without heat treatment before and after exposure because Cu is



29

naturally formed on the surface in the most significant proportion. It should be noted that
lithium compounds were searched for in the XPS spectrum but were not found. Karfidov
et al. [125] found similar results for the corrosion resistance of Monel 404 alloys (Cu-
50Ni) and Hastelloy exposed to LiF-NaF-KF at 550 °C after 100 h and determined an
outstanding corrosion resistance of Cu-Ni alloy under the studied conditions. Table IV-3
summarizes the changes in quantity by element produced before and after exposure. As
shown, all elements decreased in the count after exposure due to the increase in O content,
which was related to the oxide formed on the metal surface. The more considerable
differences are in the aluminum survey, which was possibly present in the inner oxide
layer, but after exposure, it is covered by iron oxide, as observed using EDS analysis. The
XPS confirms an increase in the oxide amount after exposure, mainly composed of Cu,
with a low amount of the other alloying elements. It has been proposed that Cu,O is a
kind of copper oxide that protects against corrosion in aqueous media [126], which is
present in the alloy before and after exposure but in a lower amount after exposure.

(a) Before esposure (b) Before esposure (c) Before esposure
—=—AB HT —u—AB HT —a—AB HT
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Figure 1V-11: XPS survey of sample in as-built condition and heat treated before and after exposure. (a)
Al, (b) Fe, and (c) Cu.
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Table 1VV-3: Summary of chemical quantity of surface alloy elements obtained using XPS.
Elem. Al Fe Cu

Peak 74 eV 76 eV 712 eV 724 eV 933 eV 954 eV
Exp. AB HT AB HT AB HT AB HT AB HT AB HT
Before 0 48.9 684.1 789.5 232.8 339.7 213.6 85.6 1145.3 1291.6 680.2 734.4
After 0 142.6 279.6 393.3 131.1 3350 27.0 116.8 954.3 1067.6 409.5 430.0

4.4 Conclusions

Bulk and porous samples were manufactured using LPBF as an anode for molten
carbonate fuel cell application. The effect of annealing heat treatment and porosity on
mechanical and corrosion performances was investigated. The following conclusions can
be drawn from the research.

o The porosity significantly influenced the mechanical response, decreasing the
maximum strength by 27% when the porosity was more than 80%. The differences fall if
the porous samples present an external wall, which contributes to the strengthening of the



30

material. Therefore, a control in density gradient could increase the maximum strength of
porous samples.

. Microstructurally, the bulk sample in its AB condition shows a great amount of
martensite phase due to the quick solidification, which decreases in quantity after
annealing, demonstrating a more significant amount of a-phase. During exposure, the
phase composition had no effect on mechanical properties since the immersion
temperatures contribute to phase homogenization, and these exhibited similar mechanical
properties after exposure. From a corrosion point of view, was no evidence of preferential
phase corrosion.

o The heat treatment (annealing) performed before exposure produced a thin oxide
layer composed principally of Al, which protected the alloy from further corrosion in
contact with molten salt. However, it is unknown if the layer can influence its anode
functions negatively due to the isolation that it can produce, for which a catalytic study is
recommended.

. The molten salt exposure influenced the formation of the corrosion products,
composed principally of Cu, Al, and Fe, whose thickness, determined using GD-OES
analysis, was approximately 1.5 um. The 2G sample had the worst performance since it
lost mass and had a corrosion rate of 0.37 mm-y !, followed by the bulk sample that had
a corrosion rate of 0.19 mm-y~!. Therefore, it is possible to conclude that the pores and
their geometry affected the corrosion, since the oxides formed on the surface of these
samples were not sufficiently protective or adherent.

o Regarding the suitability of Ni-Al bronze alloy fabricated through additive
manufacturing as an anode for molten salt carbonate, it could be a great candidate due to
its low corrosion rate compared to its counterpart and its high strength under compressive
loads.
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V. CHAPTER II: THE EFFECT OF ADDING CeO2 NANOPARTICLES
TO Cu-Ni-Al  ALLOY FOR HIGH TEMPERATURES
APPLICATIONS

5.1 Introduction

Fuel cells (FC) are considered a promising technology for being an alternative source of
electric power [127]. These devices convert chemical energy into electricity [128,129]
and can be classified according to the work temperature [130]. For example, a molten
carbonate fuel cell (MCFC), the operational temperature of which is 650 °C, is one of the
most efficient FCs, and is contemplated as a carbon capture and storage (CSS) technology
because it can capture and convert CO2 [31]. The high-temperature fuel cell (600—1000
°C) uses nickel or other non—precious catalytic materials to decrease the electrode cost
[131]. The electrode used as the cathode is a porous nickel oxide, where Oz and CO; are
injected, and on the anode side, nickel aluminum alloy is employed, generally Ni5SAl, and
supplies H». According to the report by Lee et al. [45], a charge transfer process controls
the electrochemical reactions in a slow reaction system and a mass transfer process in a
rapid reaction system. Even though the MCFC has been working for decades, there are
still problems to resolve due to the high operational temperature. It is essential to consider
that the corrosion of the electrodes and equipment that operate at high temperatures can
decrease the lifetime of FC, as Hacker and Mitsushima proposed [23]. More specifically,
few works have focused on the corrosion phenomenon on the anode of MCFC. In this
context, Accardo et al. [58] studied the addition of copper [68,76] and cerium oxide
nanoparticles (CeO2—NPs) to improve the mechanical and electrochemical behavior of
the Ni5—Al commercial anode. In this sense, as copper has good electrical and thermal
conductivity and mechanical resistance [68,77], the Cu—Ni—Al alloy can be an option for
the MCFC anode. On the other hand, some authors reported that incorporating CeO>—NPs
in the Cu—Ni alloy increased the catalyst performance on the anode for the H> oxidation
reaction [85], and incorporating it in the Ni—5Al alloy reduced the creep strain because it
can keep the pore structure stable [58]. However, no available data evaluates the
micro—macrostructural and corrosion behavior of a Cu—Ni—Al alloy reinforced with CeO»
nanoparticles used for the anodes in MCFC.

Therefore, the effect of nanoparticle addition on the degradation of Cu—50Ni—5Al in the
electrolyte Li>CO3—K2CO3 (62-38 mol.%) is analyzed in this paper. The microstructural
and morphological changes during this process provide valuable insights into the
potential use of nanoparticles in the anode.

5.2 Materials and Methods

5.2.1 Sample Obtention

Mechanical alloying was performed using pure powders: Nickel (<10 um, 99+, Merck,
Darmstadt, Germany), Copper (<63 um, >99%, Sigma-Aldrich, Darmstadt, Germany),
and Aluminum (<60 pm, 99.9%, Good Fellow, Hamburg, Germany), which were
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mechanically alloyed (MA) in a Planetary mill PQ4 Across International, obtaining
powder compositions of Cu—50Ni—5Al (wt.%). The milling conditions included a
ball-a—powder ratio (BPR) of 10:1 and 2 wt.% stearic acid as a control agent under an
inert Ar atmosphere. The milling time used was 100 h effective and there was an on/off
cycle of 30/15 min at a speed of 350 r.p.m. Subsequently, 1, 3, and 5 wt.% of the
nanoparticles CeO; (CeO2—NPs) (<25 nm, >99.9%, Sigma-Aldrich, Hamburg, Germany)
were added to the alloy using Mixer Y—type Astecma for 1 h. Table V-1 shows the
chemical composition of Cu—50Ni—5Al + xCeO2 (wt.%) alloys.

Table V-1: Chemical composition of the Cu—50Ni—5A1 + xCeO, (wt.%) alloys.

Sample Cu Ni Al CeO,
0 wt.% CeO,—NPs Bal. 50 5 0
1 wt.% CeO,—NPs Bal. 50 5 1
3 wt.% CeO,—NPs Bal. 50 5 3
5 wt.% CeO,—NPs Bal. 50 5 5

Cu—50Ni—5Al without and with the CeO,—NPs samples were consolidated by Spark
Plasma Sintering (SPS) using a Fuji Electronic Industrial Co model DR. SINTER®
SPS1050. The disks were 10 mm in diameter and 7 mm in thickness and were produced
using a high—density graphite die. The samples were heated from room temperature to
800 °C at a heating rate of 100 °C min ", applying a pressure of 50 MPa simultaneously
during the heating and holding time of 5 min at the sintering temperature. The entire SPS
process was kept under a vacuum of approximately 20 Pa. Finally, the samples were
free—cooled to room temperature at a cooling rate of roughly 10 °C s™' in the SPS
chamber. Figure V-1 shows the sample preparation (powders) diagram by mechanical
alloying and mechanical mixing and a schematic representation of the consolidation
process by the SPS system.

The metal samples were polished using sandpaper from #800 to #4000 and then with
colloidal silica suspension to reveal their microstructure. The polished samples were
rinsed with ethanol for 10 min in a bath cleaning sonicator. Afterward, the samples were
cleaned with distilled water and dried at room temperature.
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Figure V-1: Sample preparation (powder mixture) and schematic representation of the SPS system
(consolidation).

5.2.2 Gravimetric Measurements

The Cu—50Ni—5Al samples were immersed in molten eutectic LioCO3-K2CO3 (62—-38
mol.%) [55,57] for 504 h (21 days) in an aerated atmosphere or not—controlled medium
at 550 £ 5 °C. The gravimetric measurements of samples were carried out as described
previously by Arcos et al. [132]. The samples were removed and cleaned to eliminate the
deposits and corrosion products on the surface. The bulk samples were submerged in hot
distilled water (~100 °C) in a sonicator bath (Elma D—78224 Singen/Htw) for 30 min.
Subsequently, the samples were dried with hot air and weighed until they reached a
constant value, as reported by the ASTM G1-03 [92]. The average mass (%) was
calculated using Equation (V.1).

m; — myg
— X 100 (V.1)
m;

where m; and my are the initial and final sample masses at different exposure times.
5.2.3 Morphological and Chemical Characterization

The porosity was determined through Archimedes’ method, according to the Standard
Test ASTM C373—88 [99]. To reveal the microstructure, an etching was employed: 5 g of
FesCl, 10 mL of HCI, and 100 mL of distilled water for 8 s. A field—emission scanning
electron microscope (FE-SEM), QUANTA FEG 250, was used to obtain the samples’
images.

X-ray diffraction (XRD) was implemented using Bruker D2 PHASER with Cu—Ka
radiation to characterize the material’s structure. The diffraction patterns were recorded
from 260 between 40° and 100° with a 0.02° step and counting time of 1 s/step.
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5.2.4 Mechanical Characterization

The microhardness of the samples was calculated by a micro—Vickers durometer, Wilson®

VH1150 Macro Vickers Hardness Tester, under 0.3 kgf of force before the gravimetric
measurements.

