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Corrosion Protection of Copper in Oily Media: Microscopic Mechanisms

Abstract

By

Avidipto Biswas

Tolyltriazole (TTAH) is an extensively used industrial-grade corrosion inhibitor (CI) for
Cu. This PhD project developed an understanding on the microscopic mechanisms for the
TTAH adsorption on Cu, and the effective protection against sulfide-attack in oily

medium analogous to automotive lubricants.

XPS and ToF-SIMS characterization were carried out on TTAH adsorption films formed
on pristine Cu surfaces immersed in 0.01 wt. % TTAH oil solution at room temperature
for immersion times ranging from 1 s to 0.6 Ms. Instantaneous complete coverage of the
Cu surface by TTAH is revealed by ToF-SIMS. In Tougaard analysis of XPS spectra, the
adsorption film morphology is best described by a uniform-layer model assuming a film
thickness of 2.5 nm after 86.4 Ks. Depth-profiling in ToF-SIMS and ARXPS provide
evidence for two distinct adsorption configurations for TTAH on Cu — polymerized layer,
and monomer layer. TTAH adsorption is found to take place on Cu,0O. Studying the time-
dependent evolution of the surface film suggests a kinetics-controlled mechanism
involving two competing reactions: oxidation of Cu to Cu,0O, and TTAH-Cu complex
formation. The TTAH-Cu complex formation proceeds at the cost of Cu,0. The structure

and the chemical-composition of the surface film fluctuate with reaction time.
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Studying the corrosion of Cu in sulfide solution at 80°C in the absence of TTAH suggests
that the oxidation of Cu to Cu,O is kinetically favored over Cu corrosion by sulfide
attack. The incubation time for the sulfide-attack decreases with increasing S
concentration. Two distinct sulfide corrosion products are identified — Cu,SO,, forming
at the oxide interface, and Cu,S, forming atop. The presence of TTAH significantly
impedes the extent of sulfide-attack. At 80°C, the TTAH adsorption film is substantially
thicker than that of room temperature. This suggests that the rate-determining step for the
formation of the adsorption film is the outward diffusion of Cu from the substrate. At this
temperature, the TTAH adsorption film also reveals a substantially lower degree of
polymerization. In the presence of TTAH, both oxidation and sulfide related corrosion of
Cu occur underneath the CI adsorption film. The TTAH adsorption film preferentially
allows the transport of O through it, leading to the formation of a substantial Cu,O under-

layer, while blocking the sulfide radicals.

The TTAH adsorption film-forming mechanism proposed in this work explains a number
of observations for TTAH- and BTAH-Cu systems reported in the literature, both in oily
and aqueous media. The protection of the Cu surface against sulfide attack is attributed to
the formation of a physical barrier by TTAH-Cu complex rather than blocking of active
sites on the surface. Hence, future research should be focused on finding CI capable of

forming better packed Cu-complex structures.
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Chapter 1

Introduction

1.1 Materials System

Copper and its alloys form an important class of metallic materials, which find
applications in various fields of engineering industries owing to their suitable thermo-
electrical and mechanical properties. The applications of these alloys can be broadly
classified into those related to energy sector, transportation sector, construction industry,
semiconductor industry, and aesthetics. Some specific applications include heat
exchangers, condensers, heating and air conditioning systems, electrical and electronic

circuitry, and ornamental parts %%

. Depending upon the application, the alloy is
subjected to various chemical environments that are often corrosive in nature. Corrosive
environments, which are liquid media in most cases, in consideration to the present work,
can largely be categorized into two classes: aqueous, chloride and sulfate solutions being
most frequently encountered, and oil- or hydrocarbon-based. The present project

addresses corrosion problems of Cu and its alloys in oily media. This is of great

importance in automobile-related applications.

1.2 Copper Corrosion in Automotive Oils
It has been established that corrosion of copper in oily media are more of a chemical

[ASTxX]

phenomenon rather than an electrochemical activity . The biggest concern

regarding corrosion of copper in any automotive oil medium is the formation of CuS
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upon sulfide ion attack "4, There are a number of sulfur-containing constituents with
important functionalities in automotive oils Rl of which the following compounds are
worth mentioning: zinc dithiophosphate (ZDP), molydiphosphate, molydithiocarbonates,
molybdic acid, amine complexes, and sulfur containing detergents and antioxidants.
Decomposition of these compounds, promoted by high temperature and long service
time, leads to the formation of reactive sulfur, resulting in corrosion of copper, forming
cus P4 Organic sulfides, especially aliphatic sulfides, are the primary source of this
active sulfur 5", Base oil also decomposes to produce organic acids, which are mildly
corrosive [““**41. Secondary factors affecting Cu corrosion in automotive applications are
oxidizing acids, high-velocity-aerated water, oxidizing metal salts, ammonium hydroxide,
and other sulfur compounds, such as H,S P02 631 oyidation of copper resulting in the
formation of passivating Cu,O or CuO films on the surface proves beneficial for the
protection of the surface against sulfide attack because of its structural integrity and
consequent passivity A7 P02 penending upon the application, Cu is often alloyed
with other metals, such as Ni, with the objective of stabilizing this passivating oxide film,
thus, enhancing the corrosion resistance of the alloy. The copper oxide layer incorporates
the alloyed metal cations in the lattice sites, such as point defect sites "8, Studies have
shown that this results in lowering of the electronic and ionic conductivities of the oxide
layer, hence leading to a higher corrosion resistance "2 [N70 ‘gy|fide jons, in contrast,
accelerate Cu corrosion because they have a detrimental effect on the integrity of the

oxide film [Es831,
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1.3 Corrosion Inhibitors

Corrosion can be defined as the surface degradation of a material (typically a metal) due
to its interaction with its environment. To prevent metals from corrosion, certain
chemical compounds, called corrosion inhibitors, are often added to the corrosive
environment. Ideally, the inhibitor will rapidly form a self-healing film on the surface of
the metal, providing an effective barrier against the corrosive agents in the medium. The
choice of corrosion inhibitors depends on the metal to be protected, the chemical nature
of the corrosive environment, and related process parameters, such as temperature, pH of
medium, e.m.f. of corrosion cell, etc. The inhibitor should be cheap, readily available,
environment friendly, and function over a large window of physical conditions. Both
organic and inorganic corrosion inhibitors have been used for Cu alloys, depending upon
the application ™I However, in general, heterocyclic organic compounds with 7
electron orbitals and O, N, P, or S heteroatoms (two or more in number) have proven to
be more efficient inhibitors "84, Chromates are the most popular inorganic corrosion
inhibitors for Cu alloys. However, chromates may pose serious health hazards, and there
are also a large number of less aggressive organic inhibitors: azoles, amines, amino acids
and their respective derivatives, triphenylmethane derivatives, thiol group compounds,
organic phosphates, etc. The parent molecular structures of these organic compounds are

shown in Fig. 1.1.

H O
| .o H H o
N\\ /N'lu,“”'H +H )N - ‘Ci c// R_S
\/ ! R R2 el S \H O O
R
@ (b) © © ©

Fig. 1.1: (a) Imidazole (b) Secondary amine (c) Amino acia (a) 1’hiol group
(e) Triphenylmethane.
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Of these, organic inhibitors, especially amines, azoles, and their derivatives are more
effective in protecting copper from corroding in most practical applications [She08] I
particular, triazoles, members of the azole family, are the most well accepted corrosion
inhibitors for Cu alloys in both aqueous based mediums as in water treatment plants and
oil based mediums like fuels M®° ubricants ™ insulating oils f***! and turbine
oils "% The solubility of these organic inhibitors in their solvent is often controlled by
chain modifications that alter the hydrophobicity of the molecules. The most tried and
tested corrosion inhibitors for Cu alloys are benzotriazole (BTAH) and tolyltriazole
(TTAH). The former has been used for over 60 years now in all kinds of industries "),
Their structures, shown in Fig. 1.2, provide bonding sites suitable for a variety of metal
atoms. As a result, much research on corrosion inhibition of Cu has been focused on

attributes related to the performance and the mechanisms of inhibition provided by

N N,
N’ N
H
@ N (b)
Fig. 1.2: (3) BTAH; (b) TTAH.

BTAH and TTAH.

1.4 Corrosive Medium

For both the inhibitors, TTAH and BTAH, almost all research work has been conducted
for copper corrosion in aqueous media. In fact, only two significant studies for Cu
corrosion in oily medium 21971 P70 are available in the open literature for inhibition by

BTAH and one corresponding study for TTAH %) TTAH is believed to be a better
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corrosion inhibitor than BTAH, especially in oil based medium and hence, TTAH finds
greater application in most automobile related applications involving oil environment.
Yet, most of the research directed towards the scientific understanding of the microscopic
mechanism of corrosion inhibition and characterization and the evolution of the
passivating film on the copper surface has been limited to BTAH in aqueous systems.
The interaction between the corrosion inhibitor, the solvent, and the metal substrate can
be represented as: Inhibitor (soln.) + n Solvent (ads.) @ Inhibitor (ads.) +
n Solvent (Soln.) (1.1). As illustrated by this equation, it is important to study the
performance and behavior of these inhibitors in oily media separately from the aqueous

systems because water interacts very weakly with the hydrophobic Cu surface 104}

Mic04] * hence does not significantly affect the inhibitor—metal surface interactions.
However, similar interactions between oil and Cu surface may be significantly stronger,
depending upon the chemical nature of the hydrocarbon oil. Thus, for the present PhD
thesis project, a detailed study on the adsorption behavior of tolyltriazole on copper
surface in oil medium with ToF-SIMS (time-of-flight secondary-ion mass spectrometry)
and XPS (X-ray photoelectron spectrometry) as the primary investigation tools was
undertaken with the objective of developing an insight into the microscopic mechanism
of corrosion inhibition by TTAH in oily environment. The scientific knowledge available
regarding the inhibitive mechanism of TTAH, compositional and structural distribution
of the inhibitive film formed by TTAH on Cu irrespective of the medium is quite limited.

Even in the absence of a unified theory on similar concerns for BTAH, the latter has been

much more studied and far better understood, although only for agqueous based systems.
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As a result, the literature review presented in Chapter 2 has been substantially built upon

the available ideas on BTAH in aqueous based copper systems.

1.5 Corrosion Inhibition Mechanism
The microscopic mechanism of corrosion inhibition is primarily determined by the

m 520U 1n the case of

chemical natures of the inhibitor and the corrosive mediu
electrochemical corrosion, inhibitors once adsorbed are able to arrest, completely or
partially, either the anodic and/or the cathodic reactions involved in the process of
corrosion, which is often due to the stabilization of a passive film formed on the metal
surface. An understanding of the inhibitive mechanism is of utmost importance, as it
empowers predictability of the system with variations in process parameters. At present,
industries have to rely heavily on empirical testing of Cu corrosion as the inhibition
mechanisms for both BTAH and TTAH are poorly understood. The proposed
mechanisms for corrosion inhibition of Cu by BTAH, which has been fairly established
to be a mixed inhibitor in aqueous systems, i.e. impedes both anodic [ and cathodic
[Yur03] reactions, can broadly be classified into two categories: polymeric film formation
on the Cu surface, which acts as a physical barrier, and adsorption of individual inhibitor
molecules on the metal surface hence, blocking the active sites "*°®!. The former is a
better accepted postulate, but no consensus has been reached. One of the primary reasons
for this unresolved mechanism is the fact that the organic complex film formed in this
process is insoluble in common solvents, barring detailed structural and chemical studies.

Understandably, there is no unified acceptance on the orientation of the adsorbed

inhibitor molecules, either. Alongside experimental approaches, simulation efforts like
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DFT [Koki0l Bia03] “mglecular dynamics M™% molecular mechanics [EW94: (K091~ apnqg
quantum chemical calculations ™" have been carried out to understand the inhibition
mechanism better and to ascertain the adsorption behavior of the inhibitors in terms of
molecular orientation and bond strength. Following a thermodynamic approach to
understand the adsorption mechanism, adsorption isotherms and their properties have
been studied under different corrosive conditions ("0 [8a08] " Eyen though, for rightful
reasons, computational work is gaining importance in this field of research, experimental
studies remain very important, primarily due to the fact that for the computational studies
to be carried out in a reasonable fashion the process conditions have to be oversimplified
and it is not yet possible to simulate a real-scale scenario computationally. The need for
experimental studies further increases owing to the extreme sensitivity of inhibitor
behavior on process conditions. For examples, it has been claimed that the adsorption
mode may change drastically from physisorption to chemisorption over a narrow shift in
conditions ™% whereas in some other studies it has been established that molecules
with similar electronic properties and parameters, like that of benzotriazole and 1-
hydroxy benzotriazole (BTAOH), can also reveal drastically different inhibitive

properties [Fin0g], [Fin10]

1.6 Surface Characterization

A combination of ToF-SIMS and XPS was considered to be the ideal set of
characterization tool required to probe into the adsorption behavior of TTAH on Cu in
oily media. ToF-SIMS is an extremely surface sensitive characterization technique. It

provides information on both elemental and molecular species from one or two
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monolayers of the surface (depth resolution < 1nm) with some other notable advantages
being that practically any surface can be studied, high chemical sensitivity, submicron
spatial resolution, and short acquisition time. While the extreme surface sensitivity is the
greatest advantage of this technique, it also implies that exceedingly careful
considerations are required to interpret the ToF-SIMS spectra in order to obtain
meaningful information as slight alterations in the surface condition during sample
handling may substantially modify the secondary ion spectra. For example, the spectra
may get substantially modified due to undesired surface reactions when exposed to the
atmosphere, signals from airborne molecular contamination (AMC), and other kinds of
ionic contaminants adsorbed on the specimen surface from the atmosphere (™% All of
these are hard to control. In the process of characterization, cautious deliberations are
required in choosing characteristic peaks used to identify specific chemical species. The
stability of the spectra with variations in acquisition conditions should also be taken into
account — especially, the primary ion dose density (PIDD). The ability of ToF-SIMS to
provide useful information on the molecular structure of organic compounds, deduced
from the fragmentation behavior of the specimen, along with the extreme surface
sensitivity, is the key to its effectiveness in studies related to the field of corrosion
inhibition of metallic surfaces by film forming organic molecules. In modern ToF-SIMS
instruments, a better sensitivity and an increased mass range, as well as enhanced mass
resolution at much lower PIDD have resulted in higher sensitivity of the instrument to
molecular structure. This has made it an even more powerful tool to characterize complex
organic films that are being considered in the present project. Surface analysis techniques

like ToF-SIMS complemented with XPS ideally enable complete characterization of the
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surface and subsurface film structure and composition, rendering valuable information
for understanding the microscopic mechanisms of environment/film/surface interactions
and hence, involved molecular interactions. Functionality of the organic molecules can
also be investigated by means of XPS, as it also provides information on the chemical
states of atoms. XPS also enables quantitative analysis of the surface composition in
terms of the constituting elements hence, overcoming one of the biggest limitations posed
by ToF-SIMS characterization. Quantitative analysis of the constituent elements by
means of XPS can be easily extended to the quantitative analysis of larger molecular ions
provided the binding energies for the specific elements can be correctly associated to the
respective molecular ions with certainty. Hence, ToF-SIMS and XPS provided the ideal
choice of instruments to characterize the TTAH adsorption film on Cu directed towards

obtaining extremely precise qualitative and quantitative information.

1.7 Project Objective and Thesis Organization

It was realized that at present, TTAH is the best corrosion inhibitor for copper in most
commonly encountered industrial atmospheres, especially in oil-based media used in
automobiles. But there is hardly any data in the open literature, neither on the
performance of TTAH in oily media nor on the mechanism of inhibition for TTAH —
irrespective of the medium. In the present light, this PhD project was an attempt to study
the adsorption behavior of TTAH in oil-based media that are typical for automobile
lubricants in order to get an insight into the microscopic mechanism of corrosion
inhibition specific to the oily media. To meet this purpose, two objectives were laid down

for this project: study the time dependent structural evolution of the TTAH adsorption
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film on Cu in hydrocarbon medium and study the effect of sulfide corrosive agents
present in the hydrocarbon medium on the formation of the TTAH adsorption film. This
understanding will not only help industries to optimize their process performance with
changing conditions with greater ease and higher confidence, but also lead to the
possibility of designing and developing new and improved corrosion inhibitors for copper
by identification of structurally similar compounds worthy of synthesis and subsequent

corrosion testing.

In this PhD thesis, the literature review is presented in Chapter 2, discussing the available
knowledge and scientific understanding on primarily BTAH systems. However, this
mostly concerns aqueous systems, which have been investigated to a much greater depth
than TTAH systems, especially with respect to surface analysis and characterization. The
details of the experimental design and techniques aimed to meet the project objectives are
laid down in Chapter 3. Subsequently, Chapter 4 presents all the experimental results
obtained under the current initiative followed by a detailed discussion of the results in
Chapter 5 aimed at developing a better scientific understanding of the corrosion inhibitive
film forming mechanism. Finally, Chapter 6 summarizes the conclusions that can be

drawn from this research project.
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Chapter 2

Literature Review

This chapter presents a concise review of the findings on the adsorption behavior of
corrosion inhibitors benzotrialzole (BTAH), and tolyltriazole (TTAH) on copper. A large
number of papers have been published on the study of these compounds. However for the
present review only those papers have been considered that help to develop an
understanding of the organic film formation on Cu surface by these two corrosion
inhibitors and discuss their corresponding mechanisms and/or respective characterization
methods. Though the project in hand aims to study the adsorption behavior of TTAH on
Cu in oily media, yet, the present chapter for the most part deals with BTAH/Cu systems
in aqueous media. This is because the BTAH/Cu system in aqueous media has been
studied in far greater details as compared to any other system. Note, the adsorption
behavior of corrosion inhibitors may significantly depend on the solvent medium for
reasons mentioned in section 1.4. Nevertheless, learning the already known facts
regarding this system paves a stronger path into the exploration of other similar systems.
Note that even for the so well studied BTAH/Cu system in aqueous media, no consensus
has been reached on the mechanism of BTAH adsorption on Cu and the effects of most
process parameters like time, temperature, pH etc. are not explained unanimously. This
chapter has been divided into multiple sections, where each section discusses findings on
a specific aspect of the adsorption behavior of the corrosion inhibitor on Cu. In this
chapter, the medium by default should be assumed to be aqueous based unless and until

mentioned otherwise.
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2.1 Adsorption Mechanism

This section focuses on the molecular form in which the inhibitor is adsorbed on to the

Cu surface and the near-surface structure and composition of the resultant protective film.

In case of adsorption of the molecule in a dissociated state, it is important to learn the

dissociation reaction and to realize the stage (pre/post adsorption) at which it happens.

Present day ideas on molecular adsorption as against complex formation and

polymerization have also been considered.

Known:

BTAH is a mixed inhibitor reducing both anodic and cathodic reaction rates in

aqueous media but often stated particularly to be either a cathodic or an anodic

inhibitor 7091 [Yupo3]

Two mechanisms are proposed for BTAH adsorption on Cu in aqueous media:
adsorption of single inhibitor molecule on metal surface, and formation of
protective polymeric film involving complexes of Cu® and BTA™ forming [Cu-
BTA], % It has been proposed that in neutral aqueous media, BTAH
coordinates with copper ions via nitrogen lone pair electrons (less prone to
polymerization) whereas in basic media BTAH exists as BTA"™ forming inner
complexes like [Cu*-BTAT or [Cu®*-(BTA),] which usually polymerize *'¢9.
Cu(BTAH)ags i.e. BTAH adsorbed on Cu in molecular state has also been proposed
to be a reaction intermediate formed either at low concentration of BTAH
insufficient to cover the entire surface or conditions leading to low adsorption rate
which finally forms a Cu-BTA porous film over-layer as time lapses or
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Vi.

concentration of BTAH increases ®*%. In chloride media, formation of Cu* is
suggested to be the first step which then readily reacts with BTAH to form [Cu*-
BTAT complex and release H* "1 However, no consensus has been reached on

this matter.

BTAH treated Cu sample consists of three different layers: Cu*™-BTA™ complex
layer, Cu,O under-layer, and Cu substrate "0 [a02 BTAH s claimed to
reinforce the Cu,O under-layer whereas no such under-layer has been detected for

the case of BTAOH. This model is not widely accepted.

For BTAH treated Cu samples in chloride media, contradictory results have been
reported on the presence of chlorine on the surface: in some cases no Cl has been
reported to be found on the surface ["™% whereas in others it has been, which is
likely due to entrapment of CI in the Cu-BTA film. If Cu:CLI:N is found in a
stoichiometric ratio, it implies halogen bridging in the film which has also been
reported (2881 C| entrapment without changing the valence state of Cu is reported

for BTAOH treated samples (70} [C1i66]

TTAH and BTAH are adsorbed intact on Cu surface in Poly alpha olefin (PAO-2)
medium. In case of N-methylamino substituted triazoles, the amino-methyl tails are

lost (likely by retro-Mannich reaction) [-071,

Cu in BTAH + Oil: Low intensity of molecular ion signals in ToF-SIMS. High
intensity for CuxCyN;, and Cun(BTA)n.1 implying high tendency of complex

formation and polymerization %71,
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Vii.

viii.

Xi.

Xii.

