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Abstract: The corrosion and degradation of Ni and its alloys in supercritical carbon

dioxide (-CQO,) is an emerging issue for material selectiandimplementation of

Sc-CO, thermal cyclesn industry. In this study, we appdensity functionaltheory

(DFT) to study the initial steps of carburizationtbé Ni (111) surfaceand two types

of Ni-Cr alloysurface in a C@environment. The overall carburization reaction,,CO
Cags + O, can be boken into four elementary steps, ¢@ctivation two surface

reactions, C@dissociation to CO and O followed by dissociatadrCO to O and C.

In this study, we concentrate on the thermodynamics of the two surface reactions and

determine their activatiobarriers. We determinthe energy of the activatstateof

CO, and its dissociated products to compare tthermodynamics of the different

elementary reactions steps. On Ni (1EBtivatedCO, is most stablen a hollow site

with adsorptionenergy of 0.24 eV, employing linear C® as reference state

indicatingthatit is thermodynamically unfavorable. The coadsorption of CO and O,

which are products of the first step of €dissociation, are most stable on fcc site

and hcp site respectivelfhe interactins between the two adsorbates are slightly

attractive. This initial C@dissociation step iexothermicby 0.53 eV with a kinetic

barrier of 0.61 eV. The further dissociation of CO to C ando® Ni (111)is

endothermic by more than 2 eV and has large atitim barrier,3.38eV. The results

of thesetwo elementary stepof CO, dissociation are in good agreement with

previous literature. The high barriers makes this reaction path unlikely to be the main



reaction path for the carburization of Ni surfadeut co-adsorbates and surface
defects are likely to play a major role in this proc&dse CQG dissociation step is
also studied on two Ni based alloy surfgd¥ig 34Cri g;and NgCrs. On Nig3:Cry g7,
activatedCO, is most stabl®@na bridge site with the esrgyof 0.18 e\ compared to
alinear CQ in the gas phasendicating that the interaction between £&nd alloy
surface is thermodynamically unfavoralidat more favorable then on Nihe co
adsorption of CO and O, the products of the initlelsociatio step, is most stable
when two adsorbates stay on ontop site and hcp site, respectivelynt@taction
between the two adsorbatasestill slightly attractivesimilar to the Ni (111) surface.
The activatiorbarriess for the two elementary steps of g@issociatiorare1.44 eV
and 1.90 eV, respectivelgoth of these steps are exothermic with the reaction energy
of 1.00 eV and 0.46 eV, respectivelyhe higher activation barrier for the first step
comparedo pureNi surfaceindicatesthat NCr has a biger corrosion resistance in
ScCO, environment.A NisCrs alloy is studied to model Cr surface enrichment, on
this surfaceactivatedCO, is most stableonfcc site with theadsorptionenergyof -
0.76 eV relative tolinear CQ in gas phaseindicating thatthe interaction is
thermodynamically favorableln general, e interactioa between CQ@ and the
surface increaswith Cr content. The cadsorption of CO and O is most stable on
bridge and hcp site with attractive irgetion between the two adsorbatd$e
activation barrier for the first elementary step of 0@ NisCrsis 0.91 eVwhich is
higher than pureNi surface. The step is exothermicith the energy of 0.68 eV.
Comparison of C@dissociation on different Ni and MGr, surfaces Isowsthat the
stahlity of CO, 4qsincreases with Cr content and the initial dissociation step oft€O
CO + O has lowest barrier on the Ni surface of the surfaces stuigggsting a more

rapid CQ dissociation on the Ni surface.
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1. Introduction

Humankind has been seeking to improve chemical and economical process efficiencies,
chemical safety and durabilityof chemical processesince the establishent of chemical
industry. Three types of fossil fuel: coal, petroleum and natural gas have been th&uehain
sources for electricity generation in the last few decaded.[They havebroudt improved
quality of live but also exhaust emission such as sulfur oxides, nitric oxide and carbon monoxide.
Air quality has been greatly afited leading to serious socissues. One of the broadly applied
alternative methods in electricity generatirsgnuclear powerBut the conventional nuclear
power plant is lesthermalefficient than fossil fuel power plam working cyclebecause ofhe
low operation temperaturef conventional nuclear power plaf#]. Supercritical fluids have
attracted more ah mor e r e s e a axdnaltemalive gheérmae fhuidiith ots unique
properties and possibly wide fields of applicatioReplacing traditional working fluid with
supercritical working fluid in onventional fossil power plant camnprove the opetinal
temperature making themore thermally efficientup to 5% comparetb steam Rankine Cycle
[1, 4]. Nuclear power plastoperated with supercritical fluidsill be more effcient than
conventionalpower plans with higher operational temperature pavescles [1, 2]this is one of
many reasons whytidies focusing on supercritical fluids have becan®t topic in material
science.

Supercritical fluids are fluids above the supercritical points where there is no-¢jgsid
phase boundary in the systef [2]. This unique status gives supercritical fluids combined
properties of both liquid and gas with corresponding high density, low viscosity and no surface

tension. Supercritical fluids show excellent propertiesiquid mobility and mass transfer.



Supecritical carbon dioxide (S€0,) is probably one of the most popular supercritical fluids
thatare employed in various applications food industries, manufacturing industries and nuclear
industries [2].

1.1.  Supercritical carbon dioxide (ScCQO,) and its properties

The phase diagram for G@ shown in Figure 1.1. The supercritical point for 0€31.1

°C and 7.38MPa [1, 2].
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Figure 1.1 Phase Diagram of COCO, that is above the critical point is &0,. At that state,

there is no liquiegas phase boundary.