5.2.5 Electrochemical Measurements

The electrochemical behavior of the Cu—50Ni—5Al samples was studied using open
circuit potential and electrochemical impedance spectroscopy (EIS) measurements in the
molten Li2CO3—K2COs3 (62:38 mol.%) as an electrolyte at 550 + 5 °C under an aerated
atmosphere. The electric contact for the working electrode, the Cu—50Ni—5Al samples,
was performed using conductive silver printing ink (resistivity 5-6 pu€ cm) around the
sample and copper wire of 25 cm in length. In addition, a Pt wire that was 25 cm in length
was used as a counter electrode, and an Ag wire that was 25 cm in length and placed
inside a quartz glass tube with a porous plug in the tip was used as the reference electrode.
The electrochemical measurements were carried out with a Potentiostat Solartron
Analytical.

5.3 Results and Discussion

5.3.1 Gravimetric Measurements

Figure V-2 shows the effect of CeO>—NPs on the weight gain of the Cu—50Ni—5Al
samples after exposure to molten carbonates, revealing a reduction in the weight by
adding CeO>—NPs. In addition, Figure V-2 shows that during the initial stage, the weight
increased rapidly for all the Cu—50Ni—5Al samples, which was lower for Cu—50Ni—5Al
+ 1 wt.% CeO2—NPs, reaching a maximum weight gain of only 1.2% at 504 h of exposure.
For a longer exposure time, the weight gain reaches a stationary state associated with a
passive oxide layer [132] formed after 80 h for Cu—50Ni—5Al + 3 wt.% CeO2—NPs, and
after 160 h for Cu—50Ni—5Al + 0 wt.% CeO>—NPs. It should be noted that with 5 wt.%
CeO2—NPs, the weight gain did not reach a plateau of up to 504 h of exposure, like the
sample with 3 wt.% CeO,>—NPs. Therefore, the sample that suffered the least degradation
at high temperatures was 1 wt.% CeO.—NPs, which could be attributed to the
homogeneous distribution of the CeO,—NPs.
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Figure V-2: The variation of weight of Cu—50Ni—5Al samples after 504 h of exposure to molten

carbonates. () 0 wt.% CeO,—NPs, (m) 1 wt.% CeO,—NPs, (4) 3 wt.% CeO,—NPs, (A) 5 wt.%
CeO>—NPs.

5.3.2 Microstructural and Chemical Characterization

Figure V-3 shows the morphology of the samples before and after 504 h of exposure to
molten carbonate (Li2CO3—K>COs 62-38 mol.%) in the aerated atmosphere. Before
exposure, porosity can be observed for all the samples, agreeing with the analysis
performed. For example, Cu—50Ni—5Al had 16 + 0.8% porosity, which reduced the
addition of CeO>—NPs. The Cu—50Ni—5Al + 1 wt.% CeO2—NPs samples had 1.0 = 0.3%
porosity, Cu—50Ni—5Al + 3 wt.% CeO2—NPs had 2.0 + 0.2% porosity, presenting some
spots more lightly over the surface, and Cu—50Ni—5Al + 5 wt.% CeO>—NPs had 1.0 +
0.1% porosity. One reason for this phenomenon is that nanoparticles can easily remain in
the pores and voids of the nanocomposite matrix due to their small size [133]. After
exposure, a strong surface modification was observed for all the samples, possibly due to
the corrosion product formation, which could be a passive film, as suggested by the
gravimetric measurements. Ren et al. [82] studied a Cu—35Ni—10Al alloy in molten
carbonate (Li.CO3-K>CO3 62—-38 mol.%) for 48 h in an aerated atmosphere, reporting the
formation of porous corrosion products composed mainly of Al,Os and Ni—Al oxides,
which is in agreement with the SEM images of Cu—50Ni—5Al (see Figure V-3a), which
present a porous surface after exposure.
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Figure V-3: FE-SEM images before Cu—50Ni—5Al: (a) 0 wt.% CeO,—NPs, (b) 1 wt.% CeO,—NPs, (c) 3
wt.% CeO2—NPs, (d) 5 wt.% CeO,—NPs, and after gravimetric measurements Cu—50Ni—5Al, (e) 0 wt.%
CeO2—NPs, (f) 1 wt.% CeO2—NPs, (g) 3 wt.% CeO,—NPs, and (h) 5 wt.% CeO,—NPs.

Figure V-4 presents the EDS results before and after exposure to analyze the chemical
composition of the sample’s surface. Before exposure, the alloy’s surface is very similar
for all the samples, revealing a homogeneous distribution of all the elements (Cu, Ni, Al,
and O). However, Cu—50Ni—5Al has some Al spots, and Cu—50Ni—5Al + 3 wt.%
CeO2—NPs have some zones not identified by the mapping, which could be Li because it
has deficient energy and is difficult to detect. Cu—50Ni—5Al+ 5 wt.% CeO>—NPs present
some nanoparticles agglomeration (CeO3) corresponding to the element Ce. Frattini et al.
[134] observed the same effect when adding small amounts of ZrO>—NPs in the Ni—Al
alloy, although, with the increase in the amount to 10% ZrO>—NPs, the distribution of the
NPs becomes homogeneous. After exposure, the quantity of oxygen (O) increased
significantly for all the samples, which can be attributed to the oxide formation on the
surface, as proposed above. Nevertheless, potassium (K) was also found on the surface,
a component of the molten carbonates (LioCO3—K2COs3), revealing the possible formation
of a deposit. According to Gonzalez—Rodriguez et al. [135], the Ni—50Al alloy was
immersed in Li.CO3—K>CO3z (62:38 mol%) for 100 h in static air at 650 °C. They reported
that the main corrosion products were Ni, Al, and K, such as NiO, Al>O3z, LiAIO2, and
LiKCO:. Also, Ren et al.[82] described mainly Al,O3 and Cu20 as the corrosion products
of Cu—35Ni—10Al exposure to LioCO3—K>COs3 (62:38 mol%) during 1 h in air at 650 °C.
Accardo et al. [58] also proposed that CeO.—NPs could migrate from the alloy to the
electrolyte. EDS analysis revealed a slight decrease in the Ce content for the
Cu—50Ni—5Al + 5 wt.% CeO2—NPs sample. For the other samples, the Ce content
increases, which can be associated with diffusion from the bulk to the surface of the
molten carbonates.



37

BEFORE

B W@ ) By EN S

4% 1% 47% 38% 3% 11% 3% 46% 37%

cu BaEaw a BaEem a BaEE0a

)
20% 4% 3% 57% 16% 26% 3% 5% 8% 33% 24% 26% 3% 5% 8% 33% 24% 22% 2% 3% 4% 46% 22%

[ . R

Figure V-4: EDS surface mapping before Cu—50Ni—5Al: (a) 0 wt.% CeO,—NPs, (b) 1 wt.% CeO,—NPs,
(c) 3 wt.% CeO,—NPs, (d) 5 wt.% CeO,—NPs and after gravimetric measurements Cu—50Ni—5Al; (e) 0
wt.% CeO2,—NPs, (f) 1 wt.% CeO2—NPs, (g) 3 wt.% CeO,—NPs, and (h) 5 wt.% CeO,—NPs.

Figure V-5 compares the XRD patterns recorded before and after exposure to
Li.CO3—K>COz (62:38 mol%). Before exposure, the reflections were identified as
corresponding to typical fcc structures (Fm-3m). No peaks were associated with Ni or Al,
indicating that the solid solution Cu—Ni—Al obtained by mechanical alloying is
maintained post—sintering by SPS. The samples reinforced with CeO,—NPs show low-
intensity reflections associated with CeO. (Fm-3m; JCPDS 010750076). The lattice
parameter of the Cu-Ni—Al alloys without CeO>—NPs is 0.358 nm, which remains
constant when incorporating the different CeO>—NPs. This indicates that the CeO>—NPs
do not react with the Cu—Ni—Al matrix in the consolidation process because the SPS
technique is a fast method for sintering [136]. After 21 days of exposure to the
Li>CO3—K>COs, peaks associated with NiO (Fm-3m; JCPDS 010731519), Cu20 (Pn-3m;
JCPDS 010751531), and Al,O3 (R-3c; JCPDS 010772135) can be seen in all the samples.
In addition, the intensities of the reflections associated with CeO2—NPs can be seen, which
can be attributed to the fact that the CeO,—NPs migrate to the surface, as reported by
Accardo et al. [58]. Note that the increase in the intensity of the reflections associated
with CeO- is much lower for the sample with 5 wt.% of CeO>—NPs than in the samples
with 1 wt.% and 3 wt.% of CeO>—NPs, possibly because the Ce content decreased on the
sample surface, confirming what was previously mentioned in Figure V-4.
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Figure V-5: XRD patterns of Cu—50Ni—5Al samples: (a) 0 wt.% CeO,—NPs, (b) 1 wt.% CeO,—NPs, (c) 3
wt.% CeO,—NPs, (d) 5 wt.% CeO,—NPs before and after gravimetric measurements.

5.3.3 Mechanical properties

Figure V-6 shows the hardness of the Cu—50Ni—5Al + x wt.% CeO>—NPs samples before
exposure. The results indicate that the sample with 0% CeO,—NPs presents the lowest
hardness value, corresponding to 205 + 21 HVo3. This can be attributed to the higher
porosity of the sample, which reaches 16%, by incorporating different amounts of
CeO>—NPs in the sample. Cu—50Ni—5Al1 +1 wt.% CeO>—NPs perform better due to the
CeO,—NPs allowing a decrease in the porosity and a homogenous distribution of
CeO>—NPs in the matrix, as mentioned above. However, if the concentration of
CeO,—NPs exceeds 1 wt.%, they agglomerate at grain boundaries, reducing the hardness
value, as seen in Figure V-6. Zawrah et al. [137] concluded that adding AI,O3—NPs to
pure Cu improves hardness due to their uniform distribution. The improved hardness can
be attributed to the relative contribution of the Orowan strengthening effect, mainly when
the reinforcement size is less than 100 nm [138]. The CeO>—NPs are very small and hard,
impeding the movement of dislocations in the Cu—50Ni—5Al matrix, leading to an
improvement in the hardness of the microstructure.
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Figure V-6: Microhardness of the samples Cu—50Ni—5Al: (o) 0 wt.% CeO,—NPs, (m) 1 wt.% CeO,—NPs,
(4) 3 wt.% CeO,—NPs, (A) 5% wt.% CeO,—NPs before exposure.