Cu in TTAH + Oil: Strong signal for intact molecular ion in negative spectrum of
ToF-SIMS. No such signal in positive mode. Low signals for Cu,CyN, implying
that TTAH has higher tendency for adsorbing as individual molecule and is less

prone to form polymerized film as compared to BTAH [-"7],

Cu in 139 + Oil: No signal from intact molecule but strong signal corresponding to
TTA in ToF-SIMS and signals corresponding to TTA-Cu bonding implying

dissociation of 139 [-¢v071,

Cu in 130 + Oil: No signal in ToF-SIMS for intact molecule but dominant signals
for Cu containing fragments related to Cu-triazole bonding, and fragments related

to the triazole part of the molecule -7,

The mechanism of film formation in PAO-2 oil by triazoles with free N-H
functional group (BTAH and TTAH) is different from that of N-methylamino
substituted functional groups (130 and 139) due to drastic difference in film

thickness -7,

In ToF-SIMS, most important signature peaks of BTAH on Cu formed in aqueous
media are Cu(BTA), (m/z = 299), BTA (m/z= 118), and Cux(BTA)" (m/z = 244)
[Tro08], [LevO7], [SWISS] " Other important peaks: Cu(BTA)", and CuO(BTA)". C,H,N3 are

also considered to be signature peaks for BTAH on Cu.

BTAOH likely to prevent corrosion by reducing the cuprous oxide formed on the

surface in aqueous media F"%,
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Xiil.

Xiv.

XV.

From ARXPS results, two oxygen peaks detected corresponding to Cu,O, and
oxidized carbonaceous contaminant while a third peak reveals that either O or H,O
is involved in Cu-BTAH film structure or the film gets partially oxidized or
otherwise the inhibitor adsorption on the Cu surface is patchy leading to oxidation
of the uncovered metal surface tM"0€! IMou%2] There are multiple studies claiming the

presence of water molecules coordinated with the inhibitive film ™71,

Alteration in environment (from Cu*-BTA" environment) of Cu, and N revealed on
sputtering through in XPS which has been attributed to the presence of adsorbed
molecular BTAH present below the [Cu*-BTAT, polymerized complex [F0l: [Fange],
The shift in N 1s peak is typical to that of nitrogen bound with phenyl

group/conjugated nitrogen to Cu-hydrocarbon complexes/pyridine like nitrogen

[Man06], [Lah99]

Cu,0 from surface is partly consumed in the formation of Cu-BTAH complex film.
In Cu-Ag alloy treated with BTAH in sodium sulfate solution, surface enrichment
with Ag is observed which is likely due to dissolution of Cu from surface during

formation of [Cu*-BTAT film [Man0e],

2.2 Molecular Bonding and Orientation

This section deals with the bonding characteristics of the corrosion inhibitor molecules

with Cu — physisorption vs. chemisorption, and adsorption orientation — vertical vs.
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parallel orientation. In case of chemisorption, it is important to understand which

functional group and which atoms in particular bond with the Cu surface.

Known:

Commonly proposed ideas: adsorption occurs directly by donor-acceptor
interactions through electrons of the triazole ring and vacant d-orbital of copper.
Vertical/Perpendicular orientation — bonding through the lone pair orbital of
nitrogen with the lone nitrogen atom bonded to two Cu atoms (R**®. Flat/Parallel
orientation — formation of BTA™ ion by loss of imino-hydrogen leading to a

conjugated m structure delocalized over three nitrogen atoms [VogoT]

. Angular
orientation — nitrogen lone pairs bonding to Cu but not in a flat orientation [T,

There is a lack of agreement regarding orientation of BTA on Cu surface.

Primary factors affecting adsorbate orientation: crystal surface orientation of
adsorbant, type of medium/environment, pH, electrode potential. Other process

parameters, such as temperature may also affect the orientation.

Most experimental researchers suggested chemisorption in aqueous media even
though physisorption is likely to provide a better steric hindrance to corrosive

molecules [<ck10l. [Schoo]

BTAH molecule — Cu surface distance: chemisorption: 0.2 nm; physisorption: 0.3

nm [Kok10]

Projected molecular area of BTAH calculated: vertical orientation — 0.2 nm?;

horizontal orientation — 0.38 nm” Area occupied by water molecule which has
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Vi.

Vii.

vertical orientation: 0.08-0.12 nm?. Interpreted as vertical orientation of BTAH on

Cu [Bas06]

From density functional theory (DFT) calculations performed for ATAH (3-amino-
1,2,4-triazole), BTAH, and BTAOH on Cu(111)/vacuum interface, physisorption is
stronger than chemisorption for molecules in neutral form on defect free surface
[Kok10] “Strength of chemisorption in neutral state: BTAH (-0.4 eV) < BTAOH (-0.53
eV) < ATAH (-0.6 eV). Strength of physisorption in neutral state: ATAH (-0.56
eV) < BTAH (-0.72 eV) < BTAOH (-0.97 eV). Chemisorption in an upright
geometry with molecules bonded to Cu surface through triazole N atoms and X-H--
--Cu (X=N, O) hydrogen bonds whereas physisorption with molecular plane nearly
parallel to metal surface in order to maximize contact with surface. Hydrogen
bonding plays a role in physisorption as well along with dispersion forces especially
in case of BTAOH. Chemisorption bond energies increase substantially for
adsorption on uncoordinated surface defects to become almost same as the
respective physisorption energies (K0 Kkl ‘These calculations are done for very

low surface coverage.

As per DFT studies, for dehydrogenated species chemisorption is stronger than
physisorption with chemisorption bond strength order (this order is corresponding
to experimentally observed corrosion inhibition effectiveness in near neutral
chloride solution): BTAO  (-1.65 eV) < ATA (-2.22 eV) < BTA (-2.78 eV)
implying a stronger interaction with Cu surface as compared to their respective

neutral states ™ Deprotonated forms are expected to have even higher
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viii.

chemisorption energies whereas the physisorption energies for molecules in
dehydrogenated, and deprotonated forms are expected to be similar to that of their

neutral states due to similarity in size. There is again a lack of agreement on this

[3ia03]

Proposed molecular orientations in chemisorbed state are shown in Fig. 2.1 1ok,

In all cases of chemisorption, N-Cu bonds are very similar implying that differences
in hydrogen bonding is the key factor in differentiating the bonding characteristics

and orientation of one molecule from the other.

neuiral molecules

e o
>‘ h{.":'! !.-*PNT

H “‘N N=N

; /ﬁ i 7 7

ATA(top-N2) BTAH(bridga-N2,N3) BTAOH({bridge-N2, N3)

deprotonated molecules

N—N N—N N—N oM
/N /A [\ |
ATA-(bridge-N1.N2) BTA (bridge-NZN3)  BTAC-(bridae-NZN3) BTAO- (bﬂdne-Oh N2

Fig. 2.1: Molecular orientation of TTAH in chemisorbed state on Cu (111) (K1,

DFT calculations show that in chemisorption of ATA", BTA", and BTAQO", the
triazole derivatives interact with the Cu surface through the nitrogen lone pair
orbitals of the triazole ring. In case of physisorption, lateral dipole-dipole, and

dispersion interactions are significant which increasingly stabilize the system with
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increasing surface coverage up to a critical point beyond which Pauli repulsion gets
into the act. For parallel geometry, no interaction between molecular 7 orbitals and

metal surface are observed (K<,

X.  DFT calculations also reveal strong dipole-induced dipole interaction between

inhibitor molecule and metal surface, it being strongest for BTAH 1«0,

xi.  Based on Monte Carlo simulations, BTAH adsorbs in flat/parallel orientation on

Cuy0, as shown in Fig. 2.2

Fig. 2.2: Adsorption orientation of BTAH on Cu,0 in aerated HCI solutions obtained
from Monte Carlo simulations <",

xii. ~ Medium also plays an important role in the energy balance of the entire process as
the medium molecules will be initially adsorbed on the metal surface and hence, for
the inhibitor, molecular orientation and mode, and strength of bonding largely

depends on the medium as well.

Xiil. In chloride media, BTAH adsorbs on Cu surface such that N atoms are closer to the

surface as compared to the C atoms whereas BTAOH adsorbs such that O is closer
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to the free surface as compared to N atoms implying that the OH group most likely

is not directly involved in the inhibitor-metal interaction ("1,

2.3 Adsorption Isotherm

Adsorption isotherm is a general thermodynamic concept to express the amount of
adsorbate on the adsorbent as a function of concentration for fluids at constant
temperature. Adsorption isotherm gives an insight into the process in terms of number of
adsorption layers and free energy changes involved in the process. Changes in isotherm
model with process parameters like temperature, solvent medium etc. also throws light on

mechanistic shifts.

Known:

i.  The Langmuir adsorption isotherm models the adsorption process of BTAH on Cu-
Ni alloy in 5% HCI aqueous solution quite satisfactorily. Maximum coverage of
0.998 at 35°C and 15g/I inhibitor has been reported "% Even in aqueous H,SO,
medium, the Langmuir isotherm is followed [R2%! At lower concentrations of HCI
(1 to 5 mM) aqueous solutions, the Frumkin equation has been reported to be the
most suitable adsorption model for BTAH on commercially pure Cu %% |n the
studies concluding the Langmuir adsorption isotherm as the best fit, determining the
highest correlation coefficient between experimental data and mathematical models
was the key approach, whereas for the study recommending the Frumkin model, the

inflection points in dc/dO vs. 6 was the key parameter compared.
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Vi.

Vii.

viii.

The Freundlich adsorption model and the Kinetic-Thermodynamic model are

unsuitable in aqueous media "%,

KC
1+KC

The Langmuir adsorption isotherm is expressed as: 6 = (2.1). Higher K

values in (2.1) imply stronger adsorption of BTAH on Cu surface in aqueous HCI
medium. K values practically do not change in the temperature range of 35°C to

5500 [Khal0] )

As per the Frumkin model, 0 vs. ¢ follows a sigmoidal (S-shaped) curve (B!,

Monolayer adsorption suggested in aqueous media ""%,

Calculated AGggs values for BTAH in 5% HCI solution: -17.37 to -24.76 kJ/mol
[Khal0] " Calculated AGags values for BTAH in 1 to 5 mM HCI solution: -20 to -34
kJ/mol B2 Typically for physisorption, AGags > -20 kJ/mol and for chemisorption
AGags < -40 kJ/mol but some researchers have suggested that for chemisorption of
organic inhibitors on metal surfaces in aqueous media AGags lies in the range of -21
to -42 kd/mol [Ume08l [Dam7l However, Monte Carlo simulations revealed an

adsorption energy of -318 kJ/mol for BTA on Cu (110) f"0°],

Small in magnitude but positive values for thermodynamic interaction parameter (f)
imply weak laterally attractive forces between adsorbed BTAH molecules in

aqueous media. This has been associated to vertical orientation (825061 [Bas97]

Electrical interactions between the double layer existing at the phase boundary and

the adsorbing BTAH molecules have been reported B2,
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ix.  Configuration term or size ratio parameter () which signifies the number of water
molecules being replaced by one BTAH molecule has been predicted to be in range

of 1-5 by the Frumkin model B!,

X.  Non-uniform surface conditions and effective interaction between adsorbed

molecules may lead to significant deviation in adsorption isotherm model.

2.4 Inhibitor Efficiency

Inhibitor Efficiency is a general measure of the ability of a corrosion inhibitor to protect
the metal surface from being etched out in a corrosive environment. It may vary
significantly with process parameters of which the chemical nature of the corrosive
medium and the surface condition of the metal are of utmost importance in order to gain

insight into the inhibition process.

Known:
i.  Typical values ranging from 86% to 99.8% have been reported for BTAH in the

literature depending upon the testing conditions, though, all in aqueous media

[Kha10]

ii.  CuO/Cu does not change even after 1 week for BTAH treated (in aqueous medium
followed by washing and drying) Cu surface. Possibility of Cu,O formation has

been neglected in this result as Cu®, and Cu* were considered to represent Cu metal

[Nis03]
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In neutral aqueous medium, inhibitive film formed by BTAH on a freshly etched
Cu surface (Cu®) has better anticorrosion properties as compared to that on Cu,O
because BTAH treated Cu,O surface suffers significant oxidation post treatment as

compared to that of fresh Cu surface X9,

BTAH is a better corrosion inhibitor than BTAOH, the latter having almost no
influence on the formation of copper oxide. BTAOH fails to form a preventive

polymerized film and to reinforce the Cu,O under-layer [F"08} [Fin0. [Qafo2]

Chemically modified BTAH, C6BTA (5-hexyl-1,2,3-benzotriazole) or TBC (N-2-
thiazolyl-1H-benzotriazole-1-carbothiamide) provides greater resistance to

corrosion than un-substituted BTAH K09l [Bruoz]

2.5 Synergistic Effects of other Inhibitors and certain lons

In a number of applications, synergy effects of secondary corrosion inhibitors or certain

other intentionally or unintentionally added ions/chemicals with the primary corrosion

inhibitor come into play which considerably determines the ultimate effectiveness in

protecting the metal surface from corroding. These effects may be beneficial or adverse.

To control these effects to advantage, it is important to understand the interaction

mechanisms among the chemical species.
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Known:

I.  Halogens, especially chlorine, containing chemical species are well known to have
a disruptive effect on the protective film formed by BTAH, and TTAH on Cu in
aqueous media (™4 1% 'Njo understanding of the molecular mechanism has been

reported.

ii. Adding BTAH and TTAH in conjugation shows beneficial effects in protecting Cu
metal in most aqueous media, especially in water treatment industries. Also
presence of MoO,*, NO,, organic phosphonates, and Cobratec 939 (a commercial
product) are considered to have beneficial effects on the inhibition capability of

both BTAH, and TTAH in aqueous media [#x¢2)- [ne7e],

2.6 Film Thickness

Film thickness does not necessarily imply anything directly about the inhibition
efficiency or the passivating ability of the corrosion inhibitor and the film respectively
but with a thicker film the steric hindrance provided to the corrosive media in reaching
the metal surface is known to increase. There is not enough information on the structure
of the film to support either of the models — uniform composition homogenous films as
against multi-layer structured films with varying film compositions. Further, the possible
interfacial reactions at the metal/film/environment interfaces, the chemical nature of the
inhibitor, and the effect of process parameters, most importantly the corrosive medium,

on the adsorption behavior of the inhibitor need to be studied to a much greater extent.
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Known:

Inhibitive film thickness in PAO-2 oil: TTAH — 1nm; BTAH — 2 nm; 130, and 139
(N-methylamino substituted triazoles) — 0.5 nm. Slightly thinner films are obtained

in dodecy! benzene medium 071,

4| BTA
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Fig. 2.3: Ellipsometry data showing CI film growth in PAO at 25°C [-#07],

Generally, much higher film thickness, values up to 200 nm, are reported in
aqueous media, though, in certain cases like in NaCl, a Cu-BTAH film thickness of
1.5 + 0.3 nm, and that of 0.5 + 0.2 nm for Cu-BTAOH have been reported after 1h.
But, in Na;SO4 medium 20-36 nm thick films have been obtained with BTAH in 4h

depending upon the applied potential difference [Mé®00). [Man06l. [Fin10]

In agueous media also, TTAH forms thinner layers than BTAH on Cu but with

similar passivating abilities '8,
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Vi.

In comparison of N-, and C- methyl substituted benzotriazole, N- substitution
prevents formation of protective layer whereas C- substitution enhances film

formation 7€,

Cu-BTAOH layer is much thinner and less ordered as compared to Cu-BTAH layer

[Fin10]

In inhibitor free chloride medium (NaCl), immersion of Cu for 1h leads to the
formation of Cu,O (= 1.1 nm) on surface and no chlorine is detected on the surface.
In BTAH treated samples in the same solution for the same time, the Cu,0O film has
been reported to grow under the [Cu*-BTAT film. It might be an artifact of patchy

surface coverage by the [Cu*-BTA film [Fint0]. [coh90]. [Mci81]

2.7 Rate of Inhibitive Film Formation

The rate of film formation can indirectly provide information on the possible interfacial

interaction reactions. It is also a direct parameter to judge reaction mechanism shifts with

time for a given case and compare mechanistic differences from one case to the other. It

further helps to distinguish the effects of process parameters related to the corrosive

medium on the corrosion process.

Known:

For both BTAH and TTAH the initial adsorption rate is rapid. Adsorption starts

immediately in oily media 7).
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Inhibitive film growth rate in oily media slows down with time but steady state is
not reached in 1000 minutes implying complex mechanism requiring at least 2 time

constants to develop mathematical model (=071,

Chemisorption of BTAH in neutral aqueous solution on freshly etched Cu (Cu®)
forms [Cu(0)-BTAH] surface layer observed in less than 15 sec that converts to
[Cu™-BTAT polymeric film within 2 minutes when exposed to air due to co-

adsorption of oxygen X%,

Film formation with BTAH on Cu follows a parabolic growth law in the initial
stages followed by logarithmic rate law whereas for BTAOH, it follows a linear
curve suggesting a mechanistic difference "% BTAOH is expected to prevent
corrosion by reducing the cuprous oxide formed on the surface instead of forming a

preventive complex film as in the case of BTAH "0,

In aqueous media, the rate of film growth is expected to be higher for less negative
potentials with respect to standard electrode. Exceptions are also cited and a
number of contradictory results have been published without discussing any
possible explanation. As per Youda et al. Y*®% negative potentials are required for
film formation in acidic solution whereas in neutral range film forms irrespective of
the potential with respect to the standard electrode. But Yao [Y%°° suggested in his
work that in acetonitrile, at negative potential difference, BTAH is adsorbed on Cu
in molecular state whereas film formation occurs at positive potential differences
with respect to Ag/AgCl electrode. Gao €% suggested that the [Cu-BTA],

complex film changes its composition with potential and at negative potentials
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ranging from -0.5 to -1.1 V (against SCE) ‘n’ assumes a value of 4 in neutral
chloride solution as lower potential results in lower pH at electrode surface
resulting in film decomposition. As per Chan "™ adsorbed BTAH molecules,
deprotonate on Cu surface in sulfate solution for less negative potentials with
respect to SCE for pH>2 whereas Schultz 5" suggested that BTAH adsorbs in its
deprotonated form (BTA") in well-ordered manner for Cu (100) in the whole
potential range of -0.65 to -0.2 V against Ag/AgCI electrode while the layer is
disordered for Cu(111) under similar conditions. The various studies have provided
a varied and, in many cases, contradicting results. However no mechanistic
understanding of the corrosion process has been reached that takes into account all

the process parameters involved.

2.8 Desorption

Desorption behavior illustrates the thermodynamic stability of the adsorbed layer.
Knowledge of the reversibility of the adsorption process may be utilized to optimize the

inhibitor concentration level to be maintained in a real application.

Known:
i. Both BTAH and TTAH show a largely irreversible adsorption behavior. Only 20%

of the adsorbed material desorbs when placed in fresh oil medium -07),

ii.  Desorption Kinetics is faster than adsorption in PAO-2 oil and reaches steady state
in few hours -207],
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iii.  Adsorbed Cu-BTAH film on the surface formed in aqueous media is very easily
destroyed by a mild acid wash leading to drastic oxidation of Cu (formation of

Cuo) [Nis03] .

iv. ~ BTAOH has been proposed to desorb at higher concentrations of the inhibitor due
to self-interaction of the adsorbed molecules with the ones in the solution which at

first leads to the formation of oligomers and finally desorption ™24,

2.9 Effect of the Corrosive Medium

The chemical nature of the corrosive medium including its pH, and its interaction with
the inhibitor and the metal surface dictate the entire corrosion process and its inhibition.
Change in the medium may drastically affect the corrosion process, and the adsorption
behavior at the metal surface and hence, the efficiency of the inhibitor as well. Oil- and
water-based media are completely different in nature from each other. Most studies till
now have been conducted in aqueous based systems. Independent investigations into oil

based systems are thus equally important for certain applications.

Known:

i.  Thicker films have been reported for both TTAH and BTAH in aqueous based
systems as compared to oil based media. Thinner protective films were obtained
with BTAH, and TTAH in dodecyl benzene, another convenient oil based solvent

for experiments, as compared to PAO-2 V071,
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Medium plays an important role in the energy balance of the entire process as the
medium molecules will be initially adsorbed on the metal surface and hence, for the
inhibitor adsorption, molecular orientation and mode, and strength of bonding

largely depends on the medium as well.

Interaction between water molecules and Cu surface is very weak, so it does not

affect metal-inhibitor interaction significantly which might not be the case for oily

media [Hod09], [Rou05]

2.10 Performance in Real Oil

Corrosion inhibition process in real automotive oil is extremely complicated. To develop

a comprehensive understanding, a systematic study on performance of inhibitor needs to

be undertaken in real oil with all additives at experimental scale starting from simpler to

more complex oil formulations in order to identify the effects of individual additives on

the corrosion inhibition property. The effects of oil additives, both individually and

collectively, on the mechanism of inhibitor adsorption at molecular level also need to be

investigated.