CO, that is above the critical points will act as a transparent fluid, i€@onsidered a
greenhouse but compared to many of viadatile organic compoundsvVQCs) often used as
cooling fluids it is still less harmful to the environment and more impdlyanCO, is
nonflammablewhich enhances the safety indefxthe factory. S€CO,, as a solvent, causkess
contamination of the reactant and products and leaves less residue after the products extraction
process compare to conventional solvesitsplifying separations and cleaning of effluefits
This makesSc-CO, a perfect solvent for nepolar compounds with low molecular weight [1].

CQO, is also quite cheaasy to synthesizes and store.



1.2. Applications of SGCO,

ScCO, is an ideal substitution solvenbrf severalof industries. At low temperature,
typically below 150 °C, S€0, can be utilized as an alternative solvent for water in the dyeing
process. With its low viscosity and high diffusion rate;(38, as a dyeing solvent in dry dyeing
process can oain better penetration into the material than water and also avoidly high
contaminatedvaste[3]. Therefore, the efficiency of dyeing is increased #menvironment is
also better protected by the application.-&8, has alsobeen widely employed in food
industries. For instance, it can be applied in the decaffeination process from raw materials of
coffee or tea. Several studies have shown tha€CSgccan extract hops or oils from plant
materials [3]. Aiming to reduce CQreleasing rate from fossil burmgnand other industrial
processes, S€0O, can be used as G@apture and storage in fossil fuel plants as a substituted
absorber [2, 4that mayeffectively redue the emission ofgreenhouse gasin the plant.Some
studies also indicate that-&0, has agreat potential application in chemical synthesis, polymer
production and processings well asn semiconductorand powder production [1].

The applications of COat low temperature are well studied [1, 2] while higher
temperature applications have drawore recent interests [2, 4]. At high temperature, generally
over 400 °C, S€O, has a broader prospect in energy industriesaarking fluid, SeCO,
shows great properties in power generating turbines [2]. The prinddplesdapplying SeCO,

into power conversion cycle are shown in Figure. 1.2



Recuperator Heater

rA A
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]
Figure 1.2 Simplified diagramof the principles of power conversion cycle with-S©, as

working fluid.

Utilizing Sc-CO, in the reaction system in fossil fuel power plants will significantly
increaseits thermal efficiency. Some plants operators and vendors in California, US and Paris,
France have alreadyarted to employ thiechnology into theiprocessessuch as Pratt Whitney
& Rocketdyne and Electricite De France [4].

ScCO, fluid attracts more and one interest from researchdos its applicatiorin power
conversion systems [4]. Power cycle based &8¢ couldpotentially replace the conventional
steam Rankine cycle (steam turbine) and air Brayton cycle (gas turbine syste i @gfeaver
cycle @an operate at higher temperature and also enhance the safety and reliability of the system
[4]. For conventional watesteam cooled nuclear plant, mainly with steam Rankine Cycle shown

in Figure 1.3, the operation temperature is as low as 300 °C [4].
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Figure 1.3Simplified diagram of steam Rankine Cycle.

The conventional watesteam cooled nuclear plant is limited by the low thermal
efficiency compared to common power plant using fossil energy, mainly gas turbine system [2,
4]. If S¢CO, where to replacavater and utilized in S€O, Brayton cycle in nuclear power
plant, as shown in Figure 1.4, the operation temperature can be increased to abovevbiéh °C
would finally lead to higher net thermal efficiency for nuclear powiant, greater than 50% [1,

4.

Y !

' Motor Compressor ,

Exchanger 4 l
<€ >< —>

Figure 1.4Simplified diagram of heated supercritical CBrayton Cycle.

ScCO, Brayton cycle takes advantages of both steam Rankine cycle and gas turbine

system. Implementation of the &0, Brayton cycle also reduces the size of the



turbomachiney; therefore, the overall facilities size for the power cycle system can be four times
smaller than conventional nuclear plant [4]. The residue of i€E@w at the operating pressure

so purification facilities for the system will not be as complicatethdse traditional plant. It is

also ideal for use since G@& a more inert, more reliable and less contaminant media compare to

other transfer media {3].
1.3. Corrosion issue caused by S€O,

With the developmant of applicatioa which dependon ScCO,, onesignificant factor
that may affect its future implementation is corrosion issue. Over three percent of the Gross
Domestic Product (GDP) is wasted on corrosion among all industrial countries each year [2].
Serious corrosion leads to not only the increaséadility cost butis also a potential safety
hazard. Similar to other types of fluids,-8€, also causes corrosion and aging problems. Since
ScCO, creates a new environment, conventional corrosion resistant material possibly fail to
provide similar caiosion/agingesistance as in air. The difference between-km@wn oxidized
corrosion that occurs in air or water is that in-&0, environment, high temperature
carburization is another corrosion/aging mechanism that may cause localized carrcsymng
[2]. That is also called environmeassisted cracking (EACRrevious tudieshavefocused on
material corrosion performance in-8©, for oxidation and carburizatioand often focus on
common industrial material, such as stainless steel, mild sedalsinum base alloys ardi
base alloy$2].