5.3.4 Electrochemical measurements

Figure V-7 shows the effect of the addition of 1 wt.% CeO>—NPs to the open circuit
potential (Eoc) of Cu—50Ni—5Al after exposure to Li»CO3—K>COs3 at 550 °C and an
aerated atmosphere. After a shorter exposure time, the Eoc was shifted to more negative
values by incorporating CeO,—NPs, suggesting an activation of the corrosion phenomena.
However, for a longer exposure time, the Eoc reached similar values to the sample without
CeO>—NPs, which can be associated with a stable oxide layer formed on the metal surface.
Meléndez-Ceballos et al. [139] studied a Ni porous sample coated by CeO,—NPs using
the atomic layer deposition in Li2CO3—K2COs at 650 °C in a COo/air 30/70 vol.%
atmosphere. The authors determined an initial potential close to -0.76 V vs. Ag/Ag"; the
reference electrode is a silver wire submerged in Ag2SO4 (107! mol kg™!) saturated in
Li2CO3—K2CO3, which was shifted to more positive values as a function of exposure time,
attributed to a delay in the Ni oxidation process due to the presence of CeO>—NPs film.
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Figure VV-7: Open circuit potential variation of () Cu—50Ni—5Al and (m) Cu—50Ni—5Al + 1 wt.%
CeO,—NPs exposure to Li,CO3;—K,COzat 550 °C and aerated atmosphere over time.

Figure V-8 shows the Nyquist diagrams of Cu—50Ni—5Al after 1 h of exposure to
Li2CO3—K>COs in an aerated atmosphere at E = Eoc and 550 °C, revealing a significant
increase in the impedance modulus due to the incorporation of 1 wt.% CeO,—NPs, which
could be related to the formation of a passive oxide layer on the alloy, as previously
mentioned. As can be seen at E = Eoc, the impedance responses reveal two time constants
at high and low frequency ranges (HF and LF), which can be associated with the cathodic
current, not only involving the capacitance of the electric double layer (Ca) and the
oxygen reduction reaction, but also the formation of an oxide layer due to the alloy
dissolution. Different equivalent circuits have been proposed to represent the physical
model, which can be composed of capacitors, resistances, and constant phase elements
(CPE) related to the heterogeneity of the surface [140].
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Figure V-8: Nyquist diagrams of (a) Cu—50Ni—5Al and (b) Cu—50Ni—5Al + 1 wt.% CeO,—NPs exposure
1 h to Li,CO3—K;COsat 550 °C, aerated atmosphere, and E = Eqc.

Figure V-9 shows the Bode plots of Cu—50Ni—5Al + 1 wt.% CeO>—NPs after 1 h of
exposure to Li2CO3—K2CO; in an aerated atmosphere at E = Eoc and 550 °C, as a
representative example of the study system. Figure V-9 reveals a capacitive response with
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two or three time constants at all frequency ranges, possibly associated with the formation
of an oxide film and oxygen reduction reaction. Additionally, the Bode plots revealed a
higher impedance modulus at the LF range when CeO>—NPs were added, which can be
related to the polarization resistance of the system, suggesting an enhancement of the
corrosion resistance due to the incorporation of the CeO>—NPs to the Cu—50Ni—5Al
matrix [ 140-142]. Moreover, Figure V-9 shows the non—corrected (m) and corrected Bode
plots by electrolyte resistance (O), revealing that this effect is mainly in the high
frequency range.
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Figure V-9: (a,b) Effect of correction of electrolyte resistance on Bode plots and (c) variation of the
imaginary part of the impedance of Cu—50Ni—5Al1 + 1% wt.% CeO2—NPs exposure 1 h to Li,CO3;—K>CO3
in aerated atmosphere at 550 °C and E = Eoc.

Figure V-c shows the variation of the imaginary part of the impedance of Cu—50Ni—5Al
+ 1 wt.% CeO>—NPs as a function of frequency after 1 h of exposure to Li2CO3—K>CO3
in an aerated atmosphere at E = Eoc and 550 °C, revealing a constant phase element (CPE)
behavior in the MF range, with a negative slope (a) that varied between -0.33 + 0.01 for
Cu—50Ni—5Al and -0.65 + 0.004 for Cu—50Ni—5Al + 1% wt.% CeO,—NPs, which can be
related to the oxide film formed on the metal surface and described by the following
relation, as reported by Orazem and Tribollet [143], Tribollet et al. [144], and Hirschorm
et al. [145].

;o f () y
oxide 0 1 +jwp()/)8(]’)€o (VZ)

The authors proposed the power-law model (PLM) to analyze the film properties using
Equation (4.3):

5ps *
(po! + jweeg)®

Z(w)=g

In this case, a is the slope in the Log Zmae vs. Log f plots, & represents the dielectric
constant of the oxide layer formed on the metal alloy, o is the vacuum permittivity that

(V:3)
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is equal to 8.85 x 107 F-cm ™!, and g is a numerical coefficient close to 1 when a is 1,
which can be estimated using the following equation:

g=1+288(1—q)?375 (V.4)

In addition, po and ps represent the lower and upper limits in the frequency range where
CPE behavior is observed. The Q value corresponds to a CPE parameter that can be
determined using the following equation:

(£9)*
— (V.5)
¢ g8ps~*

The graphical method of the impedance data allowed us to estimate the CPE parameters
for the Cu—50Ni—5A1 Q coefficient of 1.62 x 107 F-cm 25 !"® and || value of 0.60, and
for the Cu—50Ni—5Al + 1% wt.% CeO,—NPs, the Q coefficient of 6.95 x 107> F-cm %5
("% and |o| value of 0.67. Furthermore, electrolyte resistance (Re) was determined by the
graphical method, finding values close to 2.7 Q ¢cm? for Cu—50Ni—5Al and 0.84 Q cm?
for the Cu—50Ni—5Al + 1% wt.% CeO>—NPs samples. Those parameters reveal that the
addition of CeO,—NPs to Cu—50Ni—5Al improves the corrosion resistance, possibly due
to a lower porosity of the oxide film or a thicker oxide layer.

5.4 Conclusions

The Cu—50Ni—5Al alloys were obtained by mechanical alloying and the SPS process,
which allowed the addition of CeO>—NPs into the metal matrix. The samples were
exposed to molten carbonate (Li.CO3—K2COs3), consequently forming corrosion products
over the surface, which were analyzed by SEM-EDS and corroborated by X-ray
diffraction. The addition of CeO,—NPs in the Cu—50Ni—5Al matrix reduced the mass
variation over time, mainly using 1% wt. CeO, reaching a maximum weight gain of only
1.2% at 504 h of exposure. The corrosion products were composed of nickel oxide,
aluminum oxide, and copper oxide in all the alloys, regardless of the amount of NPs
incorporated.

Moreover, the microhardness significantly increased for the alloy containing 1 wt.% of
CeO>—NPs, reaching a hardness value of 340 HVO0.3. Furthermore, the impedance
analysis revealed that the samples with 1 wt.% of CeO,—NPs in the molten carbonates in
an aerated atmosphere had a higher impedance modulus, possibly due to the lower
porosity of the oxide film or a thicker oxide layer.

Therefore, the alloys that showed better mechanical behavior and higher corrosion
resistance were Cu—50Ni—5Al + 1 wt.% CeO2—NPs, which have a promissory use at high
temperatures.
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VI. CHAPTER I11: CORROSION BEHAVIOR OF Ni-Al BRONZE BY
LPBF IN MOLTEN CARBONATES

6.1 Introduction

The molten salts can transfer heat energy during the phase change from solid at room
temperature into a liquid state at high temperature, making them suitable for thermal
energy storage. In energy transmission, concentrated solar power plants (CSP) and fuel
cells frequently use molten salts [146]. Different types of these salts, such as binary,
ternary, and quaternary, a combination of sodium, potassium nitrate, and lithium, are
tailored to meet different requirements, such as achieving a desired melting point [147—
151]. Despite their advantages, molten salts are stored in tanks and moved in their liquid
state through metallic components, including pumps, pipelines, and cells, which can
rapidly deteriorate these components due to their corrosive nature and operating
temperature.

Several alloys exposed to molten salt have been studied to improve the corrosion of alloys
and to understand the corrosive mechanisms to implement effective mitigation strategies.
Table VI-1 summarizes alloys-molten carbonate systems that have been previously
investigated, such as F. Pineda et al. [140], who studied the corrosion process of ASTM
A36 and AISI 304L exposed to NaNO3-KNOs (60 — 40 wt.%) at 390 °C using
electrochemical techniques for 21 days. The researchers analyzed the evolution of the
oxide layer formed on metal surfaces. The authors determined that the oxide film was
more porous on ASTM A36 and more passive and uniform on AISI 304L, reaching
stability after 14 days of exposure with a thickness close to 1.5 nm. L. Gonzalez-
Fernandez et al. [151] investigated mitigation strategies for SS310 exposed to molten
ternary carbonate salt (Li2CO3-K2CO3-Na>,COs3) at 600 °C for 25 days. In their approach,
the sample surface was laser-treated before immersion into the molten carbonate salt. The
study demonstrated that this treatment induced the adhesion of organic groups in the form
of hydrocarbons, facilitating the formation of denser corrosion products and enhancing
the protection of the oxide layer. A. Ferndndez et al. [152] compared In702 and 304L
exposed to Li2COs-K2CO3-Na,CO3 at 550 °C during 1,000 h, determining the best
corrosion resistance of In702 due to the passive layer formed in the surface composed by
Al>03 and NiCr20a4. Therefore, the alloys and their compounds determine the protective
properties of the oxide layer formed on the metal surface.

Table VI-1: Metal alloys exposed to high temperatures.

Metal alloy Molten carbonates T(°C) Ref
316SS Li,C0O3-K2C0O3-Na,CO3 (33-29-38 mol%) 600 [153]
Ni-based IN702 Li,C0O3-K2C03-Na,CO3 (30-57-13 mol%) 550 [152]
HR224 Li,CO3-K,CO3-Na,COs (32-35-33 mol%) 650 [153]
NillFelOCu K2CO3-Na;COs3 (41-59 mol%) 720 [154,155]
Fe-Cr-Al K2C03-Na,COs (48-52 wt%) 800 [156]
310SS Li,C0Os-K2CO3-Na,CO3 (32—-35-33 wit%) 600 [150]
347SS Li,C0Os-K2CO3-Na,COs3 (32—-35-33 wit%) 600 [147]
304L NaNO3-KNOs (60 — 40 wt%) 390 [140]
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Cu alloys can be an alternative material at high temperatures due to their high corrosion
resistance, which is related to a protective oxide layer formed on their surface, and they
have a low price. For example, Peressi et al. [157] studied the corrosion behavior of a
brass exposed to an ionic liquid at 150 °C for 48 h of immersion, finding a low corrosion
current close to Inconel. Feng and Melendres [158] exposed different metal oxides, such
as Cu, Ni, Fe, Co, and Mo, to molten LiCI-KCI (44.2-55.8 wt.%) between 375-450 °C for
cathode battery application, reporting that passivating layer formed on the surface reach
in Fe, Ni. The authors determined a reduction in the reversibility for Fe, Co, and Cu
oxides, quasi-reversibility for Ni oxide, and irreversibility for Mo oxide. Arcos et al. [132]
studied Cu-11AI-5Ni-4Fe wt.% alloy (NAB) exposed to Li2CO3-K>CO3 at 550 °C for 21
days, finding that a protective layer forms on the surface composed of CuO, Al>O3, and
Fe>O3 which a delay in the corrosion process. Additionally, NAB alloy has demonstrated
advantages over other alloys regarding corrosion performance exposed to NaCl at room
temperature, making it suitable for marine environments [132]. However, until now, it
has been unclear if copper alloy can be a candidate for pipeline or heater in contact with
molten salts.