Known:

Corrosion of copper in oily media is more of a chemical attack rather than an

electrochemical activity 4574,

Decomposition of oil constituents leads to formation of reactive sulfur which

further leads to corrosion of Cu and formation of CuS. Active sulfur primarily
47



Vi.

comes from organic sulfides. Alkyl sulfides, disulfides, and mercaptons are
effective oxidation inhibitors in oily media but corrode copper heavily. Aliphatic
sulfides are more corrosive than aromatic sulfides. Typical sulfur containing
compounds in oil: zinc dithiophosphate (ZDDP), molybdenum diphosphate
especially sulfurized oxymolybdenum organo-phophoridithioate (Mo-S-P),
molybdenum dithiocarbonates, molybdic acids, amine complexes, and sulfur

containing detergents and antioxidants P02 [Cus94], [San84], [Rudos]

CuO/Cu,0 formed on Cu surface is structurally more passive than CuS. CusS allows

corrosion via cation diffusion from Cu metal to sulfide/lubricant interface P22

[A1I07] [Bre98], [Eis83]

Secondary factors causing Cu corrosion in real automotive oily media: oxidizing
acids like HNO3/H,SO,4, aerated non-oxidizing acids, aerated NH;OH and
substituted amines forming Cu(NH3)**, high velocity aerated water containing
carbon dioxide and low dose of Ca** and Mg?*, oxidizing metal salts like FeCls, and

H.S or other sulfur compounds [a021: Uhe3]

Presence of magnesium sulfonate in lubricants causes more wear of Cu than

calcium sulfonate whereas presence of zinc oxide or sulfide reduces wear 0%

[Mcg85]

Cu alloying with Al, Be, Mg, Sn, Zn reduces the rate of oxidation. Sbh, Ca, Fe, Mn,

Li, Ti, Ni also help in enhancing the anti-corrosion properties of the metal. In
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reactive SO, gas atmosphere, 10-12% Al is required to avoid substantial oxidation

of Cu alloys =",

vii.  Heterocyclic compounds like 1-phenyl-5-mercaptotetrazole, and 1-thiocarbamyl-

3,5,5-trimethylpyrazone form a shiny protective film on Cu in oily media -7,

2.11 Effect of Surface Roughness and Poly-Crystal

Adsorption process is sensitive to crystal orientation. Adsorption behavior on single
crystal in a specific direction may substantially differ from that on a poly-crystal. Surface
defects are usually more reactive. Effects of surface roughness/scratches and grain

boundaries on adsorption behavior may have noteworthy effects.

Known:
i.  Most of the ToF-SIMS and XPS studies involving organic films on Cu surfaces are
[Fin10], [Man06], [Xue91], [Lev07],

done on highly polished metallic surfaces/mirror-finish

[Swigs]. [Tro08] ‘Njop yniform surface leads to non- ideal adsorption.

ii.  Uncoordinated defects on Cu surface are reactive enough to dehydrogenate

unsaturated organic molecules [0} ekl

iii.  Chemisorption bond energies for BTAH-Cu (111) increase substantially for
adsorption on uncoordinated surface defects to become almost same as the

respective physisorption energies <<,
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2.12 Effect of Temperature

Temperature directly affects the reaction kinetics involved in the adsorption process.
Change in temperature may induce shifts in inhibition mechanism. Also, with increase in
temperature, there are possibilities of new surface reactions, and intermolecular
interactions coming into play as a result of sufficient thermal energy to overcome the

activation energy.

Known:
i.  Higher temperature and longer exposure time increases the amount of reactive

sulfur in lubricating oils P02 [Cus94]

ii. ZDDP and most molybdenum species decompose at temperatures above 130°C

whereas sulfonate detergents do so above 170°C [¥02. [Cuso4]

iii.  No study found on the effect of temperature on the adsorption behavior of either

TTAH or BTAH on Cu irrespective of the medium.

2.13 Effect of Inhibitor Concentration

Inhibitor concentration is well known to affect the inhibition efficiency. There have been
considerations into the possibility of mechanism shifts in the adsorption process with
comparatively larger changes in inhibitor concentration and hence, shift in adsorption

isotherm.
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Known:
i.  In CMP process, Cu treated with higher concentration of BTAH in polishing slurry
(aqueous based) shows less oxidation as compared to that treated with low

concentration BTAH MNis031,

2.14 Effect of Surface Oxide

Adsorption is a highly surface specific and sensitive process. A small change in the
surface condition may cause a major change in the adsorption behavior of the adsorbate.
Copper surface very often, in most practical cases, is covered with copper oxide
(CuO/Cu,0). A careful consideration is required to investigate into the differences in the
adsorption behavior of the inhibitor molecules with varying oxidation state (0, +1, +2) of

copper at the surface.

Known:

i.  Furnace-oxidized Cu exposed to TTAH, and 139 in PAO-2 shows similar peaks as
that in case of polished Cu but lower film thicknesses is concluded due to lower
intensities of signals form TTA™ -7l The study lacks in-depth consideration of

effect of oxide on formation of surface layer.

ii.  Reaction rate of BTAH in neutral aqueous solution with clean Cu surface is faster
than oxidized Cu surface (Cu,0) ™. Exposure of fresh Cu surface to air forms
Cu,0 film first with thickness of 1 to 2 monolayers in the first 30 minutes, and ~1.2

nm after 2 hours even though oxygen is adsorbed on a fresh Cu surface as soon as it
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Vi.

is exposed to air Xue9l: [Tom83]. [Pradel. [RamdS] * Agrer 10 minute exposure to atmosphere

Cu on surface is partly metallic and partly Cu20.

Presence of Cu,O on surface degrades the effectiveness of the inhibitive film

formed by BTAH in neutral aqueous media ™®*,

For PVD Cu on Si wafer, O/Cu ratio, as obtained from XPS, increases continuously
during the first four days and then stabilizes to 1 implying surface oxidation

continues for first few days and finally forms CuO at the end of 4 days [,

For a fresh Cu surface exposed to air for a few minutes reveals a very high C
content on the surface under XPS. Also, a high intensity of CO3™ secondary ions in
ToF-SIMS is observed due to rapid adsorption of COj3 ions from the atmosphere on
a highly reactive Cu surface in a time span insufficient for oxide formation /%!,
With increasing oxidation the CO3™ gets removed hence the C content on the surface
drops down (in about 2-3 hours) but with further passage of time it starts increasing
slowly but steadily due to airborne molecular contamination (AMC). In ToF-SIMS,
peaks from AMC, typically of the type — CxHyO,, may interfere with signature

peaks and also limit the effective detection limit of those peaks.

CuOyH, secondary ion signals in ToF-SIMS are indicators of surface
contamination rather than surface oxide the reason being that for CuO", CuO,", and
CuO,H" the relative normalized intensities exactly match the pattern followed by
COs , a surface contaminant ("%, This implies that the O for CuxOyH, type of

peaks comes from COj’ rather than copper oxide.
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2.15 Effect of Oxygen Purging

For scientific understanding of the inhibitive film forming process, it is important to
explore in what ways oxygen may affect the inhibitive film formation process and key
related parameters like film thickness, kinetics of film formation, film composition, its

passivity or inhibition efficiency, and extent of polymerization.

Known:
i.  Oxygen influences the formation of Cu-BTAH film formation [Xue?1 [Man0¢’]. {Man73],

[Levo7]. [Cus94] 'Role of oxygen is debated and not understood.

ii.  Cu corrosion in nitrogen atmosphere is less aggressive than that of air in ZDDP

containing oil F02: [Cuso4]

2.16 Comparison of Adsorbed Layer Formation on Cu strip vs. Powdered Cu

Powder materials have much higher surface area to volume ratio as compared to
bulk/strip material thereby accelerating surface reactions for powders. Thus, it is often
suitable to study surface specific phenomenon with powder materials depending upon the

objective.

Known:

i.  Cu powder immersed for 3 days in neutral BTAH aqueous solution leads to
formation of blue powder as the reaction product. Isolated product is related to Cu?*

+ [Xue91]

whereas the BTAH treated Cu surface shows presence of Cu
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2.17 Effect of Stress

Stress can substantially alter the surface condition of the metal which on the other hand

may affect the adsorption behavior of the inhibitor molecules on the Cu surface.

Known:

I.  Stress induces a high number density of defects in the metallic surface. Adsorption
behavior is sensitive to presence of defects. Above a critical magnitude of plastic
deformation of the Cu substrate, differences in the adsorption behavior of the
inhibitor molecules on the Cu surface may be observed. However no studies are

available on this effect so far.

ii.  In case of surface oxidized Cu sample, stress may as well change the metal/surface
oxide interface substantially leading to variations in adsorption behavior. This

effect has not been explored by researchers and can be very interesting to study.

2.18 Corrosion Product Analysis

Systematic study on the characterization of the corrosion products formed on the surface
of the Cu metal having undergone corrosion test in real oil with practical compositions
and testing conditions carried out sequentially from simpler to more complex cases is

required for a comprehensive understanding of the corrosion process.
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Known:

Base oil decomposes to produce organic acids [““***l. High level of O and C are
detected on the surface of Cu tested in oily medium due to decomposition of oil,

products of which get incorporated throughout the porous Cus layer %2,

Friction Modifier: molybdenum dithiophosphate, in oily media, is almost twice as
corrosive as molybdic acid at the same wt. % of Mo due to enhanced sulfide

formation P02,

Anti-wear additive: primary and aromatic ZDDP are stronger sulfide formers than
secondary ZDDP and hence, cause Cu corrosion to greater extent in oily media. In
case of mixed ZDDP, sulfide formation on Cu caused by primary and aromatic

ZDDP is suppressed %2,

Dispersant: forms complex with ZDDP to reduce its surface activity and hence,
lowering its tendency to form sulfide with Cu. The lower the total base number
(TBN) of the dispersant, the higher is the concentration of the dispersant required
for neutralization of free ZDDP present in the oil. Borated dispersants enhance Cu
corrosion dramatically as boration, instead of forming passive copper borate layer,
reduces the interaction between dispersants and ZDDP leaving higher amount of the
latter to react with the Cu surface. Succinimide, and amines play satisfactory roles

as dispersants P2,
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2.19 Effect of Primary lon Dose Density

Primary lon Dose Density (PIDD) is a critical parameter to be controlled for detection of
the intact molecular ions and acquiring a reproducible data set in ToF-SIMS. Some
considerations on the PIDD dependent variations in the ToF-SIMS results are listed

below.

Known:

i.  With increasing PIDD the intensities of larger molecular fragments in the secondary
ion signal are diminished whereas the intensities of smaller fragments increase due
to progressive fragmentation of clusters. Fig 2.2 shows a typical example that was

published by Trouiller et al.

S 1.0 +
S - = =CN
- — =CNO
x — C2H2N3
= 0.5 7 = C2H2N3CuH
3] / P C2H2N3CuOH
= = ——r (C2H2N3)2Cuy
0.0 .
1.E+12 1.E+13 1.E+14

PIDD (ions/cm?)

Fig. 2.4: Effect of primary-ion dose density on fragmentation behavior [,

ii. For BTAH, BTA  signal corresponding to the intact molecular ion is observed for

PIDD maximum up to 3x10"ions/cm® whereas for C1oF2103, the largest fragment
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from Per-Fluoro Poly-Ether (PFPE), an often found contaminant on Cu, PIDD of

2x10"ions/cm? is already above the static limit 7],

PIDD for maintaining static conditions with respect to a particular secondary ion

can be calculated from the damage cross section which can be determined [<°¢%¢].

PIDD corresponding to dynamic range acquisition results in lower reproducibility
of data. For all other parameters held constant, the smaller the rater area for
acquisition, the higher is the PIDD. For small raster areas like 50 x 50 um?, very
often PIDD up to 10 times higher than that corresponding to the static limit is
applied in order to maintain sufficient counting statistics. In such cases of dynamic
acquisition, relative intensities may vary by 20 — 50% from those obtained under

static conditions [7"%8],

2.20 Effect of Primary lon Gun Source in ToF-SIMS

The primary ion stream sputtering off the surface being characterized directly controls the

characteristics of the secondary ions. The type of primary ion being used affects the

fragmentation process at the surface, and depth of damage which are critical to be

optimized depending upon the surface being analyzed and the kind of information being

sought.

Known:

Clustered primary ion guns are better suited for organic film characterization. They

result in secondary ion signals with higher fraction of larger molecular ion
57



fragments and hence, signature peaks from organic structures are better detected
[Kl2]  This facilitates acquiring more information about the surface structure.
Available primary ion guns in our instrument: Ceo’, Auz®, Au®. Biz" and Ceo" are

usually considered to be more effective.

Primary ion current is also an important parameter that affects the secondary ion
spectrum which is indirectly controlled by optimizing the PIDD by adjusting the

raster area.

Primary ion beam energy again has a direct impact on the sputtering process at the
surface which can be controlled by means of the accelerating voltage. It is usually

not recommended to alter the accelerating voltage for a given instrument.

2.21 General Comments

For oily medium experimental study, Poly alpha olefin (PAO-2) medium or some
other similar hydrocarbon/oil medium should be chosen that is highly refined —

uniform molecular size and free from sulfur, and nitrogen.

TTAH and BTAH have limited solubility in PAO-2. Therefore, they are usually
pre-dissolved in bis(2-ethylhexyl)phthalate for lab experiments. In industries, chain

modified solvents are used to enhance hydrophobicity/solubility.

Phthalate related peaks do not interfere with the identification of BTAH and TTAH

in ToF-SIMS.
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Vi.

Vii.

viil.

Xi.

Xii.

Adsorption layer thickness and film growth rate are usually studied on PVD Cu as

the adsorbed layer is too thin.

Toluene and methanol are typically used solvents to clean the sample before

inserting into ToF-SIMS.
Samples should be stored in glass vials and not plastic bags for cleanliness issues.

On Si wafer, TTAH, 130 & 139 yield distinct signals for intact molecular ions both
in positive and negative secondary ion spectra in ToF-SIMS. BTAH yields very low

signals for intact molecular ions likely due to low adsorption on Si (%"}

For 130 and 139 adsorbed on Cu in oil-medium, amine tail signals are unspecific

and weak [-¢v071,

BTAH exists as CsHgN3" in acidic solutions, as CsHsN3 (CsHsN3/CsHsN3 = 96/4) in

neutral or near neutral solutions, and as C¢H4N3" in alkaline solutions.

The only study in oily medium was done with 100 ppm inhibitor [V,

In XPS, Cu?" identified by presence of shake up satellite peaks around core
transition lines and Cu* is differentiated from Cu’ by auger LMM lines like

L3sMssMys.

BTAH practically does not get adsorbed on TaN, SiO,, and SiN. BTAH does not
form complex [Ag™-BTA] with Ag strip surface but does react with Ag

nanoparticles. M6
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Xiil.

Xiv.

XV.

XVi.

XVil.

XViii.

XiX.

XX.

XXI.

Coverage (0) being related to inhibitor efficiency (IE) as 6 = IE is based on three
assumptions: adsorption sites on Cu surface are homogenous, monolayer of

inhibitor is formed and uniform corrosion with no localized attacks.

[Cu*-BTAT] or [Cu**-(BTA),] are usually polymeric and insoluble in water and

most organic solvents.
BTAH has strong intermolecular hydrogen bonding in solid state.

Even though BTAH and BTAOH have very similar electronic structure parameters,

yet, BTAH is a much better corrosion inhibitor than BTAOH [Fin0}: [Kokiol

Physisorption is significantly important to be considered in case of organic

inhibitors, especially large ones as it scales up with size.

During sample preparation and handling, the surface condition can be significantly
modified and hence, it is important to be aware of the possible surface

phenomenon.
In XPS, depth of analysis = 3Asin0.

Cu?* is not formed on surface after being immersed in NaCl solution for 1h in either

presence or absence of inhibitors [F".

Carbonaceous contaminants from air always get adsorbed on the surface while

transferring/drying sample.
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XXil.

XXiil.

XXIV.

XXV.

Electro-polishing of Cu-Ag alloy leads to surface enrichment with silver which

does not allow film formation with BTAH [Manosl.

BTA signal in ToF-SIMS after CMP or chemical rinse is 10-100 times higher than
the base line signal generated due to AMC whereas after scrubber cleaning it falls
below the effective detection limit even though it is 10 times above the instrument

detection limit (77081,

Cu segregation at surface on oxidation of Cu alloys is a commonly observed feature

depending upon the alloying elements.

High temperature Cummins bench test (HTCBT) according to the specifications
laid down in ASTM D130 is a standard procedure in industries used to test Cu

corrosion in oily media.

Note that most conclusions published on the structure of the adsorption film included in

this chapter are either speculative or based on indirect experimental evidences. In course

of the present PhD project a number of these issues related to the film structure have been

better resolved. The next chapter discusses the layout and logistics of the experimental

work designed to meet the objectives of this PhD project.
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Chapter 3

Experimental Design and Procedures

This chapter discusses the experimental framework designed to realize the objectives of

this project. Broadly, the objectives were to:

= study the time dependent structural evolution of the TTAH adsorption film on Cu in

hydrocarbon medium and hence, to resolve the film formation and growth mechanism

= study the effect of sulfide corrosive agents present in the hydrocarbon medium on the
formation of the TTAH adsorption film and hence, comment on the effectiveness of the

corrosion inhibitor

The first objective — time dependent structural evolution of the adsorption film was
studied at room temperature whereas the second objective — effect of sulfide corrosive
agents was studied at an elevated temperature of 80°C for reasons mentioned in Section
3.2. Immersion test followed by surface analysis was considered as the experimental
basis to accomplish these objectives. Cu coupons were immersed in the inhibitor
containing oil medium for specific lengths of time in order to study the adsorption
behavior of TTAH on Cu. Surface analysis was carried out by means of XPS and ToF-
SIMS for reasons outlined in section 1.6. The following sections outline the raw
materials, sample preparation methods, instrumentation conditions, and experimental

logistics involved in this project.
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3.1 Raw Materials

The raw material components utilized in the course of this project are listed below:

Metal Substrate: Cu Foil
A 25 um thick Cu foil with 99.98 wt.% purity was procured from Sigma Aldrich.
Small coupons with face dimensions 8 mm x 8 mm were cut out of the foil for the

individual immersion tests.

Cleaning Reagents: Acid Mixture and Toluene

The Cu foil in as-received condition was mechanically smooth to naked eye but had a
surface coating of an unknown carbonaceous material. To get rid of this coating and
obtain a fresh Cu surface, an equi-volume aqueous based acid mixture of 2M HNOs,
H3PO4 and CH3;COOH was used. Toluene was used to rinse off the oil from the

sample surfaces at the end of the immersion tests.

Oil Medium: Poly-alpha-olefin (PAO-2)

PAO-2, a highly refined grade of mineral oil with uniform molecular size, was used
as the hydrocarbon oil medium for the corrosion inhibitor adsorption study. In
chemical nature, it resembles base oils commonly used in lubrication applications,
and insulating oils in electrical power transformers. But for chemically sensitive
studies such as this, possibly the biggest advantage of using PAO-2 is that it is free

from impurities like sulfur and nitrogen unlike any other grade of commonly
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available refined mineral oil. This avoids invoking uncontrolled compositional

parameters in the experiments, the chemical effects of which are hard to determine.

Corrosion Inhibitor: Tolyltriazole (TTAH)

Reagent grade 98 wt.% purity TTAH (C;H7;N3) was obtained from Sigma-Aldrich.
There are a couple of isomers available for this compound — 5-methyl-1H-
benzotriazole and 4-methyl-1H-benzotriazole. The respective structures are shown in
Fig. 3.1. In the course of the present project, 5-methyl-1H-benzotriazole was used in

specific. All experiments were carried out at 100 ppm TTAH concentration level.

CHj

H3C N N
\C[ N "N
N s
H

H
(a) (b)
Fig. 3.1: (a) 5-methyl-1H-benzotriazole (b) 4-methyl-1H-benzotriazole.

Inhibitor Solvent: Bis(2-ethylhexyl) phthalate

TTAH has limited solubility in PAO-2 oil. Thus, it needs to be pre-dissolved in
another solvent which in turn is soluble in the oil medium. Analytical grade bis(2-
ethylhexyl) phthalate (C,4H3304) from Sigma Aldrich was used for this purpose, the
structure for which is shown in Fig. 3.2. In all experiments, the PAO-2 oil to solvent

bis(2-ethylhexyl) phthalate ratio was maintained at 100:1 by weight.
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Fig. 3.2: Bis(2-ethylhexyl) phthalate.

Sulfur Source: sec-Butyl disulfide

For experiments meant to study the sulfide corrosion behavior of Cu in TTAH
containing oil, sec-butyl disulfide, molecular formula [C,HsCH(CHj3)].S>, was used as
the source of active sulfur. The molecular structure for the same is shown in Fig. 3.3.
It was a 90 wt.% purity technical grade reagent as procured from Sigma Aldrich. On
heating, the disulfide bonds cleave and ultimately active sulfur is released in the oil
medium which is highly prone to chemically attack the Cu surface. The choice for
this compound was carefully made so as to make sure that it is readily soluble in the
PAO-2 oil and most importantly does not contain any chemical species other than S

and hydrocarbon chains in order to avoid uncontrolled parameters.

ch/\rs‘s/l\/ CHa

CHa

Fig. 3.3: sec-Butyl disulfide.
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3.2 Sample Preparation

This section outlines the individual steps involved in the processing of the samples
for surface characterization. A schematic flow-diagram of the same is shown in Fig.
3.4. Cu coupons (8 mm x 8 mm x 0.025 mm) were cut out from the as-received foil.
As mentioned in the prior section, the as-received foil was coated with some
unknown carbonaceous material. In order to dissolve any oily substance present on
the initial surface, the samples were washed in toluene in an ultra-sonicator for 300 s.
This was followed by immersing the samples in an equi-volume aqueous based acid
mixture of 2M HNOj, H3PO, and CH3;COOH for an optimized time of 300 s
accompanied by vigorous agitation. Intense bubble formation was noted in this step.
The resultant acid roughened Cu surface was in pristine metallic condition, i.e., Cu°
oxidation state that was chemically stable with respect to oxidation in atmosphere
within the time limits of sample preparation. It was observed that a prolonged
immersion in the acid up to = 500 s led to the formation of a dulled Cu surface along
with patchy dark spots which was attributed to the beginning of formation of copper

nitrates on the surface as suggested by XPS results.