Experi ment al anal ysi s btahsaend oonn osttheeere sme teael s
usual ly tcloeas indamrader i al for structures and fac

Moi ne di sypes fodurst eSeCC e rcwirrr omsmeomt i nT9 1, 3161



All oy 800 [ 6]. These four types of alowamys nl ar

Ta bll.el

Tabl eMalnlcompositions wkitbur types of all oys

T9 1 3 1L6 2 5MBA Al | 800y0
Fe Bal ang Bal ang Bal ang Bal angd
Cr 8. 63 17. 4 20. 75 19. 95
Ni 0. 23 11. 1 10. 97 30.9
C 0.1 0.02 0. 089 0. 04
Mn 0. 43 1.39 0.5 0.71
Si 0. 31 0.63 1.61 0.39
Mo 0. 95 2.05 0. 33 --
Ti 0. 0083 -- -- 0. 46
N 0.03 0. 064 0.157 --
S 0.006 0.001 0.001 0.004
P 0.02 0. 032 0.02 --
Cu 0. 046 -- 0.11 0. 08

Based on the mass gain and G|l ow Discharge
anal ysi s of al |l fommampadesthéehenaiut hment of Ni
signi ficasnthdeyssii moreasiestanc®nef anbeé hfetadcddsal v
GDOES analysis of the four samples shows tha:
i ntensity while Fe has relative | ow hendebgi ty
Cr [ 6] . Further mor e, Field Emission Scanning
t hat Jfwohri cTh9lcont ai ns,elxés D iuvttsls-adpo® wb %t €r oxi de |
according to GDob&s dinhf ysess hwevrd,e ePpledL,|l ay>=3 M/
Al'l oys 800 exhiolxiitded 6 Thieyeew e f Gauind seacteal 7 wit e o f C

al liecy neede@arffor m tbettd er and SpGOgcvoernrto stihoen .maTtheir



good agreement wietnhi no ad i a $ Cwod inehd ghyff agebch d
corrosion resistance [ 3].

Simil ar conclusion regarding high Cr ratio
obtained by Firouzdor et al . in théargdi gh

6506Cfor ,5000M00h, and 30xO0hy! .[ 7iln atnkdeiRi nwi de

experi mPantgQap Mb6o75600h) darheal lIpoytsentilal @orr
of met al i ntentfhaoaegh!| €eme Mt gl e a rfte roma td espnatsbsa tv ad
oxi de | aytehbeu tnk v[@xk,i ng] . Firouzdor et al . state
for all oys mai nl|l yScClesvist gvipdntSr nogi €e has an
i n corrosion prefMdbratsieadnwaelrtldovyeset it ygpteesd exper i m
paper by Firouzdor et al . : PE16, Haynes 230

alloys is shown in the Table 1. 2.

Tabl eMalcZ2mpomwmdentt hhr eNibayras avteli @ghds i n

PH 6 Hay r2e3s Al |602y5
N i 43. 8 52. 7 57.9
Fe 33.6 3 5
Cr 16. 7 22 21.5
Mo 3.4 2 9
Co -- 5 1
wW -- 14 --
Mn 0.13 0.5 0.5
Si 0. 2 0. 4 0.5
Al 1.1 0.3 0. 4
Ti 1 -- 0. 4
Cbh+Ta -- -- 3.7
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1.4Carburization corrosion mechanism

The mechanism of carburization is of fundamental importance when designing corrosion
resistance materials i8¢CO, environmeh Carburization is the formation of metal carbides
when the material is exposed to carbon environmer®].[6For pure metal in S€O,

environment, S€O, is the only source of carbon $lee carbon that forms carbides can only
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come from Se&CO,. The major surce of carburization and the formation of carbides are initiated
from the dissociation of CQand carbon diffusion into the interface of the material.

Gheno et al. studd the carburization of ferritic Fbase& alloys containing Cr
experimentally [8] ath suggested the following reaction steps for,Cli3sociationand metal
carbide formatior{8]:

CO,”~CO+05Q R1
2COT Co,+C R2

The aggregation of Cr oxide for high Cr alloys, mainly,@y is also observed. The
oxidation step for Cr is [8]

2Cr +1.5Q7 Cr,03 R3

The first stepwhereCO, directly decomposes into CO and ®,also acknowledged by
other authors [44].

As specifically described in these papeslementary steps of G@issociation to CO and
O on metal or alloy surfaces can be separated into two processes:

Adsorption for CQ onthe surface:
CO +*7 CO; R4

CO, dissociation to CO and O:

CO, + *~ CO* + O* R5
whereas * stands for adsorption sites.
Elementary step for CO dissociation is

CO* + CO* ™~ CO* + C* R6
The other possible stapentioned irthe literature ighe direct dissociation of CO [12, 13, 15]:

CO* +*7 C* + O* R7
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There are limited studies investigating the Qfissociation step on Ni and its alloys
surface. The process is often referenced to studies of Water Gas shift (WGS) readtion on
surface. Catapan et al. studiedctions RER7 using density functional thep(DFT) as a part of
their research on WGS and Coke formationaii surface. Activation energy for these two
steps is compared and they conclitteat the activation energy for R6 is higher than R7 on Ni
surface [12]. Blayloclet al.came taa similar conclusion that CO dissociation always follows R7
reaction routgo form C and O rather than R6 din surface [13]Jand other studies also came to
the identical conclusion [15, 16].

1.5 Ni and Ni-based alloy

Ni has a faceentered cubic (fcc) crystal structureits solid phase. Unlike cobalt, fcc
structure is the onlgtable crystastructure forNi belowits melting point (1455 °C). Therefore,
Ni maintains anfcc crystal lattice structure during th€O, dissociation process at all
temperaturs below its meling point.

Ni-based allog will basically keepits fcc structure butheir properties varyith the
alloying element [2, 7, 1-:26]. Zhang et al. investigatehe behavior oNi-iron andNi-copper
alloy in CO, environment [17]. Comparetd the Ni (111) sugce,Ni-iron alloy will increase the
adsorption ability of carbon and oxygen whéBoying with copper weakens [t7]. Also, Ni-
iron is not favorable fodecarburizationvhile Ni-copper alloy is favorable [17]. They also state
thatby greatly decreasingarbon depositiothe Ni-copper alloyhas a good carbon resistance at
room temperature [17Ni-cobalt aloy is other well studied alloy. Liu et al. statdhtNi-cobalt
alloy coating has an excellent weand corrosion resistande oxidation in air envonment
when the coatings produced by electrdepositionin S¢CO, environment[18]. During the

processing of the coating, €0, corroded the surface so that the surface was brighter and less
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rough indicating thaiNi-cobalt alloy is not an ideal candidafor high temperature ScO,
corrosion resistance [18].