Therefore, this work aims to compare the corrosion behavior of a nickel-aluminum (Ni-
5Al) and a nickel-aluminum bronze (NAB) after exposure to molten carbonate at high
temperature. The study was carried out using electrochemical impedance spectroscopy
for monitoring the corrosion behavior, the scanning electron microscope and X-ray
photoelectron spectroscopy for understanding the evolution of the oxide layer before and
after exposure.

6.2 Materials and Methods

6.2.1 Sample fabrication

The Ni-5A1 wt.% alloy powder (<45 um, Sichuan Porous Metal Technology CO, LTD)
and NAB alloy composed of Cu-11AI-5Ni-4Fe wt.% alloyed powder (<40 pm, CNPC
powder group CO) were manufactured using LPBF technique (GE - Concept Laser Mlab
using 200R machine), with a laser power of 180 W, a scanning speed of 600 mm-s™*, and
using 30 um and 80 um for the layer thickness and hatch space. The total volumetric
energy density (VED) was 125 J-mm=. Thus, cylindrical samples were fabricated with 6
mm height and 8 mm diameter, constructed over a 100 x 100 mm stainless steel and
copper platform, respectively. Then, the samples were mechanically polished using grit
sandpapers (#400 to #4000) and colloidal silica suspension.

6.2.2 Microstructure analysis

Before exposure, Ni-5Al and NAB samples were etched using immersion for 8 s in a
ferritic solution composed of 5 g FesCl, 10 mL HCI, and 100 mL distilled water. Then,
samples were cleaned with distilled water and alcohol and dried using compressed air.
The microstructure was analyzed using optical images (Olympus SC50).
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6.2.3 Surface analysis

Before and after exposure, the morphology surface of Ni-5Al and NAB samples was
investigated using a field emission-scanning electron microscope using a QUANTA FEG
250 FE-SEM. Both alloy samples were also analyzed by X-ray photoelectron
spectroscopy (XPS), and spectra were measured using a hemispherical analyzer (Physical
Electronics 1257 system). A twin anode (Mg and Al) X-ray source was operated at a
constant power of 200 W using Al Ka radiation (1486.6 eV) for measurements. The alloys
were placed in a sample stage where the emission angle was fixed at 15° and the pressure
during the spectrum acquisition was kept in the range of 10~° mbar. Before the spectral
analysis, the binding energy (BE) was calibrated with the adventitious carbon C1s signal
centered at 284.6eV. Also, a Shirley background subtraction was applied to all the spectra
[159].

6.2.4 Electrochemical measurements

The electrochemical measurements were performed using a potentiostat/galvanostat
(Solartron Analytical Xm) and a three-electrode electrochemical cell. Ni-5Al and NAB
samples were used as working electrodes with a geometrical area of 1.16 cm? and 1.08
cm?. A wire Au was employed as the counter electrode. A silver wire dipped into an
Ag2S04 (107! mol-kg ) saturated Li.CO3s—K>COs3 (68:32%mol) contained in an alumina
tube sealed by a porous alumina membrane was used as the reference electrode [93]. The
test was performed under air-free conditions, with a constant flow of Hz/N2 in a 40/10
ml-minratio. The electrolyte was a molten carbonate (LiCO3-K2CO368:32% mol) kept
at 550 °C. The open circuit potential and impedance data were collected during five days
of exposure. The electrochemical impedance spectroscopy (EIS) was measured in
duplicates between 65 kHz and 3 mHz, using eight points per decade and an amplitude
of 10 mV at E = Eocand E = Eoc + 30 mV.

6.3 Results and discussion

6.3.1 Microstructure characterization

Figure VI-1 shows the optical image of Ni-5Al and NAB alloy before exposure, revealing
the grain boundary for Ni-5Al alloy, which corresponds to a single phase (y-FCC), as
previously reported by Ozel and Arisoy [160] and Ponomaryova et al. [161]. Figure VI-
1(b) shows the NAB alloy with martensite microstructure and some precipitated related
to the x-phase, as previously reported by our research group [132], with grain sizes close
to 30 um and 25 um, respectively. The porosity of Ni-5Al was 3 £+ 0.3 %, and density of
8+0.01 g-cm®; for the NAB alloy, the porosity was 3.5 + 1.7 % and density of 7.5 + 0.05
g-cm. Previously, our group reported that the NAB sample manufactured by LPBF was
mainly composed of an a-cubic phase, which consists primarily of copper, B’ phase,
representing a martensite structure, and the k-phase, which comprises intermetallic



46

combinations of various alloying elements, including Fe-rich components, such as
FesAl/FeAl [132].

Figure VI-1: Micrograph of (a) Ni-5Al and (b) NAB alloys before exposure.
6.3.2 Surface analysis

Figure VI-2 shows the FE-SEM images of both alloys before and after 5 days of exposure
to molten carbonates (Li2CO3—K>CO3) under a controlled atmosphere H2/N> in a 40/10
mL-min ratio. Before exposure, both alloys revealed that the alloying elements were
homogeneously distributed over the surface. For example, the EDX determined that
Figure VI-2 (b) Ni (96 wt.%), Al (4 wt.%) whose values follow the alloy Ni-5Al wt.%,
and Figure VI-2 (d) Cu (67 wt.%), Al (17 wt.%), Fe (9 wt.%), and Ni (7 wt.%), whose
values are similar to the commercial NAB alloy Cu-11AIl-5Ni-4Fe wt.%. After 5 days of
exposure, Figure VI-2(e,f) shows some molten carbonate clusters formed on the Ni-5Al
surface, composed mainly of potassium (K). The EDX corroborates it because, in Figure
VI-2(f), appears the K (in a 5 wt.%), in purple color. On the other hand, Figure VI-2(g,h)
the NAB sample shows a more roughened surface, composed of molten carbonates and
iron (Fe), where the EDX indicates that in Figure VI-2(h), the amount of K (13 wt.%)
appear on the surface and the amount of Fe (42 wt.%) increase compared to the beginning.
This increase of Fe over the surface could be due to the formation of LiFeO>as a corrosion
product described by De Miguel et al.[84] and Wang et al. [146].
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Figure VI-2: FE-SEM and EDS analysis of (a,b,e,f) Ni-5Al and (c,d,g,h) NAB (e-h) samples. (a-d) Before
and (e-h) after exposure to molten carbonate at 550 °C. (a,c,e,g) Backscattering and (b,d,f,h) mapping.

Figure VI-3(a) shows the XPS completed spectrum of Ni-5Al and NAB alloys after
exposure to molten carbonates. The deconvolution of the peaks related to Li 1s, K 1s, Ni
2p, Al 2p, and Cu 2p revealed the deposits of Li.COz (55.58 eV [162,163]) and K>COs
(292.57 and 293.65 eV [164,165]) over the surface on both samples, as shown in Figure
VI-3(b,c). This could occur because the samples were not cleaned after being removed
from the molten carbonates mixture. This was to avoid interfering with the surface
analysis, then were stored in a desiccator. Figure VI-3(d) shows the Al 2p signal in both
samples. For the Ni-5Al sample, the Al 2p signal appears as metal Al (74.05 eV [166])
and Al,O3 (75.89 eV [166,167]), as can be seen in Figure VI-3(e). The low intensity of
the alumina oxide signal in this alloy can be related to the small amount within the alloy.

For NAB alloy, the predominant signal is associated with Al.Oz (74.11 eV [166-168]),
which also appears in the deconvolution of [29] AI(OH)s (532 eV [168]), as also seen in
Figure VI-3(f). Therefore, it is expected that a passive layer was formed on the NAB
surface. Ni 2p signal was identified in the Ni-5Al sample, which was in the form of nickel
oxide hydroxide NiO(OH) (856.01 eV and 857.43 eV [169-171]), as shown in Figure VI-
3 (e). These results are in concordance with several authors, who proposed that NiO,
NiO(OH), and Ni(OH). are suitable materials to be used as electrodes in fuel cells and
batteries due to their catalytic properties [172-174]. For NAB alloy, the Ni 2p signal was
not detected by XPS analysis, suggesting that this element was not incorporated into the
corrosion products formed during exposure. For NAB alloy, a Cu 2p signal appears as
copper (I) oxide (932.22 eV [175,176]) with greater intensity than copper (II) oxide
(933.99 eV [175,176]). Therefore, the corrosion product formed on NAB alloy mainly
comprises copper oxide (I) and aluminum oxide.
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Figure VI-3: XPS spectra of Ni-5Al (b-e) and NAB (b-c,f-g) alloys after exposure to molten carbonate. A
complete spectrum (a), (b-c) Li 1s and K 2p, (d-e) Al 2p and Ni 2p, (f-h) O 1s, Cu 2p, and Al 2p.
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It is worth mentioning that Grosu et al. [147] and Gonzalez-Fernandez et al. [150] found
that Li(Fe, Ni)sOg and Li(Fe, Ni)O2 over the surface in SS310 alloy exposed to Li>COz-
K2C03-Na2COs as corrosion products. Also, Pineda et al. [140] described that the
corrosion product FesOs was generated on the surface of 304L alloy exposed to NaNOs-
KNOs. On the other hand, Férnandez and Cabeza [152] and Fernandez et al. [155]
reported the formation of Na>CO3-K>CO3z and Na,COs3-K,COs-Li.CO3 on In 702 and
HR22 alloys after exposure to molten carbonate. The authors also described the formation
of corrosion products on the metal surfaces, such as Al.Os, Fe>03, Fes0a, NiFe204, and
NiO. Additionally, Yang et al. [155] described that a passive film of NiO and NiFe204
was formed on Nil11FelOCu after exposure to NaxCO3-K2CO:s.
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6.3.3 Electrochemical behavior

Figure VI-4 shows the evolution of the open circuit potential (Eoc) of Ni-5Al and NAB
after exposure to molten carbonates at 550 °C. Ni-5Al shows an increment of the Eqc
during earlier stages of exposure, then decreases slightly to increases again, from -0.68 to
-0.4 V vs. Ag/Ag*, possibly related to the formation and growth of corrosion products.
NAB reaches stable Eoc values after 16 h of exposure, keeping constant close to -1.15 V
vs. Ag/Ag", suggesting the formation of a more protective layer on NAB surface. This
behavior can be attributed to the Al, (5 % in Ni-Al and 11% in NAB), which can form a
protective alumina layer on NAB that prevents a continuous reaction at higher
temperatures.
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Figure VI-4: Open circuit potential of Ni-5Al (m), NAB (0) samples after exposure to molten carbonates
at 550 °C in Ha/N2 atmosphere.