The acid roughened Cu samples were washed well in distilled water for about 100 s
followed by air drying. These samples were then immediately immersed in the PAO-
2 oil solution. Two batches of PAO-2 oil solutions were prepared — one with only
0.01 wt.% (100 ppm) TTAH while the other had 0.72 wt.% (7200 ppm) S added by
means of sec-butyl disulfide along with the TTAH. The former batch was used to

study the time dependent structural evolution of the adsorption film at room
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temperature whereas the latter batch was used to study the sulfide corrosion of Cu in
presence of TTAH at an elevated temperature of 80°C. There are multiple reasons for
conducting the sulfide corrosion tests at 80°C. First of all, thermal energy needs to be
provided to the system to break the disulfide bonds in order to release active S in the
oil. Secondly, even in the presence of active S, the corrosion process of Cu is
extremely slow at room temperature in the presence of TTAH corrosion inhibitor and
hence, needs to be thermally accelerated to be studied in a reasonable time-frame.
Finally, 80°C is a much more representative temperature for the actual conditions

prevailing in certain automobile applications relevant to this study.

On taking the Cu samples out of the oil solution, these were rinsed with toluene again
for 600 s in an ultra-sonicator to wash-off the oil from the Cu surface. These samples
were then immediately inserted in UHV (ultra-high vacuum) chambers of XPS and

ToF-SIMS for respective characterizations.
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Fig. 3.4: Schematic flow for sample processing.

3.3 Instrumental Conditions and Procedures

XPS and ToF-SIMS were considered to be the most judicious choice of instruments to
conduct the surface characterization work involved in this project for reasons outlined in
section 1.6. The characterization work involving these two instruments was exclusively
carried out at Swagelok Center for Surface Analysis of Materials (SCSAM) in Case
Western Reserve University. A ToF-SIMS instrument with a TRIFT V nano-TOF
analyzer manufactured by PHI was used in consideration to the present project. The
instrument is equipped with three ion guns — Au, Cg, and Ar guns for analytical and

sputtering purposes. The XPS work was carried out on a PHI Versa Probe 5000
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instrument that is equipped with an Al Ko X-ray source producing a monochromatic X-
ray beam with energy 1486.6 eV. It is commissioned with a 180° hemispherical electron
energy analyzer optimized for energy resolution and PHI's high angular acceptance lens
optimized for small area XPS sensitivity. Further details regarding these instruments can

be found at SCSAM website: http://engineering.case.edu/centers/scsam/.

In course of the present project, all TOF-SIMS experiments were carried out with a 30 kV
Au’ ion beam in bunched mode for analytical purposes and a 20 kV Cg" ion beam for
depth-profile sputtering. The latter has the advantage of being much less destructive for
organic clusters. All ToF-SIMS mass spectra were acquired for negative secondary ions
that were collected over 250 um x 250 um raster areas. The positive secondary ions did
not reveal any relevant information. The data acquisition time was maintained at 600 s
and the primary ion dose density (PIDD) was kept under 6.3 x 10** ions/cm? which was
well within the static limit as suggested by the fact that the absolute peak intensities in the
mass spectrum recorded over a fixed interval of time did not significantly change with
prolonged acquisition from the same spot. Moreover, it is well established that the PIDD
corresponding to the damage threshold for static SIMS of organic molecules relevant to
the present project is of the order of 1 x 10" ions/cm?, i.e., the analyzed surface is
effectively undamaged for ToF-SIMS study conducted at a PIDD under this value .

A typical mass resolution (m/4m) of 7500 or greater was obtained at m/z = 132.

All XPS experiments were performed with a 300 um spot size incident beam probing the
surface at an intensity corresponding to 75 W. The analyzer pass energy was set at 23.5

eV, yielding a FWHM (full-width-half-max) of 0.768 eV for Ag 3ds;, peak at the same
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incident beam spot size. In all cases, data acquisitions were done at energy steps of 0.4
eV and 0.2 eV for survey spectra and high resolution multiplex spectra, respectively. All
experiments were done at a take-off-angle (TOA) of 45° with respect to the sample
surface, by default, except for the cases where ARXPS study was carried out at TOA of
5°, 20°, 45° and 90°. The fact that the analyzed depth increases with increasing TOA as d
= 3Asin6 (3.1) serves as the working principle for ARXPS to reveal information on the
depth-sensitive distribution of elements. In eqn. 3.1, 4 is the IMFP (inelastic mean free
path) of photoelectrons through the material medium and & is the TOA. The analyzed
depth, defined as the depth from which 90% of the detected photoelectrons are generated,
is expected to be in the range of 1.5 nm to 5 nm in the present study for the considered
values of TOA. Note that the analyzed depth was greater than the typical thickness values
for the corrosion inhibitor adsorption film on Cu. Hence, comparisons on the surface
compositions of different samples were made on the basis of the ratios of pure intensities
of the XPS peaks rather than the conventional way of reporting atomic percentages which
is based on the assumption of a homogeneous distribution of elements in the analyzed
volume [F™O Al XPS spectra were charge referenced with respect to the LMM Auger

transition line for Cu* at 570 eV.

3.4 Experimental Logistics

In order to meet the objectives laid down for this project, the following experimental
milestones were set. All experiments enlisted in sections 3.4.1 through 3.4.3 were carried
out at room temperature whereas those considered in sections 3.4.4 and 3.4.5 were

conducted at 80°C.
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3.4.1 Process Control

Obtained a reproducible Cu surface

a) Optimized the process parameters involved in obtaining a clean Cu surface:

i.  Concentration and composition of the cleaning acid solution

ii.  Time of acid cleaning treatment

b) Monitored the stability of the acid roughened Cu surface

c) Ascertained the reproducibility of the resultant Cu surface

Determined the characteristic fingerprint for each of the individual components

a) Identified the characteristic XPS peak features for
i. Cu’Cu, and Cu™
ii. O associated to Cu,0O, CuO, and H,O
b) Identified the characteristic mass (m/z) peaks in ToF-SIMS for
i. PAO-2
ii.  Bis(2-ethylhexyl) phthalate

iii. TTAH

Ensured detection of TTAH adsorption film formed on Cu in XPS and ToF-SIMS

Analyzed the surface of a Cu sample having TTAH adsorbed on it by means of

immersing a cleaned Cu coupon in an oil solution — PAO-2 + 0.01 wt.% TTAH
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for 3600 s (1 h) and ascertained that the resultant adsorbed layer can be detected

in both the instruments. The detection of the same was ensured by means of

i. N 1speak in XPS
ii.  TTA (CsHgN3) molecular ion mass peak at m/z = 132 in ToF-SIMS

negative mode

Monitored the chemical stability of the TTAH adsorption film

Left the Cu sample with TTAH adsorption layer obtained in the previous step in
clean atmosphere for =~ 120 h prior to repeating the XPS and ToF-SIMS

characterization on the same sample

Determined the primary ion beam for the most effective results in ToF-SIMS

There are three different primary ion beams available in the ToF-SIMS installed
in our facility — Au®, Aus", and Cg" either of which may be employed to
characterize sample surfaces. But the consistency and the nature of the resultant
secondary ion spectra may vary for these three primary ion beams depending
upon the chemical nature of the sample surfaces in consideration. Hence,
experiments were done to determine the primary ion beam that maximized the
detection of the larger fragments of secondary molecular ions relevant to the

TTAH adsorption film formed on Cu.
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3.4.2 Morphology of the TTAH adsorption film formed on Cu

Resolved the adsorption film structure: ARXPS study

For this purpose, a Cu sample with TTAH adsorption film formed as a result of
immersion in oil solution — PAO-2 + 0.01 wt.% TTAH for 24 h was consider.
ARXPS was done with four different take-off-angles (TOA) — 5°, 20° 45° and
90°. It revealed depth-sensitive information on the distribution of the involved
elements — N, Cu, O, and C in the adsorption film that was interpreted rationally

to determine the structure of the adsorption film.

Determined the adsorption film thickness: Tougaard analysis of XPS spectrum

Thickness of the organic over-layer formed on Cu was determined by means of
Tougaard’s method for XPS background analysis carried out on the survey
spectrum of the same sample as in the previous step. This method takes into
account the inelastic scattering of the photoelectrons and Auger electrons
originating from the Cu substrate while traveling through the organic over-layer
[Touse]. [Tou03] This phenomenon manifests in the XPS spectra as the background
signal on the higher binding energy (BE) sides of the Cu peaks. The survey scan
needed to be performed at energy steps of 0.4 eV. This analysis also rendered an

insight into the morphological continuity of the film.
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Resolved the adsorption film structure: ToF-SIMS study

This ToF-SIMS experiment, again, was carried out on a sample that was similarly
processed as to the one used in the prior XPS experiment. Secondary ion mass
spectra from the surface were acquired in the negative mode by means of Au®
primary ion beam with alternate sputtering intervals using the Cgo" ion beam. The
ion guns were operated at conditions mentioned earlier in section 3.3. This
rendered information on the depth-profile of various secondary molecular ions
involved in the adsorption film each of which were characteristically associated
with certain chemical component constituting the film. This information could
again be interpreted rationally to determine the overall morphology of the
adsorption film. This apart, secondary ion mapping in the imaging mode also

revealed information on the spatial continuity of the film.

Integrated results from ToF-SIMS and XPS

Based on the complimentary nature of information revealed by ToF-SIMS and
XPS, the hence obtained results from both the instruments under the initiative of
section 3.4.2 were integrated together to conclusively comment on the

morphology of the TTAH adsorption film formed on Cu in oily medium.
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3.4.3 Time dependent structural evolution of the TTAH adsorption film

Prepared multiple time interrupted immersion test samples

To capture the different stages of growth of the TTAH adsorption film on Cu, ten
different samples were prepared by immersing initially cleaned Cu coupons in the
same oil solution — PAO-2 + 0.01 wt.% TTAH for variable lengths of time
ranging from 1 s to 6.048 x 10° s (1 week). Ten different immersion times were
chosen for this study — 1 s, 60 s (1 min), 600 s (10 min), 1.2 Ks (20 min), 2.7 Ks
(45 min), 5.4 Ks (1.5 h), 10.8 Ks (3 h), 21.6 Ks (6 h), 86.4 Ks (24 h), 0.6 Ms

(1 week). All these samples were immediately characterized upon preparation.

Characterized the time interrupted immersion test samples

The surfaces of the above ten samples were characterized using XPS and ToF-
SIMS with the objective of investigating the chemical modifications taking place
at the surface with changing immersion time. More precisely, the present study
aimed to resolve the time-dependent interfacial interactions involved amongst the
various structural layers of the surface film. The experimental basis for this study
was to compare the compositional changes at the surface with increasing
immersion time. In XPS, this was accomplished by monitoring the atomic
concentrations and/or peak integrals of different elements — N, and O with respect
to Cu. In ToF-SIMS, the same was done by comparing the relative ratios of the
peak integrals of various characteristic secondary ion mass peaks normalized to

that of Cu ion peak. Integrating the XPS and ToF-SIMS results from all of these
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ten samples, a plausible model for the growth mechanism of the TTAH adsorption
film on Cu was suggested. ARXPS and ToF-SIMS depth-profiling experiments
were carried out for selective samples only so as to ascertain that the structural

layout of the adsorption film was consistent with increasing immersion time.

3.4.4 Effect of sulfide corrosive agents

= Optimized the process parameters:
i.  Weight % S to be added to the oil solution

ii.  Time scale for running hot immersion tests

= Studied the synergistic effect of active sulfur on TTAH adsorption film formation

In this initiative, surface characterization experiments were exclusively carried
out using XPS on a number of different samples prepared under different
conditions, respectively. Each of these tests aimed at revealing separate pieces of
critical information pertaining to the chemical interactions taking place on the Cu
surface at a molecular level. The testing conditions have been enlisted below. In
all these cases, the sec-butyl disulfide containing oil solution was preheated at
80°C for 24 h prior to immersing the Cu coupons in order to ascertain that a non-
limiting amount of active sulfur was already available in the oil solution to react
with the Cu surface immediately upon immersion. Under the present initiative, a

freshly cleaned Cu coupon was immediately immersed in
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PAO-2 Oil + 0.01 wt. % TTAH + 0.72 wt.% S for 60 s (1 min):
Revealed information on the relative interaction kinetics of TTAH and

active S with the Cu surface in the initial stage

PAO-2 Oil + 0.01 wt. % TTAH + 0.72 wt. % S for 6.048 x 10° s (1
week): Revealed the degree of effectiveness of TTAH in protecting Cu
from sulfide corrosion. ARXPS revealed the depth-sensitive
distribution of S atoms in the surface film which was interpreted in

terms of Cu sulfide corrosion mechanism in the presence of TTAH

PAO-2 oil + 0.01 wt. % TTAH for 3600 s (1 h) at room temperature
and then immediately immersed in PAO-2 oil + 0.72 wt. % S at 80°C
for 6.048 x 10° s (1 week): Resolved whether the protective TTAH
adsorption film formed on Cu is static in nature or otherwise. This
piece of information complimented with more optimization
experiments in perspective to a particular application can be utilized
by industries to minimize the level of corrosion inhibitor concentration

to be maintained at all times in the medium.

PAO-2 oil + 0.01 wt. % TTAH for 3600 s (1 h) at room temperature
and then immediately immersed in PAO-2 oil + 0.01 wt. % TTAH +
0.72 wt. % S for 6.048 x 10° s (1 week): Justified if a pre-coat of the
TTAH adsorption film at room temperature more effective in

protecting the Cu surface from sulfide corrosion at elevated
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temperatures. More importantly, this experiment also shed light on the

rate controlling step in the TTAH film growth mechanism.

3.4.5 0" isotope tracer study in ToF-SIMS to understand the role of surface oxide

= |n this piece work, an attempt was made to follow the oxygen present initially in
the surface copper oxide and hence, better understand its role in the surface film
formation. For this purpose, a freshly cleaned Cu coupon was intentionally
oxidized in O atmosphere at 80°C for 1 h. It was then immersed in PAO-2 oil +
0.01 wt. % TTAH + 0.72 wt. % S at 80°C for 6.048 x 10° s (1 week). The
resultant sample surface was exclusively characterized using ToF-SIMS to obtain
a depth-profile of various secondary molecular ions constituting of 0. This

illustrated the ongoing surface reactions involving the surface oxide.

The results for all the above experiments are presented in the following chapter. From a
scientific standpoint, integrating these results allows a comprehensive mechanistic
description of TTAH adsorption on Cu in oily medium, its growth with time, and the

synergistic effect of active sulfur on the protective film which are discussed in chapter 5.
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Chapter 4

Results

This chapter presents all the relevant experimental results obtained in the course of this
PhD project. The results are laid out in five separate categorizes based on the logistics of
their experimental design, which is discussed in section 3.4. Section 4.1 deals with the
process control results, whereas sections 4.2 and 4.3 focus on the results obtained towards
determining the structure of the TTAH adsorption film formed on Cu in PAO-2 oil and
its temporal growth, respectively. Section 4.4 considers the results on Cu corrosion in
sulfide solution and, finally, section 4.5 lists the O*® isotope tracer study results obtained

towards understanding the role of surface oxide in the TTAH adsorption process.

4.1 Process Control

4.1.1 Cu Surface Preparation

The as-received Cu foil was characterized for its surface composition using XPS, the
result for which is shown in Fig. 4.1. As suggested by the survey spectrum, the surface
was covered with a thick layer of some unknown carbonaceous material which might be
an intentional coating done by Sigma Aldrich to protect the Cu surface or possibly be
residual oil on the surface from mechanical processing of the foil. In order to conduct the
corrosion inhibitor adsorption study on Cu, it was important to obtain a clean Cu surface
with consistent composition. Understanding the adsorption behavior of TTAH on both

native oxide (Cu,0) and pristine Cu metal (Cu®) is of scientific interest. It has practical
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significance as well because in applications corrosion inhibitors are used in both
mechanically static and dynamic systems. In the former case, the surface usually has a
substantial native oxide layer, whereas in the latter case, fresh Cu metal is continuously
exposed at the surface. The primary focus of the present work was set at understanding

the TTAH adsorption behavior on pristine metallic Cu surface.
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Fig. 4.1: XPS survey spectrum of as-received Cu foil.

Following suggestions from the literature ™“***!, to obtain a chemically stable pristine Cu
surface, the as-received coupon was cleaned using a 2M HNO3 for 300 s (5 min). XPS
survey spectrum and the chemical composition of the resultant surface is shown in
Fig. 4.2 (a). It suggests the presence of a uniform Cu,O layer throughout the analyzed
volume based on the Cu to O atomic ratio of 2.1. The carbon present on the surface was
associated to airborne molecular contamination (AMC). The surface was chemically

stable with time and even after exposure to clean atmosphere for 4.32 x 10° s (5 days) the
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surface composition was practically unaltered, as shown in Fig. 4.2 (b). The Cu to O

atomic ratio had only changed to 2.0. Increasing the acid-treatment time did not help to

obtain an oxide free Cu surface and as a matter of fact, it deteriorated the surface

condition by forming nitrates on the surface.
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Fig. 4.2: XPS survey spectra of 2M HNOgs-treated Cu coupon.
(a) Analyzed immediately. (b) Analyzed after 5 days.

In further efforts to obtain a pristine Cu surface, the as-received Cu coupon was treated

with an equi-volume acid mixture of 2M HNO3; + H3PO,4 + CH3COOH (NPA) for 300 s

(5 min), which proved to be successful. The XPS survey spectrum and the composition of

the hence obtained surface is shown in Fig. 4.3. The O content of the surface was 1 at. %.

It is estimated that in XPS, a Cu surface with only the first layer of unit cells converted to

Cu,0 should result in an O content of = 8 at. %. Hence, it was concluded that the Cu

surface was in pristine condition, i.e., zero oxidation state. This surface was found to be

reproducible. In order to study the chemical stability of this surface, an acid-roughened

Cu surface in pristine metallic condition was exposed to clean atmosphere for 900 s
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(15 min) and then characterized again. The surface composition remained unaltered. This
IS in accord to the suggestions made in the literature that acid-roughened sample surfaces

are chemically more stable than mechanically polished samples.
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Fig. 4.3: XPS survey spectrum of 2M NPA-treated Cu coupon.

4.1.2 Fingerprints of Individual Components

It was necessary to distinctly identify each of the individual chemical entities that might
be present on the surface layer in the course of this project for the effective
characterization of the adsorption films formed on Cu surface. In this endeavor, the first
assignment was to differentiate between Cu, Cu,O, and CuO, more importantly in XPS.
Pristine Cu and Cu,O were obtained in the same fashion as discussed in the prior section.
To obtain CuO, a Cu coupon with pristine surfaces was heated in a tube-furnace at 600°C

for 1 h. All the three samples were subsequently characterized in XPS. The survey
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spectra for uniform Cu and Cu,O are shown in Fig. 4.2 and Fig. 4.3, respectively,
whereas the one for homogenous CuO is shown in Fig. 4.4. The Cu to O atomic ratio in

each of these cases suggests Cu, Cu,0, and CuO, respectively.
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Fig. 4.4: XPS survey spectrum of CuO.