For Ni alloy properties in high temperature-S©, Ni-Cr alloy is an ideal candidate
among alloyghat they werestudiedaccording to Sarrade et al. and Das et al. [2, 19], because of
the excellentresistanceto carburization ofCr in steels and other types of alloys at high
temperature. Das et al. conclude that a quite strong bond formed b&waset oxygen and the
bond distance between these two atoms is smlch can beconsideredas the irial state of
protectiveCr oxide layer [19]. Kumar et al. studidsased on Alloy 800 with quantum molecular
dynamics approagclalso supports that poititat the Cr component will aggregate to the surface
when the surface iBxposed tavater[20].

Previows studies have shown that at ledg¥o of Cr is essential for corrosion resistance
[6, 7]. ThereforeNi-Cr alloy in this study is designed with tl& content ofnearly 20%. Since
Cr has a bodyentered cubic (bcc) crystal structure, accordinght® Ni-Cr phase diagram

shownasFigure 1.5, two possible crystal structures existsNotCr alloy.
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Figure 1.5Ni-Crphase diagrams according to mole fractiomNiof
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At nuclear power plant operation temperatusasund 700C -100C0C, fcc structure is
the man structure of theNi-rich alloy [2326]. This is consistent with Breidi et al. studies on
energetic modeling oMNi-Cr alloy ard Petrovi l et onaNI-Cr thinh filme st i ga
characterization [2122]. Rahaman et al. investigatéde possible proportion oNi to Cr
theoretically and indicate that fNj&Crs 33 Niz£Cro5 NigCr, Nig33Cry g7 and NyCr are several
possible seletions for theNi-Cr alloy [23]. Similar conclusions is also reached in other studies

[2,7, 1722 24, 25].Furthermore, Connétable et al. disadthe possible structures fie Ni-

Cr alloy based on theoretical calculation. They state that alloy tyyelX,, similar to CgAu

alloy, is the only stable structure fthie Ni; £Cr, 5 [26], that structure is shown in Figure 1.6.

,’/_\\\.‘ _/”'_"“\ ._/’»{ 7-\\_ {/""_"‘\‘l
| | ) | |
1 | b

| - ) ( { ]
NN A

I\\. "7"‘/7- -j:\l-f-/:‘ \“—- i \\., A -

b
.

Figure 1.6Crystal Structure for NCr, zy-x view.Ni atoms are shown in green and Cr atoms in

grey.

They calculatd the brmation energy fothe alloyto be-0.038 kJ/mol with the lattice
constanof 3.565 A [26]. As for the atomic order, Rahaman et al. and Zhang et al. obtained that

the atomic order foNi-chromium alloy to be random [23, 24].
1.6 Motivation
To dateexperimertg have indicated some common commercial alloy, such asXNw

steel, 316H steel, Alloy 625 and Alloy 690, which shows great potential in corrosion resistance

under specific conditias) however, as Sarrade et pbinted out, only arbitrary conclusi®nan
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be obtained for a specific alloy owning great resistance in a specific temperature range [2]. Only
Ni-basel alloys showed great resistance at operating tempesaiuez 650 °C. Also, Sarrade et
al. suggested thadi-Cr andNi-Al aretwo ideal candidateat thistemperature range].
Experimentalcharacterizatiomincluding XRD, XPS and GDOES haveen conducted
on corrosion resistance providing some intuitive insights such as the composition of the passive
layer. The corrosion resistanad three types bcommercially availabléNi-based alloys, PE16,
Haynes230 and Alloy 625have previously been studied experimentélly These alloyshave
similar Ni and Crratios, Ni-Crz. The ratio of Ni to Cr forNi-based alloy where the crystal
structurestill follows fcc structure ranges from §Grs to NigCr. Experiments based on ge
common materialgives great insight into corrosion resistance of these alloy&abub cover
different ratios of alloying elementsExperimental studies of different alloying rati@se
expensive and time consuming, computatiomethod can be fast and affordable and provide
complimentaryinformation of the system, in particular electron structure calculatoars
provide insights into atomic interactions and dstaflthe reactiorkinetics and potentiagénergy
surface othe system.
To the best of the authierknowledge, detailethformation about thenechanism of the
corrosion process for metals or alloys inG0, environment havenot yet beendetermined.
Using theoretical appraa, we can determine the reaction mechanism and study the effects of
different alloying ratios on the corrosion resistance. The calculation process is based on highly
simplified systemswhich can help decouple the different componexite. complex reactits
included in corrosion. Although it might fail to represent thaacroscopic corrosion
phenomenon, theoretical results provide an insigtd the microscopic processes such as

reaction kinetics, ligand and coverage effedtheoretical calculation alsoage time andare
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relatively inexpensive.Herce, the overall objective of thistudy is to investigatdi and its
alloyd sperformance in S€0, environmerd theoretically method based oBFT, and

determing alloys that have higher resistato carburizatio in ScCO..

2 Theoretical Background

2.1 Density Functional Theory (DFT)

Everything in the world, no matter their size, shape, phase or mass, are composed of
atoms and molecules. Therefore, it is atoms and molecules that control the properties of matter
and understanding their interaction is fundamental for the progress in science and technology.
DFT method[27, 28] is a theoretical approach that focuses on the atomic and electron structure
that allows humankind to study not only the intrinsic properties dsib series of more
complicated physical and chemical processes. DFT calculations have attracted more and more
attention in the last few years with its reliable resyit®gress in cluster computing hasdmat
possible to study more complex systemdoat cost compared to conventional experimental
method [2732].