Figure VI-5 shows the Nyquist diagrams of Ni-5Al and NAB after exposure to molten
carbonates at 550 °C and E= Eoc, revealing a capacitive loop at high-frequency range
(HF), between 11.6 kHz and 100 Hz, and other at medium and low-frequency range (MF-
LF), between 100 Hz and 11.6 mHz with a well-defined slope close to 45 °. In general,
Ni-5Al has a smaller impedance response than the NAB, independently of exposure time,
and its response was constant during exposure. The impedance response of NAB alloy
was higher at the earlier stages, decreasing after a longer exposure time.
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Figure VI-5: Nyquist diagrams of Ni-5Al (a) and NAB (b) samples after 5 days (120 h) of exposure to
molten carbonates at 550 °C in an Ha/N» atmosphere. Red line defines the angle of 45°.

At open circuit potential (E=Eqc), the anodic reaction involves the oxidation of all alloying
elements in the alloys. It is worth mentioning that H» oxidation could also occur in this
system. Nitrogen reduction reaction can be involved as the cathodic reaction in an H2/N>

atmosphere, possibly generating N2H4 and NH4*/NH3 could form as reaction products.
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Figure VI-6: Nyquist diagrams E=Eoc, cathodic (-30mV) and anodic (+30mV) over potential of (a)
Ni5Al and (b) NAB samples after 24h of exposure to molten carbonates at 550 °C.

Figure VI-6 shows the Nyquist diagrams of Ni-5Al and NAB alloys after 24 h of exposure
to molten carbonates at 550 °C at cathodic and anodic overpotentials (E=Eqc+30 mV). At
HF range (11.56 kHz and 100 Hz), no significant differences are observed for Ni-5Al.
Nevertheless, the impedance response of NAB alloy reveals a very well-defined
capacitive loop at cathodic overpotential in this frequency domain, which was not
observed at E=E, or anodic overpotential. While, at MF-LF ranges (100 Hz and 11.56
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mHz), no significant differences are observed for NAB alloy, and some differences in the
modulus was observed for Ni-5Al alloy. Therefore, the impedance responses at different
overpotentials of both alloys suggest that the metal alloys are under mixed control in
molten carbonate using an Ho/N2 atmosphere.

Figure VI-7 shows the Bode plots for both alloys during exposure to molten carbonates
at 550 °C, corrected and non by the electrolyte resistance. The modulus demonstrates that
the impedance response of NAB samples is one order of magnitude higher than the Ni-
5Al in all frequency ranges. The corrected Bode plots of Ni-5Al and NAB samples reveal
time constants superimposed, with impedance phase (—6) valued close to 45° at all
frequency ranges, suggesting a porous electrode behavior at the HF range, associated with
a film formed on the surface. Additionally, a charge transfer resistance (Rct) possibly
related to the anodic reaction and double layer capacitance at the MF and LF domain, and
a diffusional impedance at the LF range.

De Levie proposed —8 close to 45 ° in the HF and 90 ° in the LF, considering that the

porous electrode was composed of identical cylindrical pores [177-181], described by the
following equation:

R
Zoe e = RoZo -cot (L [2) (V1)

Where Z, = jwlc . ﬁ is the interfacial impedance (€2 cm), Ro is the electrolyte resistance
dl
p

for a one-unit length pore (Q-cm™), given by R, = —5 P is the electrolyte resistance

(©Q-cm), I and r are the length and radius of pores [141]. As shown Figure VI-7, the Bode
plot for Ni-5Al and NAB alloys, the -6 values are close to 45 ° at the HF. However, at the
LF, the -0 values are much lower than 90 ©, as De Levie described. This behavior can be
related to the size and shape pore distribution [182—-186] but also to dielectric properties
of the film formed on the metal surfaces. This is because the MF and LF are being
affected by the diffusion process and the electric double layer occurring though the film
and over the surface that modified the De Levie response.
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Figure VI-7: Bode plots of Ni-5Al (a) and NAB (b) samples after 6 h and 120 h of exposure to molten

carbonates at 550 °C in an H2/N2 atmosphere.

Figure VI-8 shows the equivalent circuit and physical model proposed for Ni-5Al and
NAB alloys after exposure to molten carbonates at 550 °C. Re represents the electrolyte
resistance at the electrolyte/metal interface. CPE is a constant phase element
characterized by Q and o parameters involving the contribution of double-layer pseudo-
capacitance (Ca) [187]. Rct represents the charge transfer resistance related to the
reduction reaction at the external part of the corrosion product. W represents the diffusion
impedance due to the N2 through the corrosion products, and Zpe Levie represents a De
Levie impedance related to the porosity, with parameter showed in Eq. (1).
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(a) Molten carbonate (b) Molten carbonate

Figure VI1-8: Equivalent circuit and physical model representing (a) Ni-5Al and (b) NAB behavior
exposed to molten carbonates at 550 °C in H2/N2 atmosphere.

The impedance fit result of Ni-5Al and NAB alloys using the equivalent circuit proposed,
is shown in Figure V1-9, whose errors x?, varied between 1.3 and 2.1 for Ni-Al alloy and
0.4 to 2.1 for NAB alloy. The Re parameter of Ni-5Al was constant during exposure,
fluctuating between 0.77 and 1.31 Q-cm?, which were slightly lower than NAB alloy,
varying between 4.86 and 7.27 Q-cm?. Figure VI-9(b -d) shows that the Ro increase for
Ni-Al alloy, which extremely varied between 8.04-Q cm? and 697.64 Q-cm?for a longer
exposure time. Instead, Ro increase slightly in the NAB alloy, fluctuating between 978
and 1310 Q-cm?, suggesting lower ion concentration in the pores, possibly due to a more
substantial passivity of the film formed on the NAB surface than Ni-5Al alloy.
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Figure VI-9: Pore and electrolyte resistances of Ni-5Al (a-b) and NAB (c-d) after exposure to molten
carbonates at 550 °C in H»/N, atmosphere.
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Figure VI-10 shows the variation of Re, for Ni-5Al varied between 0.50-Q cm? and
0.75 Q-cm?, while for NAB alloy significantly increasing between 9.24 Q-cm? and
179.58 Q-cm?. Zeng et al. [188] studied Ni and Fe-Al alloy in molten carbonates at 650
°C in air condition, reporting Rc values between 10.68 and 5.35 Q-cm?for each alloy, it
means similar values for our Ni-5Al. Trinstancho-Reyes et al. reported Rct for Inconel 718
alloy in Na»SO; salts at 840 °C and 580 °C in air conditions, estimating valued between
311 Q-cm? and 193 Q-cm? respectively [189]. Also, Pineda et al. evaluated ASTM A36
and AISI 304L in molten salts at 390 °C in air conditions, determining Rctclose to 118.48
Q-cm? for carbon steel and 4770 Q-cm?for 304L alloy [140]. Therefore, Ni-5Al and NAB
alloy revealed Rt values of a materials which corrosive behavior and passive materials,
respectively.
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Figure VI-10: Variation of charge transfer resistances of Ni-5Al (a) and NAB (b) after exposure to molten
carbonates at 550 °C in Hy/N, atmosphere.

The impedance fit data were used for estimating the double layer (Ca) using the Brug
[187], as shown below:

Q = CHLIR* + R (V.2)

When Rt is much higher than Re, the inverse R is negligible over the inverse of Re,
obtaining the simplified, as shown in the following equation:

Ca = RE-V/QU/e (V.3)

Figure VI-11 shows the variation of Cq of Ni-5Al and NAB alloys after exposure to
molten carbonates, revealing those values between 1.64-107 and 2.43-10° puF cm? for Ni-
5AIl and lower values 1.10-10 until 4.42-10° uF cm? for NAB alloy. Zeng et al. [188],
Tristancho-Reyes et al. [189], and Pineda et al. [140] reported Cqi values for Ni alloy, Fe-
Al alloy, Inconel 718 alloy, and AISI 304L alloy, wich values are similar to Ni-5Al alloy.
Zeng et al. [188] reported an increase of Cq between 2.11-107 to 1.21-10 F cm™ for Ni
alloy after 62 h of exposure and a lower variation for Fe-Al alloy, almost 2.41-10* Fcm’
2 after 74 h of exposure. Trinstancho-Reyes et al. [189] reported a Cq of 9-102 F for
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Inconel 718 alloy at 840 °C and 4.4-102 F for 580 °C. Pineda et al. [140] estimated Cqi
values near 1.22-102 F cm? for AISI 304L after 21 days of exposure. Therefore, Ni-5Al
alloy has higher values than NAB alloy, showing a more significant variation during the
exposure. It should be noted that the Cq values of Ni-5Al are similar to those of other Ni-
based alloys, Fe-Al alloys, Inconel 718, and AISI 304L. The Cq values remain constant
for NAB alloy. Pineda et al. [140] proposed that this behavior can be related to an
improvement in the corrosion resistance.
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Figure VI-11: Double layer capacitance of Ni-5Al (a) and NAB alloy (b), both samples after exposure to
molten carbonates at 550 °C.

6.3.4 Microhardness

Before exposure, microhardness tests for Ni-5Al and NAB alloys revealed a value close
to 169 + 27 HV and 316 + 27 HV, respectively. After 120 h of exposure, the
microhardness increased for Ni-5Al until 212 + 15 HV, and the NAB alloy was kept
constant 324 + 30 HV, possibly due to the effect of the nature of corrosion products
formed on each alloy [190]. On the other hand, some authors, such as Kodentsov et al.
[53], reported an increase in the microhardness of Ni-based alloys due to the nitridization,
which process occurs at specific conditions of temperature and pressure of N2, which
could be a possibility for the increase of microhardness in Ni-5Al alloy. However, Yang
and Wu [191] studied a Ni-Al alloyed layer after heat treatment, which discovered that at
400°C the highest microhardness, 430 HV, occurred due to the re-crystallization of
intermetallic nickel aluminide.

6.4 Conclusions

This work focuses on the corrosion of a nickel-aluminum and a nickel-aluminum bronze
after exposure to molten carbonate at high temperatures. Both alloys were manufactured
by laser powder bed fusion. The main results revealed:

e A higher microhardness was determined for NAB alloy compared to Ni-5Al,
associated to the alloying elements and intermetallic compounds of the first.
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However, the microhardness increased on Ni-5Al after exposure due to the re-
crystallization at high-temperature exposure and the incorporation of N2 in the
surface.

e The corrosion products formed on Ni-5Al and NAB alloys were composed of
deposits from the electrolyte but also of oxide layers with different chemical
compositions. The oxide film was formed mainly of NiOOH layer for Ni-5Al alloy
and Al203 and Cu20 for NAB alloy.