Cu associated with different chemical species — pristine metal, Cu,O, and CuO, was
differentiated on the basis of Cu 2p and Cu L3M45M4 5 peak shape and position analysis
as illustrated in Fig. 4.5. The former consists of two photo-electron peaks separated by ~
19.8 eV corresponding to 2ps, and 2pi» non-degenerate orbitals. For pristine Cu, the
2p32 and 2p1/, peaks appeared at 932.8 eV and 952.6 eV, respectively. The Cu LsMysMys
peak, often referred to as the Cu L3MgsMgs line or simply as the Cu LMM line, is in
reality a convolution of four different Auger peaks corresponding to four energetically
very closely spaced Auger transitions - LsMsMy LsMsMs  LsMsMy, and LsMsMs. The
binding energy (BE) positions of the Cu 2p peaks were identical for all the three forms of

Cu — pristine metal, Cu,O, and CuO. In fact, peak width broadening was the only
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noticeable difference in those peaks in the increasing order of Cu oxidation state. But as
shown in Fig. 4.5 (a), for Cu associated to CuO both Cu 2ps, and 2p1/, peaks had smaller
satellite peaks at = 10 eV separations to the higher BE side of the main peaks. These
satellite peaks are caused by phonon excitation behavior in the CuO crystals and is a
crystal-structure sensitive phenomenon. This feature is completely missing in the case of
Cu,0 and Cu. Hence, the presence of CuO was distinctly identified by the satellite pre-
peaks to the Cu 2p peaks. Cu associated to Cu,O and pristine metal (Cu®) were
differentiated on the basis of the Cu L3M45M, 5 peak position. For Cu’, the corresponding
Auger electrons had predominantly a characteristic kinetic energy (KE) of 918.6 eV,
whereas the same for Cu,O were detected at KE of 916.6 eV. Converting to the BE scale,
the LsM4sMas peaks for Cu in pristine metallic condition and Cu,O appeared

predominantly at 568 eV and 570 eV, respectively, as shown in Fig. 4.5 (b).
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Fig. 4.5: Comparison of (a) Cu 2p (b) Cu L3sM,sM, s peaks acquired on Cu surfaces
treated in different ways.
Oxygen associated to Cu,0 and CuO were also differentiated based on the BE shift in the

O 1s peak. This is illustrated in Fig. 4.6. The O1s peak for CuO was detected at BE of

529.7 eV, whereas for Cu,0 the peak shifted by 1 eV to the higher binding energy side to

a value of 530.7 eV.
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Fig. 4.6: Comparison of O 1s peak acquired on Cu surfaces treated in different ways.
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It was of considerable interest to figure out whether ToF-SIMS can differentiate between
the three states of Cu that were in consideration above, though not directly useful for the
objectives of the present project. For this purpose, all the three reference samples as used
for the XPS study were characterized by ToF-SIMS using all the three available primary-
ion (P1) beams — Au®, Aus", and Cgo" in the positive secondary-ion (SI) detection mode.
For each case, the peak integrals of certain characteristic SI mass peaks normalized to the
Cu" peak were recorded. Comparative bar-graphs showing these results are plotted in Fig.
4.7, where (a), (b), and (c) display the results for Aus*, Au®, and Cg", respectively. The
results suggested that all the three Pl beams were able to differentiate between the three
chemical forms of Cu. Irrespective of the Pl beam, the differences amongst the three
forms of Cu were most visible for larger mass fragments — Cu,", Cu,H", Cus", and
CuzH", but Au® and Cg" were more effective over Aus™. For an Au® Pl beam, the SI
yields of these larger fragments were significantly higher for Cu,O followed by Cu and
CuO in that order. On the other hand, for a Ceo" Pl beam, the SI yields for the same
fragments were appreciably higher for Cu followed by Cu,O and CuO in respective
order. However, considering relative-yield based statistical-reliability, Cg® was
concluded to be the most reliable Pl beam to differentiate between the three forms of Cu

in consideration.
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The second assignment was to fingerprint bis(2-ethylhexyl) phthalate which was used to

pre-dissolve the corrosion inhibitor tolyltriazole (TTAH) owing to its limited solubility in

PAO-2 oil directly. This was carried out in ToF-SIMS using both Au™ and Cg," PI beams in

positive and negative Sl detection mode. Irrespective of the Pl beam, the positive ion

detection mode was able to fingerprint the compound better. Two characteristic mass peaks

were identified in this mode — (m/z) = 149 corresponding to CgHsO3", and (m/z) = 391

87



corresponding to the intact molecular ion C,;HssO4". However, the yield of the intact

molecular ion was significantly higher for Au* Pl beam as compared to that of C¢,* Pl beam.

Fig 4.8 (a) displays the positive SI mass spectrum for bis(2-ethylhexyl) phthalate deposited

on a Cu coupon acquired by the Au® P1 beam in the relevant m/z scale. Fig. 4.8 (b) is a bar-

graph comparing the relative yields of various positive SI mass fragments normalized to the

CgHsO3" vyield in respective cases of the two Pl beams. The Au® Pl beam was more

effective in generating an even yield-distribution of mass fragments.
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Fig. 4.8: (a) Positive ion mass spectrum for bis(2-ethylhexyl) phthalate acquired by Au*
Pl beam (b) Comparison of secondary ion yield distribution acquired by Au® and Ce" PI
beams normalized to CgHsO5" yield in respective cases.

PAO-2 oil was then characterized using ToF-SIMS in exactly the same fashion as that of
bis(2-ethylhexyl) phthalate. The results for the same are shown in Fig. 4.9. Fig. 4.9 (a)
shows the positive SI mass spectrum for PAO-2 oil deposited on a Cu coupon acquired
by the Au® PI beam. The mass spectrum revealed that at lower m/z, predominant mass
peaks appeared in pairs that were separated by 12 a.m.u corresponding to the mass of a C
atom. Within each pair, the two mass peaks were separated from each other by 2 a.m.u
corresponding to the mass of two H atoms. However, at higher m/z, this pattern
broadened out due to a larger concentration of H atoms in the molecular ion fragments.
This led to a higher probability of forming larger number of SI fragments differing by 1
a.m.u. Fig. 4.9 (b) shows a comparison of the relative yields of various SI fragments
acquired with Au™ and Cg" PI beams normalized to the CsH-" yield in respective cases.
As in the case of bis(2-ethylhexyl) phthalate, the Au®™ Pl beam was able to generate a

more uniform yield-distribution of mass fragments.
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Fig. 4.9: (a) Positive secondary ion mass spectrum for PAO-2 oil acquired by Au* Pl
beam (b) Comparison of secondary ion yield distribution acquired by Au™ and Cgo" PI
beams normalized to C3H;" yield in respective cases.

Absence of SI mass peaks involving any element other than C, H, and O in ToF-SIMS
characterization of the PAO-2 oil illustrated that the oil is an extremely pure form of
hydrocarbon. Moreover, in the positive Sl detection mode, there were no significant Sl

mass peaks of the type CxH,O,, which suggested that the oil was strictly of the form CxHy

with no apparent tendency to oxidize under the experimental conditions. Bis(2-
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ethylhexyl) phthalate and PAO-2 oil could not be directly characterized in XPS owing to
its delicate UHV (ultra-high-vacuum) system. An attempt was made, but due to relatively

high vapor pressures of these compounds the vacuum of the XPS was broken.

4.1.3 Adhesion of PAO-2 Qil and Bis(2-ethylhexyl) phthalate on Pristine Cu Surface

To study the adsorption behavior of TTAH on pristine Cu surface, it was important to
ascertain if the other two components present in the system — bis(2-ethylhexyl) phthalate,
and the oil itself, had any adhesive tendency towards the metal surface that could lead to
a competitive adsorption process. For this purpose, NPA cleaned Cu coupons resulting in
pristine surfaces were immersed in PAO-2 oil and bis(2-ethylhexyl) phthalate,
respectively, without any additives for 3600 s (1 h). Subsequently, these samples were
cleaned in the standardized process using toluene followed by XPS surface
characterization. The results are shown in Fig. 4.10 and Fig. 4.11 for PAO-2 oil and
bis(2-ethylhexyl) phthalate immersed samples, respectively. In either case, there was no
carbon pick up, which shows that neither of the organic solvents had any adhesive
affinity to the Cu surface. This conclusion is supported by the ToF-SIMS results
presented in Fig. 4.8, and Fig. 4.9 of the previous section. For the corresponding ToF-
SIMS experiments, even though both the organic solvents were deposited on Cu surfaces
respectively, no secondary ion mass peaks of the types Cu,CxHy or Cu,CyH,O, were
detected. This supports the fact that both of these organic solvents in consideration do not

form any kind of adsorptive bond with the Cu surface.
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Fig. 4.10: XPS survey spectrum of Cu surface after being immersed in PAO-2 oil for
3600 s (1 h).
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Fig. 4.11: XPS survey spectrum of Cu surface after being immersed in bis(2-ethylhexyl)
phthalate for 3600 s (1 h).

As suggested by the above XPS results, both the organic solvents appeared to oxidize the
Cu surface. The Cu coupons had undergone partial oxidation in the analyzed volume, the
extent of oxidation being more severe in the phthalate as compared to the oil. This is
attributed to the sufficiently large amounts of dissolved oxygen in these solvents. In order
to ascertain that the increase in oxygen at the surface was due to the oxidation of the Cu

surface and to understand the chemical nature of the oxide being formed, the Cu 2p,
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Cu L3sMysM4 5 and O 1s peaks for both the cases were closely inspected, which are shown

in Fig. 4.12 (a), (b), and (c), respectively. In either case, the Cu 2p peaks did not show

any satellite pre-peaks confirming the fact that there was no formation of CuO. The O 1s

peaks were detected at 530.7 eV establishing the formation of Cu,0. The Cu L3M45My5

line confirmed the same. For the phthalate immersed sample, the intensity of the LMM

peak at 570 eV (corresponding to Cu® in Cu,O) relative to the peak at 568 eV

(corresponding to Cu®) was far greater than that for a freshly cleaned Cu sample. The

same was intermediate for the oil immersed sample.

—r 7T —— T 0.10 ——
Cu immersed in PAO: Post Cleaning (TOA: 45°) |1 Cu immersed in PAO: Post Cleaning (TOA: 45°) {
1.0 Cuimmersed in Pthalic acid: Post cleaning - 0.09 Cu immersed in Pthalic acid: Post cleaning n
: J —— Cu NPA Cleaned
09 I— Cu NPA Cleaned ‘ .
- 7 0.08 |- Ols -
Cu 2p3/2 1 i ]
- o L ] 007 ! -
3 07f ] !
2 L £ 006 ! 4
€ 06 ) € =
3 Cu2pl/2 3 005} CUZO : i
Sost 8 :
| ' 2004 i 4
@ 04} @ H
5 = .
Z 03} g 003 i
o3 = 002k _ P T s =
e 4
01 0.01 |- 4
0 0 [ i 1 A 1 i 1 i 1 e 1 i L i 1 i 1 A 1 A 0 OO 1 1 1 1 , 1 1 L 1 1
975 970 965 960 955 950 945 940 935 930 925 535 534 533 532 531 530 529 528 527 526 525
Binding Energy (eV) Binding Energy (eV)
(@ oa RS- (b)
Cu immersed in PAO: Post Cleaning (TOA: 4502
Cu immersed in Pthalic acid: Post cleaning|
Cu NPA Cleaned N Cu LMM B
i\
03 |- : A -
T a————2% JiA
3 Cu ! 4R\
73 ! /|
Iz d 78R\
= ; A
o 02} ! / '..',\ .
£ /i \
= /o \
z S| \
[ — ) \ 2
s — | A
= on E \!
00 L 1 2 1 2 1 2 1 2 3 1 1 1 1 1
580 578 576 574 572 570 568 566 564 562 560

Binding Energy (eV)
C

Fig. 4.12: (a) Cu 2p (b) O 1s (c) Cu LsM4sMy s peaks for Cu samples immersed in PAO-2
oil and bis(2-ethylhexyl) phthalate.
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4.2 Characterization of TTAH Adsorption Film on Cu

This section presents the ToF-SIMS and XPS results on the characterization of the TTAH
adsorption film formed on Cu. The focus was to understand the chemical composition
and the morphology of the surface film. For this purpose, Cu samples immersed in
0.01wt. % (100 ppm) TTAH-containing oil solution for 8.64 x 10" s (24 h) were
primarily considered and in this entire section unless and until specified otherwise, the
samples are to be assumed so. This section illustrates the presence of two distinct TTAH
adsorption layers in the surface-film and also confirms the presence of a Cu,O under-

layer.

4.2.1 ToF-SIMS Characterization

The adsorption film was analyzed in ToF-SIMS using both Au® and Cg" Pl beams. The
corresponding negative SI mass spectra are shown in Fig. 4.13 (a) and (b), respectively.
In both cases, nitrogen-containing fragments from TTAH were detected, which
confirmed the formation and detection of the TTAH adsorption layer. However, the
fragmentation pattern generated by the Au™ Pl beam was found to be more suitable for
the characterization of surfaces relevant to the present context. With the Au™ P1 beam,
high intensity peaks for intact molecular ions of TTAH, i.e., TTA", and its complexes
with Cu — [(TTA),Cu]’, and [(TTA)sCu,] were recorded, which was not the case for Cgo"
Pl beam. The detection of large fragments of TTAH-Cu complexes like these ascertained
the formation of a polymeric adsorption film. For either of the Pl beams, the positive Sl

spectrum did not reveal any information pertaining to the TTAH adsorption on Cu.
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However, as shown in Fig. 4.14, with Au® Pl beam it did reveal the presence of PAO-2
oil and bis(2-ethylhexyl) phthalate in the surface film, although their intensities were
insignificantly small. These peaks were observed to disappear on sputtering for 10 s with
Ceo" ion beam over a 500 pum x 500 pm raster area. This can be explained on the basis
that although, the oil and the phthalate do not have any adhesive tendency towards the Cu
surface directly, but these organic molecules are likely to experience an attractive force
from the organo-metallic adsorption film formed by TTAH on the Cu substrate and

hence, adhere on top of the latter.
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Fig. 4.13: Negative SI mass spectrum for a TTAH adsorption film on Cu formed upon
immersion in oil solution for 8.64 x 10*s (24 h) acquired by (a) Au* (b) Cso" PI beam.
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Fig. 4.14: Positive SI mass spectrum of TTAH adsorption film on Cu formed upon

8.64 x 10*s (24 h) immersion in oil showing the presence of PAO-2 oil and bis(2-
ethylhexyl) phthalate in the film.

From this point on, all the TOF-SIMS mass spectra reported in this chapter were

exclusively analyzed by the Au® PI beam, whereas sputtering was always done with the

Ceo" beam. Table 4.1 lists some of the important negative Sl fragments that were relevant

to the characterization of the TTAH adsorption film formed on Cu.

Fragment Formula | Acronym Mass: m/z (a.m.u)
Cu’ 62.930
CuO’ 78.925
Cu(CHN)~ 89.941
CuNy 90.936
CuOy 94.919
C7HgN 104.050
CuC,N,° [Cu(CN),] 114.936
C7HgN3 [TTAT 132.056
CgHeN4Cu [TTACuU(CN)] 220.989
CoHgNsCuy’ [TTACu2(CN),] 309.922
C14H12NgCU [TTAZCU] 327.042
CisH12N;Cuy [TTAZCUZ(CN)] 415.975
Cy1H1gNoCuy” [TTA3CU2] 522.028

Table 4.1: Negative S| fragments acquired by Au* Pl beam on 8.64 x 10*s (24 h)
immersed TTAH adsorption film on Cu.
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Some of the SI fragments listed in Table 4.1 that are directly related to the TTAH
adsorption film were imaged over a 250 um x 250 pm area to examine the spatial (X-Y
plane) continuity of the adsorption film. Selective images that were well representative
of the general surface condition are shown in Fig. 4.15. As revealed by these images, the
TTAH adsorption film was continuous and uniform over the X-Y plane. The diagonal

striations observed in these images correspond to the initial Cu surface texture.

CrHgN3-132.01 C1 4H1 2NgCU - 326 91 CaNaCu- 11491
Cts: 301074; Max: 16; Scale: 100um Cts: 212261; Max: 13; Scale: 100um Cis: 78299; Max: 7, Scale: 100um

(a) (b) (©)

Fig. 4.15: Spatial mapping of (a) [TTA] (b) [(TTA)2Cu] (c) [Cu(CN)2]
(d) [TTACu(CN)I
In the next undertaking, a depth-profile analysis was carried out in ToF-SIMS with the
objective to understand the internal structure of the surface film. Peak integrals of the
relevant SI fragments were normalized to that of the Cu peak and subsequently plotted
against sputtering time. Depth-profile plots for selective SI fragments are shown in Fig.
4.16. Note, the profiles for [TTA], and [(TTA).Cu]  differ from those of [Cu(CHN)] and
[Cu(CN)2]. The normalized peak integrals for the former set of ions decline
monotonously with sputtering time to reach an asymptotic value of 0. The decline is rapid
in the first 30 s of sputtering, beyond which, it slows down to finally reach its asymptotic
value at = 200 s, beyond which, the peaks practically disappear. However, for the latter

set of ions — [Cu(CHN)] and [Cu(CN)2]’, the normalized peak integrals initially decrease
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with sputtering time up to = 75 s, beyond which, an increase is observed reaching a

maximum at = 360 s before decaying to lower values.
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Fig. 4.16: Sputter depth-profiles for SI fragments relevant to TTAH adsorption film
formed upon 8.64 x 10*s (24 h) immersion.

Increase in the intensities of smaller fragments like [Cu(CHN)], and [Cu(CN),]” while

those of the larger fragments like [(TTA),Cu] are decreasing, can be explained in two

ways: (a) these two sets of secondary ions predominantly identify two distinct layers in
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the surface film having dissimilar chemical environments, or (b) it may be a
fragmentation artifact resulting from a damaged surface caused by the ion beams.
However, based on the following reasons, the former explanation is reasonable. Firstly,
beam-induced fragmentation should be accompanied by increasing intensity of smaller
fragments. This, however, was not observed. Intensities for both sets of secondary ions
were decreasing with sputtering up to = 75 s. Moreover, the operative ion dose densities
were approximately 1/100™ of the reported static limit for such systems. Lastly, the depth
profiles of these secondary ions were found to be reproducible. Based on these accounts,
it was concluded that these two sets of secondary ions — [(TTA).Cu], and [Cu(CN),],
predominantly identify two chemically distinct layers in the surface film. For [CuO]’, the
normalized peak integral increases with sputtering time up to = 360 s, beyond which, it
decreases progressively to lower values. Note, the time of maximum for [CuO]" coincides
with that of [Cu(CN);]". Fig. 4.17 displays the surface acquired images for [(TTA).Cu],
[TTA], and [Cu(CN),] at progressive sputter-time intervals recorded in the course of the

depth-profiling experiment. These images substantiate the information obtained from the

depth-profile plots discussed above.
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Fig. 4.17: Surface acquired images for [(TTA),Cu], [TTA], and [Cu(CN),] after
sputtering for (a) t=0s (b)t=120s(c)t=360s (d)t=600s (e) t=810s (f) t = 1080 s.
All markers represent a length of 200 pm.

Similar depth-profile experiments were carried out for few more selective immersion
times. It was observed that for immersion times of 2.16 x 10* s (6 h) and higher, the depth
profiles were qualitatively similar. However, for immersion times below 2.16 x 10* s (6
h), the smaller fragments in consideration — [Cu(CHN)] and [Cu(CN).]’, had a marked
difference in their depth profiles. These no longer show the initial decreasing segment
with sputtering time and instead, start increasing right away, reaching a maximum and

then decaying. The profiles for [(TTA).Cu], [TTA], and [CuO] were qualitatively
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similar to the earlier considered case of 8.64 x 10* s (24 h) immersion. The maxima for
[Cu(CN)2]" and [CuO] were still achieved at comparable sputtering times. To better
illustrate this, the results on the depth-profile analysis of a 1.08 x 10° s (3 h) immersed Cu
sample are shown in Fig. 4.18. In comparison to the 8.64 x 10* s (24 h) immersed sample,
the normalized peak integral values are in general lower for [(TTA).Cu], and [TTA],
whereas it is higher for [Cu(CN),]. However, in both cases, the rate of drop in the
normalized peak integrals of [TTA]", and [(TTA),Cu] in comparable range of magnitude
are effectively similar. Also, the sputter time length at which the maxima for [CuQO]’, and

[Cu(CN)]  are reached, is similar to that of the 8.64 x 10* s (24 h) immersed sample.
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Fig. 4.18: Sputter depth-profiles for SI fragments relevant to TTAH adsorption film
formed upon 10.8 Ks (3 h) immersion.
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4.2.2 XPS Characterization

To ensure the detection of the TTAH adsorption film in XPS, a survey spectrum was
recorded at the outset. This is shown in Fig. 4.19. Cu, O, N, and C were the only elements
detected. An intense N 1s peak confirmed the presence of the adsorption film as no other
chemical component involved in the system other than TTAH contained nitrogen. The

surface composition as calculated form the survey spectrum is shown in Table 4.2.
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Fig. 4.19: XPS survey spectrum for TTAH adsorption film on Cu formed upon
8.64 x 10*s (24 h) immersion in oil.

Element | Atomic %
Cu 9
N 18
@) 14
C 59

Table 4.2: Surface composition for TTAH adsorption film on Cu formed upon
8.64 x 10*s (24 h) immersion in oil.
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As the above table suggests, there was an excess of C assuming that TTAH was the only

source of carbon. Approximately, 40 at. % C was
The additional C was concluded to be associated

the adsorption film as suggested by the ToF-SI

expected for this assumption to be true.
with the adherent PAO-2 oil on top of

MS results reported in the prior sub-

section. There was also an excess of O even if the entire Cu was assumed to be oxidized

to CuO. Hence, to understand the chemical natur

e of all the elements in greater details,

high resolution data was acquired for Cu 2p, Cu L3sM4sMys, O 1s, N 1s, and C 1s peaks,

which are shown in Fig. 4.20 (a)-(e), respectively.
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Fig. 4.20: XPS multiplex scans for (a) Cu 2p (b) O 1s (c) Cu L3sM4sM45 (d) N 1s (e) C 1s
peaks for TTAH adsorption film on Cu formed upon 8.64 x 10*s (24 h) immersion in oil.

Fig. 4.20 (a) shows the Cu 2p peaks for samples that were immersed for 8.64 x 10* s (24
h) and 6.05 x 10° s (1 week). There were no satellite peaks in either of the cases, hence,
ruling out the formation of CuO for all immersion times up to 6.05 x 10° s (1 week).
Note, detection limits in XPS typically range from parts per thousand to parts per million.
All the other peaks reported in this figure, for the rest of the elements in consideration,
are exclusively for immersion time of 8.64 x 10* s (24 h). Fig. 4.20 (b) shows the O 1s
peak which indicates the presence of O in two distinct chemical states — Cu,O
corresponding to the peak at 530.7 eV, and H,O corresponding to the peak at 532.8 eV.
The former accounted for = 30 % of the total oxygen detected and hence, 4 at. % in the
total surface composition based on the numbers shown in Table 4.2. This illustrates that
the Cu in the analyzed volume is partly present in the form of Cu,O. Although, for
heterogeneous analysis volumes, like the one in consideration, quantification of the

atomic fractions are not sufficiently accurate, as they are based on the assumption of
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homogenous analysis volume. Hence, for the rest of this chapter, surface compositions
are evaluated on the basis of intensity-peak integrals and their relative ratios for the

different elements in consideration.