In order to understand properties of matter, which is a collection of atoms, the
fundamental thing that needs to be studied is the formation energy of a substanted&igr
to understand thehemical or physicaproperties ofa material the corresponding position of
atoms, as well as the position of their nucleus and electron, also needs to be studied [27].
Calculating the energy and ptien of atoms can be divided into solving those faeattons and
nucleus separately. This is known as the BOppenheimer approximation [29]. The lowest
energy state, the ground state of electramglescribed through the approximatioha set of
electrons moving as a function of set of nuclei [27]. Thiknown as adiabatic potential energy

surface [27, 28]. Hence, it is the differencegroundstate energy between two matters that
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make them differfrom each other. Since the grousthte energy is time independence, the
simplified form of Schrdodinger emtion, as shown in Eq. 2.1, is applied in the calculation [27,

28].

Hy = Ey
Where H is the Hamiltonian operator, % i
Hami |l toni an, E i s ThaHamikonianmopgnmatoranfEq. R.hfer a sdllextiore  y .

of electrons can be writtersgeries of interaction energies, shown in Eq. 2.2 [27]:

~

—B n B ®i B B Yih 1 Of Eq. 2.2

Where m is the mass of the electron, the¢hierms in the bracket represent the kinetic
energyof the electronthe interaction between the electron and the nuclei and the interaction
bet ween two el ectrons. E is the groundhestate
electronic wave fact i on [ 27, 28] . The wave functi on, \
Hartree product, Eq. 2.3 [27].

y H(wAry edny Eq. 2.3

Based on the Schrodinger equation, Kohn and Hohenberg came up with two
mathemécal theorems that are seen as the foundation of DFT [27, 28].
Theorem 1 AThe-sgabendner gy from Schr°dingerds eq
el ectron density. o

Theorem 2 The electron density that minimizes the energy of the overaltimal is the true
el ectron density corresponding to the full SO

Theorem 1 indicates that the groestdte energy and ground state electron density has
functionlike correlation. Therefore, the properties of a substaran be determined by ground

state electron density. With thterrelation, the dimension of Schrodinmgeguation is simplified
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from 3N to 3, as Figure 2.1 shows. Moreover, the ground state energy is the solution of

Schrédinger equation.

Electron Electron Density

goo0

© O —>
OO @)
(@) (o)e)

Figure 2.1 lllustration of DFT. Determining the groundtate electron density instead, the

di mension of Schr°dingerds equation can be si

Theorem 2 is the compensation on the basis of Theorerthlthei additional description
of thefunctional. Thetheorem indicates that the electmensitythat minimizeshe functional is
the true el ectron density and corresponding t

The functional inthe two theorems can be described as wave functions for single
electons i n Hartree (prr)oduz@]s. (FEegcal2l.i3ng ehectr on
Theorem 1 can be written as a function [27]:

E[ 31¥ Exnowdl {3+ Excl {i}¥ Eq. 2.4

The first term, k0w {it} desciibes interactiomand kinematics of electronss formis shown

in Eq. 2.5 [27]:

% ¢ —B¢* nCAO _ 601 OAO —A ARAO % Eq.25

S

The first tem in Eq. 2.5 is the kinetic energies of electron; second is the Coulomb
interactions between electrons and nuclei; third is the Coulomb interactions between two

electrons and the last term is the Coulomb interaction between two nuclei [27].
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In Eq. 2.4, thesecond term, & [ {i}} is the exchangeorrelation functional which
defines all other mechanical effects excluded by {i}¥ The difficulties in solving Eq. 2.4
are still huge. However, with Kohham equations [32], as shown in Eq. 2.60.&[ {i}}can

be obtaned.

—n Wi W i w 1 ¢ i -7 Eq. 2.6
V(r) is the potential describing the interaction between electron and nuclei [27, 38).i¥

Hartree Potential that defines the Caulm repulsion between electrons and overall electron

density with the form in Eq. 2.7 [27, 32]:

w i !QW S—S’Q‘I& Eq 2.7
Vxc(r) is the functional derivative of the &xangecorrelation energy, as Eq. 2.8 shows [27, 32].
6 0O —— Eq. 2.8

Having solved the Eown [ {i}}¥ In Eq. 2.4, the other term, the exchargrelation
functional Ec|[ {i}} can be obtainedusingthe uniform electron gas approxin@t for the
whole system. In this case, the exchangerelation potential can be written as the form in Eq.
2.9:

6 O 6 IO Eq. 2.9
The exchangeorrelation energy can then be defined in the form Eq. 10:
% ¢ @ OR CA Eqg. 2.10

Then the approximation that defines the exchasweelation functionals basednly on
thelocal density, the method is called local density approxangtLDA) [27, 33]. Howeverthis

approximation has limitations. For systems with slowly varying charge densities, LDA is quite
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accurate. However, for systems that are strongly correl#tedndependen particle pictures
breakdown andLDA become lesaccurate. Based on LDA, generald gradienapproximation
(GGA) [27, 34] wagproposed with more physical information involved in the equation, as shown

in Eqg. 2.11.

% ¢ O OrR Chn A Eqg. 2.11
Therefore, the exchangmrrelation functionalconsidersthe local electron density and the

gradient in electron density, as Eq .2.12 shows.

w 1 o &1 m&i Eq. 2.12

This equation considers the spatial variation tbé electron densityne i , so the
approximation provides more flexibility while describing realtemial[27].