The impedance analysis revealed that both alloys had similar behavior but what was
occurring on the surface differed. It was attributed to the film formed on the surface,
which in the NAB demonstrates being more protective compared to the Ni-5All.
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VII. CHAPTER IV: SUITABILITY OF NICKEL ALUMINIUM BRONZE
ALLOY FABRICATED BY LASER POWDER BED FUSION TO BE
USED IN THE MARINE ENVIRONMENT

7.1 Introduction

Marine structures such as ships, docks, and oil/gas plants are made from different metal
alloys based on ferrous and non-ferrous elements. The ship infrastructures are mainly
made of steel and aluminium alloys and, some functional parts can be made of copper
alloys, such as bronze and brass. Although these copper alloys have exceptional
mechanical, corrosion, and antifouling properties, they are often used for functional parts
and hull sheathing for small fishing vessels due to their high price compared to ferrous
alloys. Figure VII-1 shows a radar chart that compares the price, mechanical, and
corrosion properties of different materials used in marine environments. As observed, the
Ni alloys present the highest elongation and strength. However, they are also the most
expensive on the list. Regarding corrosion rate, all alloys, except for steel, demonstrate
low corrosion rate in seawater (0.03-0.003 mm-y?). This is attributed to their ability to
form a protective passive layer, shielding the rest of the material from corrosion.

Cu-11AI-5Ni-4Fe wt% alloy is also known as NAB (nickel aluminium bronze) alloy,
which has been researched in-depth due to its high strength, good impact toughness,
damping capacity, good corrosion resistance, wear resistance, and non-sparking [192].
This makes it a candidate for aerospace, architecture, marine defence, commercial
offshore oil/gas and petrochemical, desalination, and water condenser systems industries
[90]. NAB's naval applications are focused on piping, valves, fittings, heat exchangers,
propellers, sealing flanges, sonar equipment, flexible couplings, and periscope assemblies
[192]. Cu-11AI-5Ni-4Fe wt% alloy is essential to submarines [193] since it can suppress
sound for silent operations due to its good anti-damping properties, which are twice that
of steel [90].

NAB alloy has been fabricated principally by continuous and centrifugal casting, which
allows it to achieve different forms. Then, it can be processed in hot by extrusion, rolling,
and forging to obtain the alloy in its wrought working form [90]. The tensile strength in
the cast and wrought forms (ASTM denomination C958xx and UNS C63xxx,
respectively) differ slightly (600 — 760 MPa and 621-760 MPa), whereas, the elongation
properties have been demonstrated to be in the same range. Also, the alloy has been
indicated as a great candidate for pumps and valves due to its high corrosion and wear
resistance. Thus, it does not need to be coated [194]. However, due to advancements in
modern manufacturing methods, there is currently insufficient information to confidently
determine if the alloy is more prone to corrosion when produced using additive
manufacturing (AM).

Different alloys fabricated by additive manufacturing have been exposed to corrosive
environments to observe their evolution. M. Bajt et al. [195] studied the Ti-6Al-4V alloy
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in its wrought form and those fabricated through laser powder bed fusion (LPBF) after
exposure to artificial saliva. They observed that the most important factor that triggers the
corrosion process was the crystallographic phases present in the alloy, which,
consequently, is influenced by the fabrication method. A. Racot et al. [196] exposed the
316L (stainless steel) to 4 mol-1" of NaCl at 50 °C obtained as wrought and fabricated by
LPBF. They stated that the grain shape is the key factor in determining corrosion, as the
oxide layer forms at the grain boundaries, offering passivation and protection to the rest
of the material. This phenomenon has also been observed in other studies on passive
materials, indicating that the grain size and its shape uniformity play a crucial role in
determining the quality of the passive layer against corrosion [197,198]. Hence, it could
also be inferred that a longer grain, like the columnar grain achieved via additive
manufacturing, may not offer adequate oxidation to the surface coverage. Consequently,
diminishing the protective behaviour of the passive layer.

NAB alloy was studied on its as-cast and as-built condition (obtained from electron beam
melting) exposed to a 3.5 wt% NaCl solution [199]. The authors found that both as-cast
and as-built samples showed selective phase corrosion, specifically of the martensite (3”)
and the intermetallic (NiAl). C. Xu et al. [200] studied the NAB exposed to 3.5 wt% NaCl
in as-cast and built conditions (fabricated through wire arc additive manufacturing). They
conclude that the improvement in corrosion resistance of as-built samples is due to the
absence of the martensitic phase, which is often selectively corroded, and the uniform
distribution of Al>Os formed in these samples after the immersion process. Since the
corrosion performance of the alloy can be determined by the microstructure, several
studies have been carried out to explain the better NAB microstructure under different
heat treatments and surface modifications [89,201,202].

Yield strength / MPa

Price / USD Ib* 200 Tensile strength / MPa

2.0

Corrosion rate / mm y! Elongation / %
Ferrous alloys Non ferrous alloys
Steels Al
Stainless s. Cu
Ni

Figure VII-1: Radar chart used to compare different alloys used in marine environments. The data were
collected from diverse references [90,203-206].
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Given the significance of phase composition in determining corrosion behaviour, this
study aims to assess the corrosion behaviour of samples manufactured using the LPBF
technique, both with and without heat treatment. The novelty lies in enhancing the
understanding of the oxidation progression of these components when exposed to a
solution mimicking seawater salt content. For that, built samples with and without heat
treatment are immersed into 3.5 wt% NaCl for 30 days. Corrosion performance is
evaluated by electrochemical techniques, such as electrochemical impedance
spectroscopy and polarization curves. The surface by X-ray photoelectron spectroscopy
(XPS) before and after exposure.

7.2 Methodology

7.2.1 Sample fabrication

Cu-11AI-5Ni-4Fe wt% alloyed powder (<40 pm, CNPC powder group CO) was used to
manufacture bulk samples using the LPBF technique (GE - Concept Laser Mlab using
200R machine). The process parameters were 30 um and 80 pm for the layer thickness
and hatch space, while the laser power and scanning speed were kept at 180 W and 600
mm-s™, with a total volumetric energy density (VED) of 125 J-mm=, Each sample was
fabricated with a cylindrical shape of 6 mm and 8 mm in length and diameter,
respectively, constructed over a 100 x 100 mm copper platform. After fabrication, pieces
were removed from the Cu platform using wire electrical discharge machining (W-EDM).
After fabrication, two different heat treatments were used to create two sets of samples:
one underwent quenching and tempering (Q+T), while the other underwent annealing
(A). Figure VII-2 provides a schematic representation of the heat treatment processes.
Regarding the quenching and tempering process, the samples were heated to 900 °C for
1 h, rapidly cooled in water, and then heated to 700 °C for 5 h. Finally, they were cooled
in the air. For the annealing process, the samples were heated to 900 °C for 2 h, followed
by furnace cooling [89,90].

Before exposure to the electrolyte, the samples underwent a grinding process using grit
sandpaper ranging from #400 to #4000, followed by polishing with colloidal silica
suspension.
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Figure VI1-2: Schematic representation of each heat treatment, where “Q+T” is the quenching and
tempering and “A” is annealing.

7.2.2 Sample characterization

Morphologic surface images were obtained through field emission-scanning electron
microscope (FE-SEM) QUANTA FEG 250. In contrast, the surface chemistry was
analyzed by X-ray Photoelectron Spectroscopy (XPS), employing a K-alpha
photoelectron spectrometer (Thermo Scientific). The alloy phases were characterized by
X-ray diffraction (XRD) using Rigaku equipment (MiniFlex 600, detector D/tex Ultra 2
High-Speed 1D), equipped with Cu Kol radiation source (A =1.54056 A) using a scan
rate of 0.02°-sL.

7.2.3 Electrochemical measurements

The electrochemical measurements were carried out using a potentiostat/galvanostat
(Bio-Logic, VSP) and a three-electrode electrochemical cell, with a Pt grid and a saturated
calomel electrode (SCE) as the counter and reference electrodes, respectively. NAB
samples were utilized as the working electrode with a geometrical area of 0.28 cm?, which
were immersed for 30 days in 3.5 wt% NaCl solution at room temperature.
Chronopotentiometry at open circuit was performed for 1 h, and then electrochemical
impedance spectroscopy (EIS) was measured after 1, 3, 7, 14, 21, and 30 days. EIS was
conducted in duplicated between 65 kHz to 3 mHz with seven points per decade and using
an amplitude of 10 mV at E = Eoc. In parallel, different samples were tested by impedance
spectroscopy at different overpotentials (cathodic and anodic) Ec=Eoc -200 mV and
Ea=Eoc+200 mV after 30 days of exposure. Linear sweep voltammetry (LSV) was
performed at E = Eoc + 200 mV vs. SCE using a sweep rate of 0.1 mV-s after 30 days
of exposure.
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7.3 Results

7.3.1 Microstructure characterization

Figure VI11-3 shows the micrographs obtained by FE-SEM of the sample surfaces before
and after 30 days of exposure to 3.5 wt% NacCl solution at room temperature. Figure VII-
3 (a) shows the AB sample before exposure, which has a homogeneous surface with some
pores and defects produced by the AM process. Figure V1I-3 (b-c) depicts the heat-treated
samples before exposure, revealing the presence of intermetallic compounds that emerged
during the heating process. This phenomenon is attributed to the alloy's homogenization,
facilitating the formation of stable phases. Figure VI1I-3 (d-f) shows the AB, quenching
plus tempering (Q+T), and annealed (A) samples after exposure. They exhibit a rough
surface with some salt-covered pores.

Intermetallics Intermetallics
N
N

Before exposure

After 30 days

7 ST o Teopm

Figure VI11-3: FESEM micrograph (a-c) before and (d-f) after 30 days of exposure to 3.5 wt% NaCl
solution at 23 °C for (a,d) as-built (b,e) quenching + tempering and (c,f) annealed samples.

Figure VII-4 shows the XRD results for A, Q+T, and AB samples before exposure. The
samples are constituted of the same phases, such as the a-cubic phase, which consists
mainly of copper, B’ phase representing martensite, ordered as 3R or 2H, is formed
through rapid cooling during manufacturing processes, and the x-phase (Kappa phase),
which comprises intermetallic combinations of various alloying elements. The k-phase
includes Fe-rich components, ki and ki are based on FesAl/FeAl (DOz or B2) [104,207],
and kv is Ni-rich based on NiAl (B2) [104,124,208-210]. Furthermore, the stable  phase
(BCC) is often masked by the a phase due to their cubic structures and similar interplanar
spacings. As a result, they diffract at equivalent angles, making it challenging to
distinguish between them in the analysis [211]. The AB sample exhibits a more rugged
spectrum compared to the others, attributed to its fabrication method. Instead, the heat-
treated samples demonstrated diffraction at accurate angles due to the elevated
temperature, which promoted stress relief and alloy homogenization.
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The XRD pattern of Q+T showed o and « phases and a small quantity of ’, which is a
product of the quenching and then their stabilization as B due to tempering [89,212]. In
contrast, the XRD pattern of the A sample revealed a higher presence of k phases. This
can be attributed to the prolonged exposure time at high temperatures, facilitating their
appearance and stabilization.
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Figure V1I-4: XRD pattern for A, Q+T, and AB samples before exposure.