The Cu LsM4sMy45 Auger line is comprised of four distinct peaks — 565 eV, 568 eV, 570
eV, and 572 eV in the BE scale, which were de-convoluted as shown in Fig. 4.20 (c). As
mentioned earlier in section 4.1.2, the peak at 568 eV corresponds to metallic Cu,
whereas the one at 570 eV corresponds to Cu,O. The peak at 572 eV corresponds to Cu-
N bonding signifying TTAH adsorption. The peak at 565 eV is a part of the characteristic
peak-shape of the primary metallic peak at 568 eV. Hence, for all calculation purposes
beyond this section, the peak at 565 eV was ignored. The relative fraction of these four
peaks were 7 %, 30 %, 36 %, and 27 % in the order of increasing BE scale position of the
peaks, respectively. The N 1s peak for the same sample is shown in Fig. 4.20 (d). The
peak was best fitted to be de-convoluted into two separate peaks — 400 eV, and 401 eV.
The relative fractions of these two peaks were 75 % and 25 %, respectively. These
individual peaks did not correspond to the different N atoms in the azole ring of the
TTAH molecule. Even though for azides, the aliphatic analogue of azoles, distinct
identification of the three N atoms in XPS is well established, but for azoles it is
practically impossible due to substantial resonance-stabilization in the azole ring
especially when they are attached to the benzene ring as in the case of BTA and TTA
ions. Hence, all the three N atoms from the same molecule of TTA™ were assumed to have

the same BE. On this basis, it was concluded that the two de-convoluted peaks of N
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rather identified the two chemically distinct layers of the TTAH adsorption film that were

revealed by the ToF-SIMS results presented in the prior sub-section.

The C 1s peak for the same sample is shown in Fig. 4.20 (e). It was not possible to de-
convolute this peak in a reasonable manner so as to differentiate between carbon from the
oil and the corrosion inhibitor molecules. This is because C from both the organic
compounds have similar BE and the difference is below the resolution limit of XPS.
Consequently, in this chapter, focus has been laid upon the quantitative analysis of Cu, O,
and N, but not C. However, the C 1s peak did not show the presence of any significant
amount of adventitious carbon, which usually appears at much higher binding energies

corresponding to organic acids and ketones.

Tougaard background-shape analysis was carried out on the XPS survey spectrum shown
in Fig. 4.19 in the vicinity of the Cu 2p peak in order to determine the TTAH adsorption
film thickness formed on Cu and the morphology of the surface-film after 8.64 x 10* s
(24 h) of immersion. This analysis is based on the kinetic energy (KE) loss undergone by
the characteristic photo-electrons while travelling from sub-surface regions towards the
free surface that manifests as the difference in the shape of the backgrounds on the higher
and lower BE sides of the photo-electron peak. Hence, the IMFP of the photo-electrons,
which in turn depends on the characteristic KE of the photo-electrons, and the depth from
which these photo-electrons are travelling are the two key parameters involved in this
analysis. The analysis carried out on the Cu 2p photo-electrons with an appropriately
chosen IMFP of 1.0 nm for the given system suggested a uniform coverage of = 2.5 nm

organic over-layer on Cu. This is in accord to the ToF-SIMS results presented in the prior
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sub-section, which also revealed a continuous coverage of Cu by the adsorption film.
Note, the Tougaard analysis cannot differentiate between the TTAH adsorption layer and
the adhered PAO-2 oil layer atop and hence, the estimate of 2.5 nm represents the upper
limit of the TTAH inhibitor layer thickness. The best background curve-fit between the
modeled and experimental backgrounds obtained for the aforementioned conditions is
shown in Fig. 4.21. Similar analyses were carried out for other immersion times as well,
but the resulting differences in film thickness were too marginal to be analyzed by this

method.
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Fig. 4.21: Tougaard background curve fitting in the vicinity of Cu 2p peak for a

8.64 x 10*s (24 h) immersed sample with 2.5 nm uniform organic over-layer.
Next, an effort was made to determine the depth-structure of the surface film by means of
ARXPS. This study was exclusively carried out on a Cu sample immersed in 100 ppm
TTAH oil solution for 5.4 x 10 s (1.5 h). High-resolution data was acquired in XPS at
multiple take-of-angles (TOA) of 5°, 20°, 45° and 90° for Cu L3sM45Mys, O 1s, and N 1s

peaks, which are shown in Fig. 4.22 through Fig. 4.24, respectively.
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As stated earlier, the Cu L3sMjsMass peak was de-convoluted into three peaks — 568 eV,

570 eV, and 572 eV signifying metallic Cu, Cu,0, and Cu bonded to N, respectively. The

integral (over BE) for each of these individual peaks were recorded and compared. The

relative fraction of the peak at 572 eV decreased with increasing TOA, whereas the same

for 568 eV peak increased with increasing TOA. This illustrated that the Cu bonded to

TTAH was closer to the free surface.
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Fig. 4.22: Cu L3M,5My 5 peak acquired at TOA (a) 5°(b) 20°(c) 45° (d) 90°.
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Similarly, the O 1s peak was de-convoluted into two peaks — 530.7 eV, and 532.8 eV
corresponding to Cu,0, and H-0O, respectively. Evidently, the relative fraction of the O 1s
peak at 530.7 eV increased with increasing TOA suggesting that the H,O layer was

present closer to the free surface relative to the Cu,O layer.
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Fig. 4.23: O 1s peak acquired at TOA (a) 5° (b) 20° (c) 45° (d) 90°.
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Finally, for the N 1s peak that was de-convoluted into 2 peaks — 400 eV, and 401 eV, the
relative fraction of the former increased with increasing TOA suggesting a bi-layered

structure in the TTAH adsorption film formed over Cu.
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Fig. 4.24: N 1s peak acquired at TOA (a) 5° (b) 20° (c) 45° (d) 90°.
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To determine the overall structure of the film, the following peak-integral ratios were

calculated and plotted against TOA, which are shown in Fig. 4.25.

= Cu L3MysM45 peak at 568 eV (Cupm) to Cu L3MysM45 peak at 570 eV (Cu,O):
As shown in Fig. 4.25 (a), it increases monotonously with increasing TOA. This
confirms the obvious, that the Cu,O layer was formed above the metallic

substrate.

= O 1speak at 530.7 eV (Cu20) to convoluted N 1s peak: Shown in Fig. 4.25 (a), it
also increases monotonously with increasing TOA, illustrating the presence of

Cu,0 layer under the N-containing layer, i.e., the TTAH adsorption film.

= O 1s peak at 532.8 eV (H,0) to convoluted N 1s peak: This is again shown in the
same figure, revealing a monotonously decreasing pattern with increasing TOA

that suggests the presence of H,O above the N-containing layer.

*  Cu L3MysMys peak at 570 eV (Cu0) to Cu L3MysMys peak at 572 eV (Cu-N):
This plot, shown in Fig. 4.25 (b), confirms the presence of Cu,O layer below the
Cu layer that bonds to N from the TTAH molecules based on its monotonously

increasing pattern with increasing TOA.

= N 1speak at 400 eV to N 1s peak at 401 eV: This graph is shown in Fig. 4.25 (c),
which shows a monotonously increasing pattern with increasing TOA suggesting
that the TTAH adsorption layer with predominant N 1s peak at 401 eV was
spatially above the other, chemically distinct, TTAH adsorption layer with

predominant N 1s peak at 400 eV.
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Fig. 4.25: Plots of peak-integral ratio vs. TOA for various elemental peaks.

Finally, the structure of the surface film was inferred by integrating the results obtained
from ToF-SIMS depth-profile analysis, and ARXPS. The resulting structure is shown in
Fig. 4.26. The O 1s peak at 532.8 eV may have a component of metallic hydroxides as
well, but the film structure that has been determined is not compatible with the formation

of copper hydroxides at the top most layer.
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Fig. 4.26: Proposed structure for the surface film

4.3 Temporal Evolution of the TTAH Adsorption Film Structure on Cu

This section deals with the XPS and ToF-SIMS results on the characterization of the
immersion-time interrupted TTAH adsorption film on Cu aiming to understand the time-
dependent interactions between the different compositional layers revealed in section 4.2,
and hence, the growth mechanism of the adsorption film. This section illustrates the
dynamic nature of the individual layers of the surface film and suggests significant time-

dependent interactions amongst them.

Fig. 4.27 through Fig. 4.29 show the XPS results for ten different immersion times — 1 s,
60 s (1 min), 600 s (10 min), 1.2 Ks (20 min), 2.7 Ks (45 min), 5.4 Ks (1.5 h), 10.8 Ks (3
h), 21.6 Ks (6 h), 86.4 Ks (24 h), and 604.8 Ks (1 week). Photo-electron peak-integral
ratios for the involved elements were plotted against immersion time. In all the figures
showing XPS results, there are two parts (a), and (b) that show results for immersion

times up to 2700 s (45 min), and beyond, respectively. To confirm the reproducibility of
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the surface film on Cu, three samples were prepared and subsequently characterized in
XPS for selective immersion times — 1 s, 600 s (10 min), 2.7 Ks (45 min). In Fig. 4.27
through Fig. 4.29, the data points pertaining to these three immersion times are the
respective average values from the three characterized samples at each condition. For all
other immersion times, the data points are representative of only one characterized
sample. Appropriate standard deviation error bars are shown in these figures for the three
immersion times. The surface composition of the samples prepared under identical
conditions varied within acceptable limits and hence, it was concluded that the surface

film was largely reproducible.

Fig. 4.27 shows the temporal variations in the ratios for N/Cu, and N/Ocy20, Where N
represents the total photo-electron intensity under the N 1s peak and Cu represents that of
under Cu 2ps;, peak. Ocuo represents the O associated to Cu,O only, based on de-
convolution of the O 1s peak. Evidently, N increased with time in comparison to both O
associated to Cu,O, and total Cu. After a week of immersion, the relative gain in N was
by 150 %, and 400 %, respectively. However, this relative increase in N was not
monotonous with time in either case. There were three distinct time intervals — 1 s to 60 s
(12 min), 1200 s (20 min) to 2700 s (45 min), and 10800 s (3 h) to 86400 s (24 h) for
which the relative fraction of N decreased consistently with time in an overall increasing
behavior over the entire range of tested immersion times. The lowest values for both
N/Cu, and N/Ocyo were recorded upon 60 s (1 min) immersion at 1.1 and 0.55,
respectively, whereas the respective highest values of 7.7 and 1.8 were observed after

immersing for 6.05 x 10° s (1 week). Note that the variation of N with total Cu was
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directly correlated to its variation with O associated to Cu,O. This indicated to a possible

correlation between the growth of the TTAH adsorption film, and the growth of the Cu,0

under-layer.
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(45 min) (b) 5400 s (90 min) to 6.05 x 10°s (1 week).
To investigate this further, the Cu.n)/Cucyzo, and Cucu20/Cuwm ratios were plotted against
immersion time as shown in Fig. 4.28, where Cu.y) represents the Cu bonded to TTAH,
Cucuyz0 represents Cu associated with Cu,0O, and Cuy represents the metallic Cu in the
substrate. These calculations were based on the Cu L3M;sMys peak de-convolution. In
general, with increasing immersion time, the relative fraction of Cu bonded to TTAH
increased with respect to that associated with Cu,O, whereas the latter decreased in
comparison to metallic Cu. But again, rather than a monotonous behavior, there were
intermittent inflection points in the time dependence of both Cuny/Cucuwo, and
Cucu20/Cuy at exactly the same immersion times as that of N/Cu, and N/cy20. Also, the

variations in the time dependence of both these ratios were inversely correlated to each
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other. These observations led to the conclusion that the Cu-TTAH bonding occurred at
the expense of the Cu,O under-layer, while the latter appeared to grow intermittently.
These observations suggest that the engaged chemical transformations must occur

coherently over a large area of the surface that is being probed.
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Finally, for the sake of confirmation, the Ocy20/Cu ratio was also plotted against
immersion time, shown in Fig. 4.29, where both Ocy20 and Cu stand as per their prior
definitions. In the whole range of tested immersion times, there was an overall decrease
in O, associated with Cu,0, as compared to total Cu. This plot shows the intermittent
inflection points as well at the same immersion times as the other plots. The time-
dependent behavior for Ocy20/Cu was in accord to the results obtained on the basis of the
Cu L3sM45M4 5 peak analysis, shown in Fig. 4.28 and the time-dependent variations of all

the five ratios, considered in Fig. 4.27 through Fig. 4.29, were in agreement to each other.
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Moreover, all these ratios showed fluctuations with immersion time, the significance of

which is discussed in the following chapter.
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An analogous ToF-SIMS study was carried out for the same immersion times except for
6.05 x 10° s (1 week). ToF-SIMS results revealed certain complimentary aspects of the
TTAH adsorption film growth. The [TTA,Cu]/[Cu(CN).], and [TTA]/[TTA,Cu]  ratios
were plotted against immersion time, as shown in Fig. 4.30 (a), and (b), respectively.
These plots helped to get an insight into the time-dependence of the polymerization
behavior of the adsorption film. There was a strong inverse correlation between these two
plots. Evidently, the degree of polymerization in the TTAH adsorption film, i.e., the
relative fraction of the polymerized layer present atop increased, with respect to the other
TTAH adsorption configuration present underneath, for the first 1.2 Ks (20 min) of
immersion, beyond which, it dropped substantially to lower values. The drop continued

until 10.8 Ks (3 h) of immersion and subsequently, it fractionally increased again to an
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apparent equilibrium value. The continuous growth of the polymerized layer in the early
phase was indicative of two plausible scenarios — a) the formation of the polymer is the
first step of corrosion inhibitive film formation on Cu surface and with time the other
layer builds up underneath, or b) the lower layer is indeed the nucleating step of film
formation, but under the prevailing conditions, the formation of the polymerized top-
layer is kinetically favored, although after sometime as the conditions change, the
polymerized layer gets saturated and the bottom layer starts growing more rapidly. These

two hypothetical scenarios are discussed in further details in the following chapter.
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4.4 Corrosion of Cu in Sulfide Solution

This section presents all the results on the Cu corrosion study in sulfide-containing oil
solution, which was exclusively carried out in XPS. Sec-butyl disulfide, shown in

Fig. 3.3, was used as the source for active sulfur. An active component refers to the fact
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that it is available to bond with the metallic substrate, which in turn corrodes the
substrate. All the immersion tests were conducted at 80°C. At such an elevated
temperature, the disulfide bonds cleave to produce butyl sulfide free radicals. This section
reveals the chemical nature of the Cu corrosion products in the initial stages of sulfide
attack, and their depth-distribution. This section also reveals the significant effect of

temperature on the TTAH adsorption film formation on Cu.

4.4.1 Cu Corrosion by Sulfide in Absence of TTAH

The objective of studying Cu corrosion by sulfide in the absence of TTAH was to realize
the initial surface reactions leading to corrosion. In this case, there were oxygen and butyl
sulfide free radicals present in the system, both of which have the tendency to react with
the Cu surface. The focus was to ascertain the chemical species that interacts with the Cu
surface first and identify the consequent corrosion products being formed on the surface.
For this purpose, the immersion time and S concentration in the oil were varied. In this

sub-section, immersion test results are presented for four different conditions:

0.36 wt. % S in PAO-2 oil for 1.8 x 10° s (30 min) at 80°C

0.36 wt. % S in PAO-2 oil for 8.64 x 10* s (24 h) at 80°C

0.72 wt. % S in PAO-2 oil for 8.64 x 10* s (24 h) at 80°C

0.72 wt. % S in PAO-2 oil for 6.05 x 10° s (1 week) at 80°C

The S contents were chosen to be representative of actual lubricant oils. The XPS survey

spectrum for the case of 8.64 x 10* s (24 h) immersion time in 0.36 wt. % S containing oil
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is shown in Fig. 4.31. The surface composition as calculated from this survey spectrum is

shown in Table 4.3. The survey spectra for the other considered cases were qualitatively

similar except for the case of 1.8 x 10° s (30 min) immersion time in 0.36 wt. % S-

containing oil for which there were no detectable S peaks.
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Fig. 4.31: XPS survey spectrum for Cu surface upon 8.64 x 10* s (24 h) immersion in oil
containing 0.36 wt. % S.

Element | Atomic %
Cu 33
S 8
@) 25
C 34

Table 4.3: Surface composition of Cu surface upon 8.64 x 10* s (24 h) immersion in oil
containing 0.36 wt. % S.

As mentioned in earlier sections, due to the heterogeneity of the surface film,

comparative calculations were based on the ratios of pure intensities of the relevant XPS
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peaks of involved elements rather than their atomic percentages. To understand the
chemical nature of the O, and S, high resolution data were acquired for O 1s and S 2p

peaks and subsequently de-convoluted as shown in Fig. 4.32 (a) and (b), respectively.
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Fig. 4.32: XPS multiplex scans for (a) O 1s (b) S 2p peaks acquired on Cu surface film
formed upon 8.64 x 10* s (24 h) immersion in oil containing 0.36 wt. % S.
There were three distinct peaks identified within the O 1s peak — 530.5 eV, 531.6 eV, and
532.8 eV peaks corresponding to Cu,O, SO4*, and H,0, respectively. Similarly for S,
two distinct chemical states were identified — SO,* that corresponded to the 168.4 eV
peak and S* corresponding to the peak in the vicinity of 162.6 eV. The sulfide peak had
two further distinct components, which were related to the 2p15, and 2ps, photo-electron
peaks at 163.2 eV, and 162.1 eV, respectively. Note that even the sulfate peak is
comprised of two analogous components corresponding to the 2pi,, and 2ps, photo-
electrons, but this feature was not well observed in the present experiments owing to the
low intensity of photoelectrons from the SO, ions. For all calculation purposes related to

S, no distinction between the 2p;», and 2ps, photo-electrons were made and all
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comparisons were made on the basis of the peak integrals for the overall 2p peaks for S

and SO, respectively.

Next, a comparative study was carried out on the variations in the Cu 2p, Cu L3M45Mys,
O 1s, and S 2p peaks under the different testing conditions that revealed evidence for Cu
corrosion by sulfide. The respective plots are shown in Fig. 4.33. No satellite peaks for
Cu 2p photo-electrons were detected in either of the conditions, as shown in Fig. 4.33 (a).
Hence, the formation of CuO and CuSO, were ruled out. Note that neither CuS nor Cu,S
leads to the appearance of satellite peaks. Also, the Cu 2p peak positions, reported in the
literature, are practically unaltered for these two forms of copper sulfides. Thus, no
conclusion regarding the oxidation state of Cu in the sulfide could be drawn from its 2p
peaks. The analysis of Cu L3sM4sMa s peak shapes and positions, shown in Fig. 4.33 (b),
proved to be insensitive to differentiate between the compositions of the resultant surface
films formed under the different testing conditions except for the fact that the respective
peak for 8.65 x 10* s (24 h) immersion in 0.36 wt. % S-containing oil showed a higher
metallic component as compared to the other two cases. Broadly, the Cu L3M4sMys
peaks in all cases were similar to that of Cu,O. In the literature, the predominant
LsM4sMy s peak for Cu,0, and Cu,S have been reported at the same KE (BE position),
whereas a small shift of = 0.5 eV to higher KE (lower BE) has been reported for CuS. In
the experimental results obtained in the course of this project, no such shift was observed
and hence, the Cu associated to sulfide was concluded to be present as Cu,S. Comparing
the O 1s peaks under the different testing conditions, shown in Fig. 4.33 (c), the relative

fraction of O associated with Cu,SO,4, as compared to that of Cu,O, increased with
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increasing immersion time, and S concentration in the oil. Moreover, as observed from
the S 2p peaks, shown in Fig. 4.33 (d), the relative fraction of sulfate as compared to
sulfide, was the highest for 8.65 x 10* s (24 h) immersion time and 0..36 wt. % S, while

the sulfide fraction increased substantially with increasing S concentration in the oil.
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Fig. 4.33: Comparative plots of (a) Cu 2p (b) Cu L3sM;5My5 (c) O 1s (d) S 2p peaks
acquired on Cu surface films formed under different conditions.
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Calculations were carried out for better understanding the compositional differences
amongst the above discussed cases, the results of which are summarized in Fig. 4.34. For
this purpose, peak integrals for the individual components were normalized to that of the

Cu 2p peak for the respective cases.
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Fig. 4.34: Quantitative comparison of O (in Cu,0), S (in Cu,S), and S (in Cu,SO,)
content in the surface film formed under different conditions.

The Cu,0O content in the surface film was the highest for the sample immersed for 1.8 x
10° s (30 min) in 0.36 wt. % S-containing oil. The Cu,O fraction decreased, while the
Cu,S fraction increased in the surface film with increasing immersion time and S
concentration in the oil. Similar experiments were done for 0.1 and 0.2 wt. % S content in
the oil as well, but neither of these cases showed any detectable evidence for Cu
corrosion by sulfide, even after 6.05 x 10> s (1 week). These results suggested that
interaction of oxygen with the Cu surface leading to the formation of Cu,O is the first
surface reaction step even in the presence of sulfide radicals. It was also implied that

there is an incubation time for the sulfide attack to initiate, which decreases with
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increasing S concentration in the medium. In all the considered cases revealing Cu
corrosion by sulfide attack, the sulfate content of the surface film practically remained the
same. This was indicative of two plausible scenarios: (a) Cu,S is directly formed on the
substrate surface (Cu20) as result of corrosion. On exposure to the atmosphere, the top
layer of the Cu,S oxidizes to Cu,SO4. (b) Cu,SOy is first formed on Cu,0, and upon

reaching a critical thickness of this layer, Cu,S starts to grow on top of it.