There aremany norempirical functional thatcan beapplied in calculation to perform
GGA two commonly used arePerdewWang functional (PW91) [35] and Perddurke
Ernzerhof functional (PBE) [36].

To solve those equations described abawweusands or hundreds of thousarafs
calculaions are needed. The development of high performance computer provides an
opportunity to accomplish hprocess. Vienna Ab initio Simulation Package (VASP) [3] is one
of the widely applied software used for density functional theory calculations. \AR&P
initially written by Mike Payne in 1980s and it has been maintained and developed by Jigen
Hafner, Georg Kresse and Jigen Furthmuller since 1989. The software is able to solve many
body Schrodinger equations using density functional theory (DFT). Using &¥Fits basic
methodology, it solves the Ko¥sham equations (Eq. 2.6) using eithiee LDA or the GGAs

approach [27, 33]. It can also calculate the forces and stress tensor for DFT,-Hackesnd



20

Hybrid functional Also, it can also calculate the dyni@s of a chemical or physical process. It
can also be used to calculate magnetism, linear response to electric fields and ionic
displacements. VASP extracts the needed pseudo potentials and electronic data from its database

specified by user.
2.2Nudged Elasic Band (NEB) Method

In section 2.1 one of the applications for VASP is to calculate the dynamics of a
chemical or physical process. Nudged Elastic Band (NEB) Method [240B& the approach
used here to investigate the £dissociation. NEB method irtduces a set of states, shown as a
set of images in the calculations, and relaxes these states toward the ameirggpath [27,
40]. Hence, an energy connection between two energy minima is established. NEB method is
based on optimizing images of treaction or diffusion patletweerthe initial and final statdo
determine the potential energy system aimel transition state The optimiationis done by
projecting out the component of the force due to the potential perpendicular to the band and
addingspring forces along the band between two images 2iAt is, NEB calculation applies
force projection scheme where the real forces works perpendicular to the band and the spring
forces works parallel to the band. To obtain the imatgbe saddle poinin the calculation, the
image tries to maximize the energy along the band and minimize taHitatimer directions [27,
31, 32]. After the forceonvergsfor each state, the saddle point is obtained, as shown in Figure
2.2 [27, 31]. Alsothe other imageson energy pattind ther lowest energy while maintaining

equal space to adjacent images, as shown in Figure 2.2 [27, 31].
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Figure 2.2 lllustration of the method behindNEB calculation.The Hack curve between the
initial and final states is the minimed energy path for the procedthe pints above are the
initial setting for the energy path. In NEB calculation, these points are convangeapproach

to the reaminima energypath.

Based on the miniom energy path, we can obtain the following mmf@tion about the
process: the activation energy for both forward and reverse reastiengy difference between
initial and final statesand the position and nature of thartsition state. For instancEéigure 2.3
showsthe mininum energy path fothe diffusion of anoxygen atom between different sites on a

Ni surface.
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Figure 2.3Minimum energy path®r O atomdiffusing from a hcp site over a bridge sit®o a

fcc site omaNi (111) surface

The energy path curve between the initial state and Bta&k is obtained via NEB
calculation [27].Here the initial, final and transition states are identified and best linear fit is
used between them, the line is here therefore is only a guide to the eye but not the real energy
path. According to the figurethe difference between the initial and final state is the reaction
energy and shows that this diffusion path is exothermic. The difference between the transition
state and initial state is the forward activation barrier and that energy difference bdtevéaalt
state and transition state is theverseactivation barrier. From the value of enemgjfference
between the initial and the final statthe thermodynamic of the process, endothermic or
exothermic, can be obtaineBor the process shown in FiguR.3,the diffusion of an oxygen
atom from hcp siteat fcc site is exothermicAlso, comparison between forward and backward
activation energy can provide information about the process. In this example, the fcc site is more

stable for oxygen atom adsomuti so the backward activation energy is higher than the forward
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activation energy. Furthermore, for a process with multiple elementary steps, such as the
synthesis of ammonia, comparing the activation energy between different steps can help

determiningthe ratelimiting step for the whole process.

3. Computational Modeling and Results

3.1.Surface Slab Setup

Previous studies have shown that at high temperaagdition of Cr to Ni exhibits
significant corrosion resistance in-8€, environment [2, 8, 1725, 41-43. In this study, CQ
direct dissociation process on Ni and@li alloys surface is investigated theoretically usifgrD
calculations. Experiments hawhownthat Ni is fcc-structured metal an@r is bcestructred
metal [1015, 2225, 39, 4548, 53. In this study, we first determine the lowest energiNoand
Crin different crystal structure toenchmark our approackRD characterizatio of Ni-Cr alloy
showed thatNi (111) and Cr (11 facet have the highest intensityCO, adsorptionand
dissociaton on Ni (111) haseen studied in details previougiy0-14, 17, 1926, 4144]. Zhang
et al. studied the different fasaif fcc crystal structured metal asdncluded that th€l11) facet
has the lowest surface egg comparing to othesurfacesuch as 100), (110) and (211]45].
They also calculated the surface energy for bcc crystal structure and concludde (14D0)
plane is the thermodynamically most stable surface among the Ni bcc closed packed surface
structureg46-48]. In this study, C@adsaption and dissociation is studied on Ni (111) and Cr

(110)surfacesas well as on NCr alloys.
3.1.1.Ni (111) surface

A six layersslabis established with 5 A vacuum space on each end leading to an overall 10 A

vacuum space between tvabals in zdirection acommonly applies vacuum space in DFT
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calculationsfor metal slats[10, 11, 13, 4%4]. The bottom tw layers are fixed with the

remainingfour layers relaxed. Theurface slals shown in Figure 3.1.