7.3.2 Electrochemical behaviour

Figure VII-5 shows the open circuit potential (Eoc) variation towards more anodic
potentials, being more drastic in the AB sample. The Eoc varied with exposure time,
reaching their stability near -180 mV and -200 mV for all samples between 14 and 21
days of exposure. Additionally, the heat-treated samples show very similar behaviour,
being more constant with exposure time, suggesting the formation of a stable corrosion
product on the surface.
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Figure VI1I-5: Open circuit potential (Eoc) result of A, Q+T, and AB samples after exposure to 3.5 wt%
NaCl with exposure time.

Figure V11-6 shows the EIS results through Nyquist plots and Bode diagrams of A, Q+T,
and AB samples after 1 and 30 days of exposure at room temperature at E= Eoc. As
observed, for all samples, the impedance response demonstrates two-time constants at
high and low frequencies (HF and LF), which can be identified clearly for A and Q+T
samples. However, the capacitive loops are superposed for the AB sample at the
beginning, as shown in the phase diagram after 1 day of exposure, exhibiting a wider
signal between 10! Hz and 102 Hz. AB sample shows a more significant resistance than
the heat-treated samples after shorter and longer exposure times, revealing two-time

constants.
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Figure V1I-6: Nyquist plot and Bode diagrams after (a,c,e) 1 and (b,d,f) 30 days of exposure to 3.5 wt%
NaCl solution at 23 °C. (a-b) Nyquist plots, (c-d) phases and (e-f) modulus not corrected by the
electrolyte resistance.

Figure VII-7 shows the LSV curves and the cathodic and anodic current densities at
different overpotentials (1) for all samples collected after 30 days of exposure to 3.5 wt%
NaCl at room temperature. As mentioned, the mixed potential of the AB sample is shifted
to more anodic potential compared to the heat-treated samples. The cathodic current
density (ic) of the AB sample, associated with the diffusion-controlled region, is kept
lower than the heat-treated samples, reaching a quasi-steady state near 1.9 x 10° A-cm™.
However, the anodic current density (ia) increases quickly with the anodic m, and this
effect is more pronounced for the AB sample. In fact, the AB sample even surpasses the
other samples at around n=100 mV, indicating that it is more significantly influenced by
anodic overpotentials. This latter feature could be related to the break of an oxide layer
formed on the metal samples.
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Figure VII-7: (a) LSV curve of NAB alloy after 30 days of exposure to 3.5 wt% NaCl at room
temperature collected at a scan rate of 0.1 mV-s™. Variation of (b) cathodic and (c) anodic current
densities as a function of overpotentials.

7.3.3 Surface composition

Figure VI11-8 shows the XPS spectra of all samples before and after 30 days of exposure
to 3.5 wt% NaCl. After 30 days, new signals were detected in the samples, as those
associated with Fe (Fe 3p and Fe 2s), and variation in the relative amount of these
elements. Additionally, the oxygen exhibited to be predominant after exposure,
surpassing the quantities of the alloying elements. Indeed, Figure VI1I-8 (a) shows the
XPS before exposure, which reveals the presence of Cu and alloying elements, such as
Al and Fe. In addition, Figure V1I-8 (b) shows the XPS after exposure, which exhibits all
the alloying elements, including Ni, and also the contribution of ClI, possibly forming a
CuCl or CuCly, as reported previously [200,213,214].
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Figure V11-8: XPS spectra of all samples (a) before and (b) after 30 days of exposure to 3.5 wt% NaCl at
room temperature.

Figure V1I-9 shows the relative quantity of some alloying elements, oxygen, and chloride
content before and after exposure. Fe content exhibits a relatively small variation, ranging
from 2 % to 6 %, despite its low initial concentration in the alloy. This is likely attributed
to the formation of intermetallic phases (Fe-rich). TheAl was present in all heat-treated
samples before and after exposure due to the temperature promoting the surface oxidation
and precipitation of intermetallic, such as NiAl and FeAl over the surface. Instead, Ni
was present in each heat-treated sample in a very low amount, and for this reason, was
not added to the graph. Oxygen content varied from 40 % to 62 %, which decreased after
exposure, possibly due to the presence of chloride and the increase of certain alloying
elements, like Al and Fe, which shielded the oxygen signal.
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7.4 Discussion

7.4.1 Electrochemical analysis

Figure VII-10 shows the impedance spectroscopy performed at Ec=Eoc -200 mV
(cathodic) and Ea=Eoc+200 mV (anodic) after 30 days of exposure. This was carried out
to understand the origin of the two-time constants and to know how the anodic or cathodic
reactions influence the system. Figure VII-10 (a) shows the EIS performed at
overpotentials and Figure V1I-10 (b) performed at E=Eoc. It is established that both the
cathodic and anodic reactions are involved in the process, and by principle at E=Eoc they
should occur at the same rate. However, the impedance response obtained at cathodic
potentials is higher than the anodic, suggesting that the oxygen reduction reaction (ORR)
can significantly influence the impedance response. This observation is consistent with
the finding from the limiting density current in the LSV curve at cathodic overpotentials.
The anodic eq. (VI11.1) and cathodic reactions eq. (V11.3) involved are [213]:

Cu+Cl & CuCl +e (VI1.1)
Then, CuCl, due to its instability [215], reacts with CI" as:
CuCl + CI" & CuCly (VI1.2)
Next, the CuCly™ can react to form the Cu.O as shown in eq. (V1.3)
2CuCly + 20H- - Cu0 + H,0 + 4CI (VI1.3)

In this system, the anodic current is attributed to the metal dissolution, which contributes
less to the impedance response collected at Eoc. At the same time, the cathodic reaction
can be related to oxygen reduction, which is also controlled by mass transport and can
occur as follows:

02 + 4H*+ 4e"> 2H,0 (V1.4)

The cathodic impedance can be depicted as a double-layer capacitance (Cai) in parallel
with a charge transfer resistance (Rct), connected in series with an impedance related to
the O2 mass transport (Zwc). Regarding the double-layer capacitance, it often presents a
distribution of reactivity, which is expressed in the impedance response as depressed
semicircles, which could be better represented by constant phase element (CPE),
expressed in terms of Q and o [213]. Figure V11-10 shows the equivalent circuit proposed
to be applied in the whole frequency range (65 kHz to 0.04 Hz), which is composed of a
constant phase element (representing the double-layer capacitance, CPEq) in parallel to
the Rct, and in series to the Warburg impedance (W¢), representing the O, mass transport.
Table VI1I-1 summarizes the impedance parameters obtained from the fitted results. The
values indicate that the loops at high frequency (HF) are related to the double-layer
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capacitance, since the Cq estimated by the Brug formula [213], exhibit values of double-
layer capacitance (10-40 pF-cm™) in parallel to the charge transfer resistance. Thus, the
loop at lower frequency (LF) corresponds to O, mass transport, where the Warburg
coefficient (kc) was estimated by the expression:
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Figure V11-10: Nyquist plot of AB samples after 30 days of exposure to 3.5 wt% NaCl performed at (a)
Ec=Eoc-200 mV and E;=Eoc+200 mV and (b) open circuit potential (Eoc).

Figure V1I-11 also shows a scheme of the surface oxide evolution of AB and heat-treated
samples. The EIS parameters indicate that the contribution of mass transport in heat-
treated samples is higher than for the AB samples at any time, suggesting that their oxide
is more irregular with small channels.

In all conditions, NAB alloy presents a thin oxide layer composed mainly of copper oxide
at the beginning. It was evidenced by XPS surface analysis, which demonstrates that the
surface is composed primarily of copper, while the heat-treated samples show the
presence of the other alloying elements due to the stabilization of intermetallic phases. It
should be noted that Cu oxide is a semiconductor and, therefore, hard to detect by EIS.
After exposure, these intermetallic phases play an important role in surface oxidation due
to the contact with the electrolytes. AB samples are oxidized more uniformly, while in
the heat-treated samples, the oxide could grow on those sites intermetallic-free. The latter
provokes an oxide with more tortuosity than the AB sample. EIS analysis revealed that
the AB sample shows a higher resistance than the other samples with less apparent oxide
thickness.



69

It should be noted that after 1 day of exposure, AB exhibited two capacitive loops
overlapped, evidenced by the wider signal by the phase diagram, which indicates that the
oxide from the beginning was more homogeneous or less tortuous than the heat-treated
samples. However, after the exposure time, the oxide grew and became similar to the
others. Several authors have studied the influence of different types of intermetallic on
corrosion performance, reaching an agreement that depends on the intermetallic and the
metal matrix to define if they could have a negative influence [216,217]. It is known that
intermetallic can have different potentials to the metal matrix, which can be considered
as a cathodic or anodic site, favouring the formation of micro-galvanic cells [217], and
the dealloying of the alloy around the intermetallic or the intermetallic itself. In this
system, the intermetallic, rich in Fe and Ni, can act as cathodic sites. Therefore, produce
the dealloying of the surrounding area.
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Figure VI1-11: schematic representation of the oxide evolution and the equivalent circuit.

Additionally, the polarization curves suggest that the alloy oxidation occurs quickly on
the heat-treated samples at the beginning, showing a semi-plateau similar to some passive
materials [181].While on the AB samples, the anodic current density increases faster but
with lower current density, which could be attributed to a variation in the real
electroactive area during the oxidation of the metal surface.
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Table VII-1: Summary of the EIS parameters in the frequency range of 0.04 Hz to 11.3 kHz.