Thus, the formation of the Cu,SOy4 layer is either the first stage of Cu corrosion by sulfide
attack or the last. This question was answered by determining the corrosion film structure

by means of ARXPS, which is included in the following sub-section.

4.4.2 Cu Corrosion by Sulfide in Presence of TTAH

Corrosion of Cu by sulfide attack in presence of TTAH was studied under the following

conditions:

* Cuimmersed in Oil + 0.01 wt. % TTAH + 0.72 wt. % S for 60 s (1 min) at 80°C

* Cuimmersed in Oil + 0.01 wt. % TTAH + 0.72 wt. % S for 6.05 x 10° s (1 week)
at 80°C

=  Cuimmersed in Oil + 0.01 wt. % TTAH for 3600 s (1 h) at room temperature and
then immediately immersed in Oil + 0.01 wt. % TTAH + 0.72 wt. % S for 6.05 X

10° s (1 week) at 80°C
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=  Cuimmersed in Oil + 0.01 wt. % TTAH for 3600 s (1 h) at room temperature and
then immediately immersed in Oil + 0.72 wt. % S for 6.05 x 10° s (1 week) at

80°C

The purpose of studying Cu corrosion by sulfide under these different testing conditions
was to realize the efficacy of TTAH in inhibiting this particular form of corrosion and
better understand the related micro-mechanism of protection. The last two experimental
conditions were deliberately aimed at determining the nature of the protective film being
formed by TTAH on Cu, i.e., whether the TTAH adsorption film was essentially static or

dynamic.

The normalized N content of the surface films, formed under different conditions, is
shown in Fig. 4.35, whereas the same for O in Cu,O and S in Cu,S, and Cu,SQy,
respectively are shown in Fig. 4.36. The N content was significantly higher, approx. 2
times as much, at 80°C as compared to that of room temperature for corresponding
immersion times. The room temperature data is shown in Fig. 4.27. The N/Cu ratios at
room temperature, and 80°C were calculated to be 0.6, and 1, respectively, upon 60 s
(1min) of immersion, whereas the same reached a value of 1.8, and 3.6, respectively after
6.05 x 10° s (1 week). This suggested a greater extent of reactivity between Cu and
TTAH and faster adsorption Kinetics at elevated temperatures. The sample that was
subjected to a room temperature pre-coat of TTAH before immersing in the S- and
TTAH-containing oil solution, showed an even higher N content (N/Cu = 4.7) in the film
composition as compared to that of the sample without the TTAH pre-coat. However, the

N/Cu ratio dropped to 0.1 for the TTAH pre-coated sample that was immersed in S-
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containing oil solution devoid of TTAH, which suggested that the TTAH layer was
practically destroyed in this case. This leads to the conclusion that the structure,
molecular- and chemical-composition of the TTAH adsorption film forming on Cu vary

with progressing reaction time.
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Fig. 4.35: Normalized N content in the Cu surface film formed under different conditions.

For the same set of samples, the Cu,O in the surface film, measured in terms of
normalized O associated with Cu,O, was inversely correlated to the extent of Cu
corrosion by sulfide that these samples had undergone after 6.05 x 10° s (1 week) of
immersion. There is a strong correlation between O associated with Cu,O, and N detected
on the surface. However, an exception was observed for the samples immersed for 6.05 x
10° s (1 week) with, and without the room temperature pre-coat of TTAH. For these two
samples, the N/Cu ratio increased from 3.6 to 4.7, whereas the Ocyu20/Cu ratio dropped
from 1.2 to 0.8, respectively. Understandably, the decreasing Cu corrosion by sulfide
attack with increasing N was also offset for these two samples. The normalized S,

associated with sulfide, was < 0.05 for the sample without the room temperature pre-coat
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of TTAH as compared to that of 0.15 for the other sample with the pre-coat. In fact, the
TTAH pre-coat was able to provide only a nominal protection to the Cu surface from
sulfide attack. This was evident from the results for the sample with the initial pre-coat
immersed in TTAH free S-containing oil solution for 6.05 x 10° s (1 week) that revealed
an Sguirige/ Cu ratio of 0.4 as compared to that of 0.45 for the sample tested under exactly
the same conditions but without any TTAH, at either stage. The above results suggested
TTAH to be generally effective in inhibiting sulfide-corrosion of Cu provided an
optimized concentration of the inhibitor was maintained in the oil medium, although it
allowed preferential oxidation of the Cu surface underneath. It was also clear that the
room temperature pre-coat of TTAH made the Cu surface more prone to sulfide attack at

80°C, which was counter-intuitive.
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12 Il s (suffide)
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08+

06+

04

02+

Normalized Peak Integrals

0.72% S + Cl-min 072%38+CHwk  Cu+Cl-0.72% S + Cl-iwk  Cu+Cl - 0.72% S-1wk

Fig. 4.36: Normalized Ocyz0, Scuzs, and Scuzsos content in the Cu surface film formed
under different conditions.

To further understand the chemical interactions involving sulfide radicals, TTAH, and

dissolved oxygen in the medium with the Cu surface, qualitative peak shape analysis was
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carried out for Cu 2p, Cu L3sMssMss, O 1s, N 1s, and S 2p peaks. For this purpose, all
these peaks were individually normalized to a scale of 0 to 1 and subsequently, peak
respective comparisons were done for each of the four samples considered in this sub-
section. The comparative photo-electron peak-plots are laid out in Fig. 4.37 except for
that of N 1s peak which did not show any noticeable difference from one sample to the
other. As shown in Fig. 37 (a), the Cu 2p peak for the two samples — with, and without
the room temperature pre-coat of TTAH, immersed in 80°C oil solution containing
TTAH for 6.05 x 10° s (1 week) revealed a considerable shoulder-peak at a higher BE of
935.1 eV as compared to the corresponding metallic peak at 932.8 eV. This higher BE
peak was related to the Cu-N complex formation. For the sample with the TTAH pre-
coat, the relative fraction of this peak at 935.1 eV (24 %) was higher than that of the
sample without the pre-coat (18 %). The other two samples — immersed in oil solution
containing TTAH for 60 s (1 min) without any pre-coat, and pre-coated one immersed in
TTAH free oil solution for 6.05 x 10° s (1 week), essentially showed the metallic peak
only. Considering the Cu L3MasMys peaks shown in Fig. 4.37 (b), the 60 s (1 min)
immersed sample had a predominant peak at 568 eV corresponding to the metallic
component of Cu, and two minor peaks at 570 eV, and 572 eV corresponding to Cu-0,
and Cu-N complex formation, respectively. However, the TTAH pre-coated sample
immersed for 6.05 x 10° s (1 week) in TTAH free oil solution had the predominant peak
at 570 eV corresponding to Cu,0, and Cu,S, whereas the other two samples — with, and
without the pre-coat, immersed for the same length of time in TTAH-containing oil
solution, showed largely predominant peaks at 572 eV. Note, for such an extended length

of immersion time, both the Cu 2p, and the Cu L3M,sM, s peaks underwent considerable
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changes in their peak-shapes from room temperature to 80°C immersion, that were
representative of a substantially greater extent of Cu-N complex formation at the elevated
temperature. The O 1s peak, shown in Fig. 4.37 (c), demonstrated shift in BE from 530.5
eV to 531.6 eV, illustrating chemical predominance shift from Cu,O to Cu,SO, in the
following order of samples: 60 s (1 min) immersion in TTAH-containing oil solution,
6.05 x 10° s (1 week) immersion in TTAH free oil solution in pre-coated condition, and
in TTAH-containing oil solution in absence and presence of pre-coat. As evident from
Fig. 4.37 (d), the 60 s (1 min) immersed sample did not show any detectable S peak,
whereas sulfate was the predominant form of sulfur present on the samples immersed in
TTAH-containing oil solution for 6.05 x 10° s (1 week), to a larger extent in case of the
uncoated sample. However, for the sample immersed in oil solution devoid of any TTAH,
and for the same length of time, sulfide was the primary form of sulfur present on the
surface. Thus, it was conclusive that the results from the qualitative peak shape analysis

were consistent with the quantitative analysis discussed earlier.
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Fig. 4.37: Comparative plots of (a) Cu 2p (b) Cu L3M4s5Mg5 () O 1s (d) S 2p peaks
acquired on Cu surface films formed under different conditions.

ARXPS was carried out to determine the structure of the corrosion film formed on Cu

surface in the presence of TTAH. The objective was to determine the depth-distribution

of Cu,0, Cu,S, Cu,S0O4, and corrosion inhibitive TTAH layer in the surface film. For this

purpose, the variation of the two components of the O 1s peak — Ogyifate, @aNd Ooxige, aNd

the two components of the S 2p peak — Seuitate, aNd Ssuirige, Were studied with TOA. Fig.

4.38 shows the variation of the de-convoluted O 1s peak with TOA. The relative fraction

of the oxide component of this peak increased with increasing TOA, which implied that

Cu,0 was present underneath the Cu,SO, layer.
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Fig. 4.38: O 1s peak acquired at TOA (a) 5° (b) 20° (c) 45° (d) 90° on a Cu sample surface
corroded upon sulfide attack.

For a visual comparison of the S 2p peaks, the sulfide component of the peaks were

normalized to a scale of 0 to 1 in respective cases and subsequently, the corresponding

sulfate components were compared, as shown in Fig. 4.39. With increasing TOA, the

relative fraction of the sulfate peak increased, implying that the Cu,S layer was formed

above the Cu,SO, layer.

133



025f TOA: 5°
TOA: 20°
021 TOA: 45°

=
(53]

Normalized Intensity

=
=y

0.05| \M

171 170 169 168 167 166
ipectrum Skip Auto by 1 Binding Energy (eV) =

oLl

Fig. 4.39: Sulfate component of the S 2p peaks upon normalizing the respective sulfide
components acquired at TOA 5°, 20°, 45°, and 90° on a Cu sample surface corroded upon
sulfide attack.

Quantitative plots confirming the variations in the relative fractions of the two component
peaks of O, and S, respectively with TOA are shown is Fig. 4.40. These plots affirmed
the conclusions on the morphology of the corrosion film that were stated earlier. In the
same figure, a plot for the N/Sgyirate ratio is also shown, which decreases with increasing

TOA and hence, suggesting that the Cu sulfide-corrosion product layer was formed

beneath the TTAH protective layer.
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Fig. 4.40: Plots of peak-integral ratio vs. TOA for various elemental peaks acquired on
Cu sample surface corroded upon sulfide attack.
Ultimately, based on the above ARXPS results, Fig. 4.41 depicts a schematic for the

layered-structure of the surface film formed on the Cu surface undergoing corrosion by

sulfide attack in the presence of TTAH corrosion inhibitor.

TTA
Sulfide
Sulfate

Cu,0

Cu Substrate

Fig. 4.41: Proposed structure for the corrosion surface film formed on Cu in presence of
TTAH.
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4.5 0" Isotope Tracer Study in TOF-SIMS

This section presents the results on the corrosion study of Cu in S-containing oil solution,
carried out by means of ToF-SIMS characterization. This experiment was primarily
aimed at understanding the role of the surface oxide. The surface oxide was confirmed to
be dynamic in nature and was proven to interact with the S radicals resulting in the
formation of Cu,SO,. The present section also reveals the significant difference in the

thickness of the surface films formed at room temperature and 80°C.

In the studied system, there were two sources of oxygen involved — O dissolved in the
PAO-2 oil and O from the atmosphere. As suggested by the results presented in the
earlier sections of this chapter, the Cu appeared to be oxidized by the O dissolved in the
oil. In order to confirm this phenomenon, in the final experiment undertaken in this PhD
project, a Cu sample with pristine surface was immediately oxidized in O*® atmosphere at
80°C for 3600 s (1 h). This operation was carried out in a specially designed furnace
capable of producing a vacuum chamber that could be flooded with a desired gas at a
controlled flow rate. The resultant sample was characterized in XPS to reveal a
predominantly Cu,O surface. A similarly oxidized sample was then immediately
immersed in 0.01 wt. % TTAH and 0.72 wt. % S-containing oil for 6.05 x 10° s (1 week).
Subsequently, a depth-profile characterization in ToF-SIMS was carried out on this
sample, the results for which are shown in Fig. 4.42 through Fig. 4.44. Fig. 4.42 shows
the depth-profiles for the ionic species that identify the TTAH adsorption film formed on

Cu, whereas Fig. 4.43 shows the same for the ionic species identifying the Cu corrosion
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products — Cu,S, and Cu,SO,. Finally, Fig. 4.44 shows the depth-profile characteristic to

the Cu0 layer.

The [TTA] depth-profile shown in Fig. 4.42 (a) showed an identical pattern to that
described in section 4.2 dealing with a 8.64 x 10* s (24 h) immersion sample at room
temperature. The only major difference was that in the present case, the depth-profile for
the [TTA], based on its normalized peak-integral, reached an asymptotic value after
sputtering for = 2000 s, whereas for the room temperature sample, it took only = 125 s of
sputtering for the same to happen. For [Cu(CN).]’, shown in Fig. 4.42 (b), the normalized
peak-integral depth-profile showed a monotonous gain up to 10080 s (2.8 h) of
sputtering. In comparison, the same for the room temperature treated sample decreased
consistently for the first 60 s of sputtering, followed by an inflection and hence,
increasing monotonously up to 360 s, beyond which, it decayed to negligible values by =
900 s of sputtering. This led to the conclusion that the TTAH adsorption layer, based on
the [TTA] depth-profile, was at the least 16 times thicker upon immersion at 80°C for
6.05 x 10° s (1 week) as compared to 8.64 x 10* s (24 h) immersion at room temperature.
This in turn meant a conservative estimate of 40 nm TTAH adsorption film under the
presently considered conditions. However, based on the [Cu(CN),]" depth-profile, the
adsorption film was estimated to be at least 70 nm. Moreover, in the present case,
extremely low yields for the higher-order ion-clusters, like [TTA,Cu], were observed.
The [TTA,Cu]/[TTA] depth-profile was plotted as shown in Fig. 4.42 (c), revealing an
increasing pattern with sputtering time. Note that in the present case, this ratio was in the

range of 0.02 to 0.08, which was an order of magnitude smaller than that of the typically
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observed values at the surface of the room temperature treated samples. For the latter
samples, this ratio was in the range of 0.5 to 1.1 at the very surface. This led to the
conclusion that at 80°C the TTAH adsorption film showed lower polymerization
tendency as compared to that of room temperature. However, due to extremely low
counts of [TTA,Cu], no other conclusions were drawn from the [TTA,Cu]/[TTA]

depth-profile.
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Fig. 4.42: Sputter depth-profiles for SI fragments relevant to TTAH adsorption film
formed upon 6.05 x 10° s (1 week) immersion in TTAH- and S-containing oil at 80°C.
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Fig. 4.43 (a), and (b) show the depth-profiles for [CuS], and [SO.]’, respectively. The
normalized peak-integral for [CuS]" monotonously increased from 0.07 to 0.7 in the
entire range of sputtering time — 0 s to 10080 s. This was consistent with the fact that the
Cu,S layer was underneath the TTAH adsorption layer, as revealed by XPS results
presented in section 4.4. The sulfate depth-profile is shown for two distinct ionic species
—[SO™,], and [SO™,]". Evident from Fig. 4.43 (b), the deeper zones of the Cu,SO, layer,
closer to the Cu substrate, were richer in the O*®, whereas the upper regions, closer to the
free surface, were richer in the O. This revealed two important facts regarding the
chemical interactions involved in the formation of the surface film. Firstly, the initial
Cu,S0Oy in the deepest zone was formed by the interaction of S with the Cu,O layer and
the O in the Cu,SO,4 was supplied by Cu,O. Hence, the Cu,SO, layer must have formed at
the expense of the Cu,O layer on the very same interface. This, in turn, implied that the
former should be below the Cu,S layer, as already established by ARXPS results in
section 4.4. Secondly, a comparable yield of the [SO*,] suggested that the sulfate ions
were also formed due to interaction with O dissolved in the oil. This proved the dissolved
O in the oil to be an active chemical reagent participating in the dynamic chemical

reactions undergoing in the surface film.
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Fig. 4.43: Sputter depth-profiles for SI fragments relevant to Cu sulfide corrosion
products formed upon 6.05 x 10° s (1 week) immersion in TTAH- and S-containing oil at
80°C.

Ultimately, Fig. 4.44 shows the depth-profiles for [CuO®], and [CuO™]. Again, both
these profiles showed monotonously increasing behavior with sputtering time, which was
consistent with the fact that the Cu,O was the deepest surface layer, present immediately
above the metallic Cu substrate. Note, the [CuO*®]" to [CuO*®] ratio was approximately
1:1 in the entire span of depth-profiling — up to 10080 s of sputtering. The comparative
value for the same ratio was recorded to be 1:3 on a freshly oxidized sample in controlled
O atmosphere. This again illustrated the dynamic nature of the oxide layer by
confirming the formation of fresh Cu,O while the Cu sample was immersed in the oil.
Thus, it was established that the dissolved O in the oil played an active role to support the

undergoing chemical reactions in the surface film formed over the Cu foil.
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Fig. 4.44: Sputter depth-profiles for SI fragments characteristic to Cu,0O layer formed
upon 6.05 x 10° s (1 week) immersion in TTAH- and S-containing oil at 80°C.
In light of all the results presented in this chapter, the following chapter attempts to
rationalize the microscopic mechanisms for TTAH adsorption film formation on Cu, and
the protection that it provides against sulfide attack, in perspective to known facts from

the published literature.
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Chapter 5

Discussion

This chapter focuses on unifying all the experimental results presented in the previous
chapter, to put forward a microscopic mechanism for the growth of the TTAH
adsorption-film formed on the Cu surface, and explain how it protects the Cu surface
from corroding in sulfide solution. The hence proposed mechanisms are then validated

with respect to the observations reported in the literature.

5.1 TTAH Adsorption-Film Formation Mechanism

The results presented in section 4.1.3 established that neither of the two solvents — PAO-2
oil, and bis(2-ethylhexyl) phthalate, adhere to the pristine Cu surface. Hence, in the
absence of butyl-sulfide radicals, only two chemical entities in the presently studied
system — O dissolved in the oil and TTAH — have the affinity to bond with the pristine Cu
surface upon immersion. Results from sections 4.1.3, and 4.2.2 prove that the O dissolved
in the oil oxidizes the pristine Cu surface to Cu,0, both in the absence and presence of
TTAH. Additionally, results from section 4.3 establish that the pristine Cu surface
instantaneously reacts with both O and TTAH to form Cu,O and TTAH-Cu complex,
respectively. This leads to the conclusion that the kinetics of these two reactions proceed
at comparable rates. However, as illustrated in Fig. 4.27 through Fig. 4.29, there is a net
growth in the TTAH adsorption-film over an immersion time of 0.6 Ms (1 week),

whereas the Cu,0 layer, formed in the initial stages of immersion, tends to decompose
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over longer immersion times. This has two implications, proven that, the thickness of the
surface film formed on Cu is always less than the depth of analysis in XPS, in the range

of tested immersion times at room temperature:

=  The TTAH-Cu-complex-forming reaction is favored with progressing immersion
time. This, in turn, impedes the oxidation of Cu to Cu;0.
= The Cu associated with the initially formed Cu,O transforms to the TTAH-Cu

complex.

The former can be explained on the following basis. As the TTAH-Cu complex formation
proceeds with time, it provides a physical barrier to the availability of O at the Cu
surface. However, the complex structure of this film is open enough to allow diffusion of
O through it. This results in continued oxidation of the Cu, although at a progressively
reduced rate with increasing thickness of the TTAH-Cu surface film. The second
implication is indicative of the fact that the stability of Cu,O and TTAH-Cu complex, i.e.,
the Gibbs free energy of formation (4G%) for these two products must be in a similar
range, and room temperature is sufficient to provide the activation energy required for
such a transformation reaction. It is known that 4G% of Cu,0O is = - 70 kJ/mol of Cu.

Note, typical 4G° of chemisorption reactions are < - 40 kd/mol [Y™%].