Ex

Figure 3.1 Relaxed Ni (111) surface with 5 A vaaawspace on each end, overall 10 A vacuum
space between twslabsalong the zaxis for the simulations cell. The bottom two layers are

fixed with the top four layers relaxed.

After relaxation, the distance between the first and second layer is increase@4by,
compared to the bulk structure, while the distance between the second and third layer is
increased by @8 A. Layers below the third layer show legariation for these two modelFhe

Ni (111) surface has four availabéelsorptionsites for moneatomadsorption: bridge site, fcc

site, hcp site and ontop site. Bridge site is the site between two closest adjacent atoms. Ontop site
is located perpendicular over the surface atom. Fcc site and hcp site are generally called hollow
site but for the Ni (11) structure, there are two types of hollow site that diffetHeysecond

layer atom location. The fowmdsorption siteareshown in Figure 3.2.
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Figure 3.2 Four adsorption site on a Ni (111) surface: ontop, hcp, fcc and bridge site,

respectively.

3.1.2Ni-Cr alloy

Few theoretically studies have focused on the structure of th@r Mdiloy system for
different Ni-Cr ratioseither as large ratios or Cr doped[l®-21, 23, 24, 26, 443, 59. For the
doped Ni alloys,one Ni atomin the top layeris replacedwith one Cr atom[19, 42] For the
structure of NiCr alloy with Ni as dominant ratio, Breidi et al. and Oifaldan et al. found that
the crystal structure will keep an fcc structu2é,[4] in good agreement with the phase diagram
shown inFigure 1.5.Das et al. studiedvater and oxygen adsorption on Ni (111) and fcc
structure NiCr (111) surface and they applied three modelth®élloy in their studysingle Cr
atom substitutionn the top layer of Ni (111), two Cr atoms substitutiomthe top layerof Ni
(111) andreplacement obne Ni atomsin a top layer andonein the second layer [19]. They
build a 2x2x4 surface so the Hdir alloy model ha three different proportions Nig 4Crg g,

NiggCri, and NisCr, 5 respectively. Their models are showrfigure 3.3.
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Ni @rT1sS

Figure 3.3 Schematic of NiLCrgs NiggCri, and NiCr, s based ornthe modelsin reference

[19]. Ni atoms are shown in green and Cr atoms in grey.

They calculate the bulk energy for each alloy elod@ he bulk energy difference between
the alloy surface and pure Ni (111) for one Cr substitufiCr-1T) is -6.31 eV and for the
model with two alloying atoms ithetop layer(NiCr-2T) is -6.86 eV [19]. The bulk energy for
the model with one alloyingtoms in top layer and one in the second I§e€Cr-1T1S)is -6.17
eV [19]. All these three models have lower energy than pure Ni bQbkspaed to the other
two structuresNiCr-2T configurationhas the lowest energy indicating that this structureas th
most thermodynamically favored. This structure is also consistent with experimental results
which show that Cr tends to aggregate to the surface to form Cr oxide protective film to resist
further corrosion [2, 8, 22]. Das et al. further investigated-@fr alloy following the NiCr ratio
in anAlloy 600, Ni;Cry d~ey6[20]. For their N+Cr only calculations, they studied the ratio of Ni
to Cr from 8.4 to 1.6 via a substitution model. The model consisted of total of 48 atoms (2x4x6
slab) with 7 Ni atomsubstituted by Cr following the designed ratio. Cr atavase placed in
every layer with two atoms in the third layer. The position of the Cr atoms in each layer is

arbitrary [20]. Their studyocused orthe mechanisrof the Ni-Cr alloy oxidation process.hey
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concluded that the reason of the great corrosion resistance-©f &lloy is the formation of

oxide passive layer on the alloy [20]. Since their computational tool is quantum chemical
molecular dynamics (QCMD), the final stage of their model waseatgstarting point for the
current study. After 1000fs, the length of their simulations, the Cr atoms have aggregated to the
surface and formed a €@ passive film on the surface [20]. The final surface does not only have
Cr-O bond but also ND bonds inctcating that Ni is also one of the components of the oxide
passive layer. This result is consistent with experimental observation [5, 7]. It can be concluded
from their results that the top layer is composited by Cr, Ni and O but thes barithe surface

are mostly CrO bond [20]. This is also consistent witie experiment conclusion that £03; is

the main protective layer for NCr alloyin corrosion [22]. A similar studwas also done by Kim

et al. based on same type of alloy, alloy)§85]. They used @&x2x4 Ni model with fourNi

atoms replaced by Cr atoms in each layer, as shown in the Figy&bB.Zhis is represented in
current DFT calculations by motlileg the surface witlthe higher concentrationf Cr. Cr is not

the only element interacting wit in the top layer but Ni is also presented on the surface.

Figure 3.4 2x2x4 NiCr (111) alloy surface with fouNi atoms replaced by Cr atoms in each

layerbased on modelisom referencg55].
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Breidi et al. studied the lattice parameter andnition enthalpy of pure Ni, pure Cr and
Ni-Cr with the ExactMuffin-Tin-Orbitals (EMTO) method and found that the lattice parameter
increases with increasing Cr ratio [21]. Although Cr is a sketiwnto bea bcc structured metal
in nature, theoreticallgalculation for fcc structure Cr indicates that it has larger lattice constant
than fceNi. When Cr atoms substitute Ni atomstie fcc bulkstructure the lattice constant will
shift from fceNi closerto fcc-Cr.