) Estimated
. Fitted parameters
Time by Brug
ID 10+
4 a/ S| R (FQ‘E;ZS K vy | X104/ | Rax100 | Cal
Y Q-cm? y « §03-()1-cm2 Q-cm? X pF-cm?
1 11.5+05| 1.6+05 | 0.7+0.0 9.0+1.2 34+15 | 1.1 8.5

AB 14 158+0.6 | 0501 | 0.7+0.1 72+1.2 0.7£0.1 |21 3.3
30 109+14 | 04+01 | 0.7+0.1 6.8+0.2 06+02 |16 2.3
1 9.1+0.1 30£10 | 0.6+0.1 14.3+4.0 04+02 |33 10.3
Q+T 14 133+38 | 1.8+04 | 0.7+0.1 20.9+0.2 1.8+0.0 | 1.8 32.2
30 128+2.6 | 57+3.0 | 0.6+0.1 24.5+ 8.9 06+01 |25 32.1
1 101+1.1 | 1.8+0.2 | 0.7+0.1 | 26.9+10.8 05+03 |23 17.6
A 14 125+23 | 25+09 | 0.7+£0.0 20.0+3.5 04+00 |27 20.7
30 140+3.6 | 5321 | 0.7+0.1 29.8+3.2 09+02 |1.7 42.5

7.4.2 Suitability of additive manufacturing to produce pieces with better corrosion
performance

Fabrication of pieces based on the LPBF technique leaves some internal defects in the
material compared to other production methods. Examples are porosity, residual stress
[218], columnar grains in the building direction, which conduce to a crystalline texture
due to the rapid solidification [219], non-equilibrium phase formation, and other types of
intermetallic. The AB sample shows a greater presence of B (martensite) phase, which is
signalled responsible for the preferential dissolution in a corrosive environment [89,220].
However, other studies have indicated that microgalvanic couple formation between an
intermetallic, such as Fe-Al (kn), as well as the 3-phase, are corroded preferentially over
the o-phase matrix [212,221]. Therefore, the microstructural factor is relevant to
understanding the dealloying or preferential corrosion mechanism.

The thermally treated samples produce changes in the microstructure originally obtained
by LPBF. According to XRD patterns, Q+T and A samples had mainly grains of B’ and
a-phase in earlier stages, to having later more § and « type -phases. This caused a porous
oxide formation on the surface since the intermetallic can behave as cathodic sites
regarding the matrix. In other words, the intermetallic presence favours the porosity and
tortuosity in the film, which contributes to a decrease in alloy protection. Several studies
were revised to understand the phenomenon better, as shown in Table V1I-2.
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Table VI1I-2: Comparison of electrochemical parameters extracted from different articles that
studied the NAB alloy exposed to 3.5 % NaCl.

Fabrication Exposure icorr Ecorr VS. SCE |ZLe|
Alloy method time / h / pA-cm? / mV / Q-cm? Ref
LPBF
0.6 -170 8,196
NAB LPBLFPE?T 720 11 225 2785 |
1.2 -240 2,561
+annealed
LPBF 6.5 -265 -
NAB Cast 1 3.0 -275 - [222]
Wrought 4.0 -264 -
EBM 0.6 ~-280 ~10,500
NAB Cast 168 18 ~-280 ~9,500 | [
WAAM 149+ 14.4 -0.26+0.02 ~4,382
NAB Cast 48 16.2+40 | -0.27+0.01 ~3,082 | 12
Cast
Cast + 7.0 -259 ~20,000
NAB annealed 720 7.5 -261 ~10,500 | [220]
Cast + 6.2 -278 ~20,000
guenched
NAB Cast 480 1.5 -289 ~3,935 [214]
NAB Cast 1 2.5 -305 ~1,972 [223]
Cast
1.6 -250 ~18,083
NAB Cast + laser 720 02 -300 46141 [201]
treatment
NAB Cast 480 0.8 -226 ~64,845 | [224]
NAB Cast 1 6.8 =277 - [225]
Cast
Cast + 1.4 -262 ~15,620
NAB annealed 720 3.2 -291 ~10,770 [89]
Cast + 0.2 -284 ~70,710
quenched
2 ~6.3 ~-290 -
NAB Cast 12 . i 28,440 [226]
NAB Cast 72 9 -298+5 ~3,350 [227]
Cast
1.7 -262 ~2,110
NAB Cast + 0.27 0.9 255 2358 [228]
annealed

** Obtained from the present work

Table VI1-2 compares electrochemical parameters obtained from the literature review for
NAB exposed to 3.5 wt% NaCl for different exposure times and fabrication methods,
revealing the effect of the fabrication methods and heat treatment. As is observed, almost
all samples fabricated through additive manufacturing, such as LPBF, electron beam
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melting (EBM), and wire arc additive manufacturing (WAAM), show corrosion current
densities (i) lower compared to their counterparts i.e., those obtained by the conventional
method. W. Zhai et al. [199] attribute the lower icorr in Samples manufactured by EBM
compared to the cast ones to the phase preferential dissolution of certain phases.
Specifically, in the first group, the affected phase was the NiAl (k-phase), whereas in the
other, it was the B’ phase, along with the eutectoid structure (a+xin). C. Xu et al. [200]
assigned that the WAAM samples demonstrated low i due to the finer and discontinued
xm (Ni-rich) would be effective in avoiding electrolyte inlet to the corrosion film. The
samples heat treated by annealing show a greater icorr and a lower impedance modulus
(|ZLr|) due principally to the stabilization and proliferation of the intermetallic compounds
[89,220], which can cause the dealloying of the surrounding area or corrode itself. The
|ZLr| obtained in this work was also lower for heat-treated samples compared to the AB,
which can be attributed to the presence of an oxide layer partially covering the surface of
the former. It should be noted that Table VII-2 shows a correlation between current
density and the impedance modulus at low frequency, which is a great non-destructive
method to intuit the tendency of alloy resistance to the exposed medium.

Therefore, the manufacturing method and the heat treatment are essential to producing
pieces of NAB and understanding the corrosion mechanism. The first advantage of
material production by AM is the rapid solidification, which avoids the formation of the
equilibrium phases. This favours uniform oxide formation, which blocks oxygen
diffusion and, thus, improves corrosion protection. The second advantage is that it does
not require a post-heat treatment to enhance the corrosion performance, which means
energy and time-saving.

7.5 Conclusions

The NAB alloy used in marine environments manufactured by LPBF was tested before
and after exposure to a 3.5 wt% NaCl solution with and without heat treatment by
electrochemical and complementary techniques. The main conclusions are summarized
below.

o The alloy in condition AB responds better to corrosion than its heat-treated
counterpart because the temperature causes a phase transformation that increases the
intermetallic phases, sites where the oxide layer does not develop. Thus, the oxide evolves
with small channels which allow the electrolyte to pass. In this way, the treated sample
surfaces are partially covered and protected, while AB samples have a more homogeneous
oxide layer.

o Impedance spectroscopy analysis reveals that the oxygen reduction reaction plays
a substantial role in the impedance response. The observed loops in the impedance spectra
are associated with both the double-layer capacitance and the mass transport of oxygen,
occurring at high and low frequencies, respectively. Conversely, the contribution of the
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anodic reaction, primarily attributed to metallic dissolution, has a relatively minor impact
on the overall impedance.

o Parts manufactured using AM of the NAB alloy can then be used directly after its
manufacture, that is to say, without requiring a subsequent treatment, since their
properties against corrosion are demonstrated to be maximized.
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VIII. GENERAL CONCLUSION

Therefore, is it possible to indicate that the general conclusion regarding the hypothesis
was partially confirmed because adding Cu to Ni-Al alloys enhanced the corrosion
resistance in molten carbonate, which is determined by the morphology and chemical
composition of the oxide film formed on Cu-Ni-Al alloy. However, incorporating CeO-
NPs into Cu-50Ni-5Al alloys increased the microhardness and corrosion resistance.
Meanwhile, it is suggested to continue researching different percentages of nanoparticle
addition and the impact on catalytic properties.

In Chapter | was studying Cu-11AI-5Ni-4Fe (NAB alloy), manufactured by Laser Powder
Bed Fusion (LPBF). The effect of annealing heat treatment on the porosity, mechanical,
and corrosion properties was analyzed. The mechanical tests revealed that the porosity
directly affects the micro-hardness. In addition, a martensite phase transformation to o-
phase was found with heat treatment, determining that the annealing creates a passive
layer of Al under the surface, which improves the corrosion resistance. The samples were
exposed to molten carbonates in an aerated atmosphere. The gravimetric results
established that the pores affected the corrosion resistance. Therefore, the morphological
and the micro-macrostructural characterization were achieved, corresponding to the
specific objectives 1 and 2. However, it is necessary to continue studying how arbitrary
geometry would affect it.

Chapter |1 studied the effect of CeO> nanoparticles (CeO2—NPs) in Cu-Ni-Al alloy at high
temperatures. These samples were manufactured by spark plasma sintering (SPS) and
analyzed using microstructural, mechanical, electrochemical, and surface analyses before
and after exposure to the molten carbonates at 550 °C in an aerated atmosphere,
promoting corrosion products over the surfaces, which were modified with nanoparticles
incorporated (0,1,3, and 5 wt.%). The samples that showed better mechanical behavior
showed an increase on microhardness and higher corrosion resistance due to a bigger
impedance module. Therefore, Cu—50Ni—5Al + 1 wt.% CeO2—NPs, have a promissory
use at high temperatures, achieved specific objectives 1 and 2. However, it is considered
important to continue impedance studies to determine whether the increase in the addition
of nanoparticles is directly related to the corrosion resistance of the alloys.

Chapter 11l compared Ni-5Al (commercial alloy) and Cu-11AIl-5Ni-4Fe (NAB alloy)
manufactured by Laser Powder Bed Fusion (LPBF), exposed to molten carbonates in a
controlled atmosphere (H2/N2) at 550°C for 5 days, formed an oxide film over the surface
for both alloys, mainly of NiOOH for Ni-5Al and Al;O3 and CuO for NAB alloy.
According to the literature, NiOOH is associated with excellent catalytic properties. Also,
the impedance analysis revealed that both alloys had similar behavior but what was
occurring on the surface differed. It was attributed to the film formed on the surface,
which in the NAB demonstrates being more protective than the Ni-5Al.
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Due to the excellent corrosion resistance properties that Cu-11AI-5Ni-4Fe (NAB alloy)
shows at high temperatures, a study was carried out in Chapter IV in a marine
environment of the alloy manufactured by laser powder bed fusion (LPBF), which
corresponds to Chapter 1V. Therefore, chemical, microstructural, and electrochemical
measurements were carried out in an aerated NaCl solution. It was concluded that the
NAB alloy has excellent corrosion resistance manufactured by LPBF, compared to other
alloys used in container ships.

Finally, it can be concluded that NAB alloy has excellent corrosion resistance at high
temperatures compared to the commercial alloy Ni-5Al. Therefore, it is suggested that
the study of its catalytic behavior be continued to verify its possible use as an electrode.
Also, it is suggested to analyze the influence of CeO>-NPs on the electrochemical
behavior of Cu-Ni-Al alloys exposed to molten carbonate, using different concentrations
and manufactured methods because the only manufacturing methodology that could
effectively generate arbitrary porosity is LPBF. Due to the excellent corrosion resistance
shown by the NAB alloy, it is suggested to continue to research its behavior in different
molten salts at high temperatures for new applications in the energy sector as material for
containers or pipes that transport molten salts.
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