Rather than doped and substitution modelne studies investigated and determined the
most stable structure for Mir alloy with specific alloyconfiguration group [23, 26, 43A
group of alloys that have same type of crystal structures is classified to an alloy configuration
group with a spefic name such as g1 L1, DGOso and D1 [23]. Rahaman et al. studied the
atomic ordering of NICr alloy inthe fcc structure with the screened generalized perturbation
method (SGPM) and PAW method [23]. They concluded that for the Ni to Cr ratio of pee, ty

L1, structure was the most stable bulk structure, shown in Figure 3.5 [23].

Figure 3.5Schematics of type lglcrystal structure of NCrs alloy.
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But for the Ni Crssalloy, the most stable atomic order of the @ii alloy is same as the

PtMo alloy, shown in Figure 3.6 [23].

---------

ks

Figure 3.6Schematics athe most stablbulk crystal structure of NiCrs 3 alloy.

For the Ni to Cr ratio of 7.5 to 2.5, type [¥Dulk structure is the most stable structure,

shown in Figure 3.7 [23].

Figure 3.7Schematics of typ®OQOg, bulk crystal structure of MiCr, 5 alloy.

For the 8 to 2 Ni to Cr ratio, type RPAulk structure is the most stable structure, which is

in the same crystal structure agMo alloy, shown in Figure 3.8 [23].
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Figure 3.8 Schemitic of typeD1, bulk crystal structure of NCr, alloy.

Connétable et al. studied the formation enthalpies of seridslzdsed alloy to determine
the most stable crystal structure for-Gii alloy at different NiCr ratio [26]. They detenined
that there are seven possible configurations that can app&irCr alloys at different ratios
based on the investigation of alloy Inconel 718 during the solidification process [26]. These
possible stable configurations and their correspondirgyslare DQ DOgo, L1, for Ni;sCros,
D8s for NisCrs and C14, C15, C36 for Rl§Crs3 [26]. They employed DFT calculations to
determine the most stable configuration of each alloy and concluded that {QrdNj L1,is the

only stable structure, shown Figure 3.9.



31

Figure 3.9Schemitic ofL1, bulk crystal structure of NiCr, s alloy.

The Connétable et alstudy did notconsiderthe DOgy Structure whilefew years later
Rahaman et abtudied differeniNi; :Cr, salloy structure including the @y and found théd0gq
to bemore stable than Li¥or Ni;sCr,s ComparingFigure 3.7 and Figure 3.9, the difference
between D@ and L1 is the distribution of Cr in the Ni bulk. D@has 9 Cr atoms suligite Ni
atoms in two adjacemtii unit cells in zdirection while L} has 8 Cr atoms substituted Ni atoms
in one unit cell. Each Ni atom in Ltonfiguration interacts with four Cr atoms and eight Ni
atoms. The NICr bond is more complicated in REstructure; DQ, can be considered
combination of two [, alloy combinatiorwith substitution of aNi atom in the third layer with
Cr atom. As Figure 3.7 shows, Ni atom on the top layer interacts with four Cr atoms and eight Ni
atomswhich areidentical tothe L1, configuration but the Cr atom in the third é&yinteracts
with 12 Ni atoms. These two conflicting conclusions need further investigation. Connétable et al.
also did not determine the thermodynamically stable structure frd¥ind Ni Crs 3 [26] but
the conclusion can be compensated by Bai estally which calculatel the bulk energy and
lattice constant of NiCrs 3 [43]. Their model isthe same as the cdiguration shown in Figure
3.6.

In current study, we include two different-lir alloys with NiCr ratios: 5to 5 and 1.67

to 8.33. For the %0 5 ratio,which represents surface enrichmdotr models, called Model |, I,
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Il and 1V are testedin Model | 12 Cr atoms substitute all the 45t atoms in the top three
layers; Model 1l follows the Ldstructure in thg111) direction.Model Il has 12 Ni atoms
substituting all the be€r atoms in every other layers starting in the second layer and Model IV
is 12 Ni atoms substituting all the bE&r atons in the top three layers. The four differemidels

are shown in Figure 3.10-@), respectivel. We calculate and compare the lattice constant and
lowest bulk energy for all the models. The comparison of the lowest bulk energy will help us
determining the most stable configuratiorttad NisCrs alloy. The computed results are shown in

Table 3.1.

aModel b . Mo d e C . Mo d e d. Mo d e |

Figure 3.10Schematics of NCrs alloy. Model I, a) 12 Cr atoms substitute all-fdc atoms on
top three layers. b) Model Ifpllows L1, alloy structure, 12 Cr atoms substitute 2-Kicatoms
in ead layer. ¢) Model 1ll, 12 Ni atoms substitute all b€Cc atons in separated layers. d) Model

IV, 12 Ni atoms substitute all begr atomsin the bottom three layers.
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Table 3.1 The lattice constant of Model | to IV of ¥irs alloy

Lattice Cong BulEkmer@ynp atra
Mo d e(le M)
Mo d e | I 3.55 0
Mo d el ! 3.60 -15. 73
Mo d el 1 2. 82 -1. 56
Mo d el IV 2. 83 -15

We conclude that Model | configuration is the least stable structure while the bulk energy
of Model Il is the lowest amonghe four mocels. We conclude that Model Il, Etructure is
thermodynamically most favored of these models that are consistent with previous study [23].
We relaxed the volume of all four models and found that only Model Il configuration changed
significantly We compred the lowest bulk energy tfe changed configuration of Model I,
called Model lta, withtheinitially designed Model Il andind the Model ll-ato bemore stable

The two models arghown in Figure 3.11.

Mo d el [ Mo d e-& |

Figure 3.11Schemats ofModel Il andModel Il-a, the L} structure after relaxed volume.

We compare the configuration of Model Il and Modelaland found the difference

between two models arbe atomic orderingn the top and bottom layeitsut because of the