In context to the present discussion in this section, Fig. 5.1 shows a schematic outlining

the surface film formation mechanism.
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Fig. 5.1: Schema of the surface film formation mechanism. (a) Pristine Cu surface
immersed in oil. (b) Initial formation Cu,O and TTAH-Cu complex on the surface. (c)
Interaction of TTAH with Cu,0. (d) Continued formation of Cu,O under-layer and
simultaneous growth of TTAH-Cu at the expense of Cu,0. (e) Development of uniform
TTAH adsorption layer and Cu,O under-layer. (e) Polymerization of top layer of the
TTAH-Cu complex. (f) Diffusion current of O and Cu® through various layers of surface
film sustaining the formation of Cu20 and TTAH-Cu complex

The time-dependent surface film composition profiles, shown in Fig. 4.27 through
Fig. 4.29, reveal compositional fluctuations, especially significant in the early stages of
film growth. This is characteristic of mechanism involving competing reactions —
oxidation of Cu to Cu,0, and formation of TTAH-Cu complex, in the present case. This
is in agreement to the observation made by Levin et al., that ellipsometry data on TTAH
film growth on Cu surface required at least two time-constants to mathematically fit the

experimental data %), Such compositional fluctuations (near perfect oscillations in
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extreme cases) can arise for systems that are sufficiently far from the state of
thermodynamic equilibrium, and involve competing reactions with different rates. Such
reactions are broadly classified as chemical clock reactions, of which Belousov-
Zhabotinsky, and Briggs-Rauscher reactions are the most widely studied [B¢5%): [zha64]
[Bri’3]  These systems lead to the establishment of non-linear oscillators far from
thermodynamic equilibrium for which a number of theoretical models have been

[Low2S],  [VoIsl]  tha Brusselator [P and

developed including Lotka-Volterra model
the Oregonator 7). In fact, in the literature, Cu complexes have been reported to show
such behavior in the presence of oxidants M. In the present case, the recorded
compositions are in reality average compositions over 300 pm-diameter spot. This

indicates that the compositional fluctuations are not a localized effect and imply

significant lateral interactions of atoms and molecules with their neighbors.

In the course of the present project, it was established that the surface film is multi-
layered — Cu substrate / Cu,O / TTAH-Cu complex / polymerized TTAH-Cu complex.
The schematic of the same is shown in Fig. 4.26. However, it is unlikely for the TTAH
molecules in the oil medium to be transported to the Cu,O/Cu surface, across the self-
barrier of the initially formed layer of the TTAH-Cu complex. Hence, it is comprehended
that the Cu™ from the Cu/Cu,O interface diffuses outward through the Cu,O and the
TTAH-Cu layer to the TTAH-Cu/oil-medium interface, where it reacts with the TTAH
molecules present in the oil to sustain the growth of the TTAH-Cu surface film.
Simultaneously, O dissolved in the oil diffuses inwards through the TTAH-Cu layer to

the TTAH-Cu/Cu,0 interface. A fraction of the outward diffusing Cu” interacts with the
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inward diffusing O to form Cu,O at the intermediate TTAH-Cu/Cu,O interface,
depending upon the relative availability of the two species, and the corresponding
reaction kinetics. The rest of the Cu™ makes its way through the existing TTAH-Cu layer
to form new layers of the same. This diffusion model is based on the prior-established
fact regarding the growth-mechanism of Cu,O, that the outward-diffusion of Cu atoms
through Cu,0 is the rate determining step “™%. The above discussed model explains the
results on the structural analysis of the surface film, presented in section 4.2, showing

that the Cu,O layer was formed underneath TTAH-Cu layer.

In ToF-SIMS, all the intact molecular peaks related to TTAH were detected in the de-
hydrogenated form — [TTA], [TTA Cu (CN)], [TTA.Cu]’, etc. However, in ToF-SIMS,
non-equilibrium conditions prevail in the time-frame of the ion-flights. This does not
allow the conclusive determination of the exact form of existence of the TTAH molecules
in the adsorption-film — with or without the loss of H*. Nevertheless, the total absence of
all possible TTAH related peaks with the H intact — [TTAH Cu (CN).], [TTAH
TTA,Cu], etc., suggests that TTAH forms complex with Cu in a de-hydrogenated form.
This is in agreement with the results from the DFT study that showed higher bonding
energy for chemisorption of TTA” on Cu (111) as compared to that of TTAH K0
However, since PAO-2 oil is a non-polar solvent, the H* released upon formation of
TTAH-Cu complex bonds with the available O to from H,0O. This H,O adsorbs on top of
the TTAH-Cu layer, as detected in the XPS characterization of the surface film presented

in section 4.2. The approximate surface concentration of the O associated with H,O was

~ 10 at. %, suggesting the presence of 1-2 molecular layers of H,O atop.
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Both XPS and ToF-SIMS results, presented in section 4.2, suggest the existence of two
distinct layers in the TTAH adsorption-film. The two layers are inferred to have distinct
configurations that give rise to the difference in their N 1s photo-electron binding energy
(BE) in XPS, and their respective fragmentation behavior in ToF-SIMS. The top layer
showed fractionally higher BE (401 eV) for N 1s photo-electrons as compared to that of
the lower layer (400 eV). This is consistent with the former being a polymeric layer, and
the latter a monomeric layer as the N electrons are expected to be bound tighter upon
polymerization. In ToF-SIMS, the underlying monomeric layer predominantly
fragmented into relatively smaller secondary-ion species. This indicates that the physical
orientation of this layer is such, that it has an effectively higher projected surface area
exposed to the primary-ion beam than the other layer. Thus, it is inferred that the
polymeric layer, atop, has a vertical orientation, whereas the monomeric layer,
underneath, has a flatter orientation with respect to the Cu surface. Fig. 2.1 refers to a
vertical orientation, whereas Fig. 2.2 refers to a flat/parallel orientation. This inference on
the molecular orientation of the two layers is speculative and needs more careful
consideration. The orientation sensitivity of the fragmentation behavior in ToF-SIMS, for
adsorbed organic molecules, can be validated by studying the fragmentation behavior of
2,5-diphenyl-1,3,4-oxadiazole (PPD) molecules adsorbed on Cu(111) that show a sharp
transition in their orientation — flat to vertical with increase in surface coverage. Xue
et al. suggested a plausible structure for the BTAH-Cu polymeric complex, which is

[Xue91]

shown in Fig. 5.2
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Fig. 5.2: BTAH-Cu polymeric film structure suggested by Xue et al. x'#"]

Conceptually, the structure for TTAH-Cu polymeric complex is expected to be alike that
of BTAH-Cu. In this structural arrangement, each TTA™ ion is attached to two Cu" ions,
and vice versa. Fig. 4.30 illustrated that the initial phase of TTAH adsorption-film
formation is dominated by polymeric film growth, whereas beyond 1.2 Ks (20 min) of
immersion, it is dominated by the monomeric film growth. As proven earlier, the
polymeric film is morphologically on top, and assuming that the TTAH molecules in the
oil-medium cannot diffuse through the self-formed barrier of pre-existing TTAH-Cu
polymeric film to continue reacting with Cu, there must be reversibility between the
polymerized and non-polymerized film layers. The observations made in sections 4.2 and
4.3 are best explained if the TTAH-Cu monomer layer forms first and subsequently the
near oil-interface region of this film gets transformed to a polymerized layer. Hence, in
the initial phase of film growth, a larger fraction of the TTAH adsorption-film is in the
polymerized state, thus explaining the observed rapid growth in the polymerized layer in
this time-phase. However, beyond a certain stage of growth, the monomeric configuration
of TTAH-Cu complex is stabilized and it appears that the TTAH-Cu polymeric film

undergoes a reversal to the monomeric state.

The depth of analysis (d) in XPS is given by d = 34sinf (5.1), where 4 is the IMFP

(inelastic mean free path), and 8 is the TOA of the photo-electrons. With 6 being 45° and
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J for Cu 2p photo-electrons ~ 2nm, d is = 4nm. Moreover, it was established in section
4.2 that the TTAH adsorption-film thickness was =~ 2.5 nm after 86.4 Ks (24 h) of
immersion at room temperature. This implies that the XPS data was representative of the
entire thickness of the surface film. This is confirmed by the distinctly visible component
of metallic Cu in the Cu LsM45My5 peak at 568 eV, for all immersion times up to 0.6 Ms
(1 week) at room temperature. In ToF-SIMS, the Cgo" ion-beam sputter rate through this
surface film was calibrated to be =~ 7 pm/s for 500 um x 500 pum raster area. This
calibration of sputtering rate implies that the thickness of the polymerized layer, on top, is
~ 0.9 nm as compared to that of = 1.7 nm for the non-polymerized lower layer, after 86.4
Ks (24 h) of immersion at room temperature. Assuming a vertical orientation of the
TTAH molecule axis, the polymerized layer consists of 1-2 molecular layers of TTAH

under the same conditions.

5.1.1 Effect of Temperature

Sections 4.4 and 4.5 established that the rate of TTAH adsorption-film formation is much
higher at an immersion temperature of 80°C than at room temperature. The N/Cu ratio
after 60 s (1 min) in the former case was recorded to be 1 (Fig. 4.35), as compared to 0.5
at room temperature (Fig. 4.27). The value for the same parameter after 0.6 Ms (1 week)
of immersion was recorded to be 3.6 and 1.8, respectively. Note, the film thickness after
60 s (1min) immersion at 80°C is less than the depth of analysis (d) in XPS, whereas after
0.6 Ms (1 week), it is >> d. This is substantiated by the results shown in Fig. 4.37 (b), as

the metallic component of the Cu LsMssMs5 peak that was predominant after 60 s
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(1 min) immersion completely disappeared after 0.6 Ms (1 week). The increased kinetics
of surface film growth is explained in terms of faster formation, and diffusivity of Cu™ at
80°C. As the rate of availability of Cu™ at the TTAH-Cu/oil-medium interface increases,
the rate of film formation escalates. This explains the typical observation of thicker
adsorption films in polar solvents, based on the higher rate of extraction of Cu™ from the
metallic substrate. The ToF-SIMS data presented in Fig.4.42 leads to a conservative
estimate of = 70 nm for the TTAH adsorption-film thickness after 0.6 Ms (1 week)
immersion at 80°C. This is in agreement with the XPS data, which reveals a film
thickness >> d. Moreover, the TTAH adsorption film shows lower tendency to
polymerize at 80°C, implying that the monomer configuration of the TTAH-Cu complex

is more stable at elevated temperatures.

5.2 Mechanism for Protection against Corrosion of Cu in Sulfide Solution

In section 4.4, it was shown that the presence of a thick TTAH adsorption-film leads to
the formation a substantial oxide layer while protecting the surface from sulfide attack.
This indicates that O can infiltrate through the adsorption-film, whereas the butyl-sulfide
radical cannot. This is attributed to the size difference between the two species. The
butyl-sulfide radical, being much bigger in size, is screened off by the steric hindrance of
TTAH-Cu complex film. Therefore, the mechanism of protection against corrosion in
sulfide solution is the formation of an effective physical barrier by TTAH and not surface

passivation by means of blocking active sites on the Cu surface.
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In section 4.4, the composition of the TTAH adsorption-film was established to be
changing with time. The sample with a room-temperature pre-coat of TTAH (Fig. 4.36),
immersed in S-containing oil without TTAH underwent corrosion comparable to that
observed for the sample without TTAH coating (Fig. 4.34), although the extent of
corrosion was fractionally lower in the former case. Moreover, in the absence of any
TTAH reinforcement, the TTAH pre-coat was nearly completely decomposed in the S-
containing oil. The N/Cu ratio at the sample surface was = 1 after the formation of the
room-temperature pre-coat of TTAH. However, upon subsequent immersion into S-
containing oil without any TTAH for 0.6 Ms (1 week), it dropped down to 0.1. Such
drastic reduction in the N fraction indicates to substantial desorption of TTAH in the
latter case, and the Cu bonded to TTAH transforms to sulfide/oxide. The overall surface
film thickness in this case is >> d, but the TTAH-Cu film is the top most layer with

thickness < d.

There are two differences between the samples with and without TTAH pre-coat,
immersed in S-, and TTAH- containing oil for 0.6 Ms (1 week). As illustrated by
Fig. 4.35, and Fig. 4.36, in the prior case, a higher value for the N/Cu ratio was observed
at the surface, but this sample also underwent more considerable corrosion by sulfide
attack. For these samples, a higher N/Cu ratio does not imply a thicker TTAH adsorption-
film because the film thickness is >> d. Instead, it means that the TTAH adsorption-film
for the sample without the TTAH pre-coat, having lower N/Cu ratio, was richer in Cu*
ions. This, in turn, means that the TTAH adsorption-film on this sample is expected to

have higher density, or in other words, a more closely packed structure as compared to
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the other sample. This leads to a better physical barrier to the infiltration of the butyl-
sulfide radicals on the sample without the TTAH pre-coat, which in turn, explains the
second difference between these two samples, namely that the one showing lower N/Cu
ratio experienced lower corrosion by sulfide attack. These observations indicate that the
presence of the room-temperature pre-coat of TTAH must be modifying the surface

potential of the Cu substrate such that the Cu™ formation is suppressed.

From the ARXPS results shown in Fig. 4.40, it was established that Cu,SO,4 forms below
the Cu,S layer. This suggests that the formation of Cu,SOy is the initiating step of Cu
corrosion by sulfide radicals. This can be explained on the basis that the initial sulfide
radicals that penetrate through the TTAH adsorption-film come in contact with the Cu,O
surface. At this interface, the sulfide radicals react with the Cu,O to form Cu,SO4. Note,
AG% (CupS0Oy) << AG% (Cu,S), i.e., Cu,SOy4 is thermodynamically a more stable product
than Cu,S. But beyond a certain stage of growth in Cu,SQO,, for the sulfide corrosion to
proceed, Cu® ions have to diffuse through the Cu,SO4 layer where they encounter the
sulfide radicals, consequently forming Cu,S. The optimized value of the Cu,SO, layer
thickness is determined by the comparative diffusion rates of the Cu™ through the Cu.O,
and Cu,SO, layers from the Cu/Cu,0, and Cu,O/Cu,S0O, interfaces, respectively to reach
the Cu,SO4/Cu,S interface. Ideally, the diffusion rate of the sulfide radical through the
Cu,S0; layer in the opposite direction to that of Cu® should also play a role, but it can be
fairly assumed that owing to its size, the sulfide radical has a much lower diffusivity as
compared to Cu” and hence, the overall reaction is governed by the diffusivity of the Cu”.

This explains the relative predominance of Cu,S over Cu,SO, in the corrosion product
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even though the latter is thermodynamically more stable. The results from the ToF-SIMS
study involving the O isotope, presented in section 4.5, substantiated this model by
confirming that the O associated with the Cu,O surface oxide is significantly transferred
to Cu,SO;. In Fig. 4.43 (b), the initial drop in the [SO™] is likely to be related to the
Cu,SO,4 formed by the oxidation of the prior-formed Cu,S nearer to the free surface, as a

result of exposure to the atmosphere or as an action of the O dissolved in the oil.

5.3 Validation of the Proposed Mechanism against Observations Reported in the
Literature

This section attempts to rationalize the presently proposed mechanisms in perspective to
the observations related to both BTAH-, and TTAH- Cu systems, cited in the literature.
The present project revealed that the surface film reactions are far from thermodynamic
equilibrium. They are transport-controlled. The controlling factors are the diffusivity of
O, and sulfide radicals through the TTAH-Cu complex, Cu,S, and Cu,SO4 layers and
diffusivity of Cu” in the opposite direction through the same layers along with that in
Cu,0. This explains the commonly reported effects of the surface oxides on the BTAH,
and TTAH adsorption-film formation on Cu =207} X¢e31 The Jimiting factor is the rate of
availability of Cu™ for reacting with BTAH, or TTAH, which is lower in the presence of
Cu0, leading to the formation of a less effective BTAH-, TTAH- Cu adsorption-film.
This is in agreement with the fact that in aqueous medium, the BT AH adsorption-film has
a higher corrosion resistance when tested on pristine Cu surface than that of Cu,0 "¢9.
The presently proposed mechanism also explains the observation that in oily medium, a

thinner TTAH adsorption-film on furnace-oxidized CuO surface as compared to that on a
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mechanically polished Cu surface %7, This effect of O and surface-oxides may be
better illustrated by considering further experiments in the future, involving O, and Ar
purged immersion, at various flow rates. The mechanism put forward in the present work
is also in agreement with the observation that Cu-Ag alloys upon reacting with BTAH in
aqueous medium undergo a substantial Ag enrichment at the surface ™! The present
work also confirms chemisorption to be the active mode of TTAH adsorption on Cu

under the conditions considered here.

The involvement of multiple kinetic parameters in the formation process of the surface
film explains the observed sensitivity of the system against temperature. In the course of
the present project, the significant effect of temperature on the TTAH adsorption
behavior was established. However, adsorption-isotherm studies on the BTAH-Cu system
in aqueous media were not able to detect any appreciable difference in the corresponding
adsorption behavior in the temperature range of 35°C to 55°C "% The present work
also ascertained multi-layered adsorption of TTAH on Cu. Adsorption-isotherm studies,
on the other hand, mostly revealed mono-layered adsorption <20 [R&031 ‘njoreqver, most
of the adsorption-isotherm studies fail to account for the interactions amongst adsorbed
corrosion inhibitor molecules, which is expected to be significant in structures similar to
that revealed in the present study (82! [Ba%7] These key differences emphasize the
inefficiency of adsorption-isotherm studies for investigating into similar systems,
especially at elevated temperatures. Further work is required to optimize the temperature
for most effective surface protection, specific to chemical environments. Based on the

present study, it may be interesting to study the behavior and performance of a TTAH
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adsorption-film formed at elevated temperature under lower temperature service

conditions.

The present study also contradicts with the observation made by Levin et al., that TTAH
adsorbed on Cu, in oily-medium, did not show any appreciable tendency to polymerize at
room temperature, which was based on the absence of an appreciable peak for [TTA,Cu]
species -] Lastly, the present work contradicts Trouiller et al. in respect that, [CuO]
secondary ions in ToF-SIMS were found to be related to the Cu,O layer, rather than

surface contamination as suggested by the latter %!,

To sum up, for a given concentration of the TTAH corrosion inhibitor, a chemical state of
the Cu surface, and the solvent that enable easier availability of Cu™ in the initial phases,
leads to the formation of a more protective TTAH adsorption film. However, further

research is required on the molecular orientation of TTAH in the adsorption-film.
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Chapter 6

Conclusion

The present PhD project was able to identify the microscopic-mechanism for TTAH
adsorption on Cu. The efficacy of TTAH in protecting the Cu surface against corrosion in
oily sulfide solution was attributed to the formation of a physical barrier rather than
surface passivation. The surface film formation was shown to be a kinetics-controlled
process with profound temperature sensitivity. The outward diffusion of Cu® was
identified to be the most critical step in the formation of the TTAH adsorption film.
Based on the mechanism proposed in this project, more realistic kinetic modeling can be
carried out to predict the behavior of practical systems. The presently proposed model is
able to explain a number of observations for TTAH- and BTAH-Cu systems reported in
the literature. Based on the present study, the key mechanistic features of TTAH
adsorption on Cu, in both oily and aqueous media are expected to be similar except for
the fact that aqueous media extract Cu* from the metallic substrate more effectively. On
the basis of the present model, this difference implies that the adsorption film formed in
aqueous media should have better anti-corrosion properties than that formed in oily
media (under identical conditions). Based on the present work, there can be multiple

approaches to achieve better corrosion protection for Cu in the future:

= |dentify newer corrosion inhibitors that are capable of forming better packed
organo-metallic structures than TTAH-Cu system, hence providing a more

effective physical barrier.
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= Optimization of operating temperature: It may be beneficial to expose the initial
Cu surface to form a corrosion inhibitive adsorption film at a higher temperature
before subjecting it to lower temperature service conditions. This is based on the
fact that according to the present model, Cl adsorption film formed at higher
temperature is expected to be more corrosion resistant than the one formed at

room temperature.

» Research into the synergistic effects of additives in modifying the surface
potential such that the extraction of Cu® from the substrate is facilitated in the

initial phases.

The present project established the potency of XPS and ToF-SIMS, used in conjunction,
to investigate organo-metallic systems, in spite of the lacking lateral-resolution offered by
these instruments. The strength of these experimental techniques lies with their ability to
reveal extremely depth sensitive information without significantly damaging the surface,
which is imperative for probing into thin and soft organo-metallic layers. The
complimentary nature of information imparted by these two techniques regarding the
state of chemical-bonding in the adsorption film ensures nearly complete characterization
of such systems. High-resolution TEM study on both cross-sectional and planar samples
may be attempted to overcome the limitation on the lateral-resolution posed by XPS and
ToF-SIMS. TEM study would reveal direct evidence for the structure of the surface film
and its lateral homogeneity at molecular scale. This would help to understand the lateral
molecular interactions. However, it may be challenging to prepare a TEM sample
keeping the thin and soft organo-metallic adsorption film intact.
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Finally, having shown that the physical principles governing the TTAH adsorption film-
formation on Cu in oily media are generic, it will be useful to study the reaction
mechanisms for other organic corrosion inhibitor and metal systems. The larger objective
of such research work will be to develop a broader understanding on the microscopic
interactions of organic corrosion inhibitors with metallic systems, which would

ultimately lead to more effective corrosion protection of metallic alloys in the future.
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Appendix |

XPS Neutralizer Beam Induced Surface Modification

Modern XPS instruments, including the one installed in SCSAM that was exclusively
used in the course of this PhD project, are equipped with dual beam neutralizers — an
electron-beam, and an ion-beam. The idea is to simultaneously flood the surface with
low-energy electrons, and positive ions to neutralize the surface which in turn minimizes
the shift in the binding energy (BE) of photo-electrons from their true values caused as an
artifact of surface charging. This feature is extremely helpful for characterizing insulating
samples in XPS that are prone to surface charge accumulation. The PHI Versa Probe
5000 XPS installed in SCSAM uses Ar® for ion-beam neutralization. Typically, 1 eV
electron-beam, and 10 eV Ar* beam are used for this purpose. Presently, it is quite

customary to use these neutralizer beams irrespective of the conductivity of the sample.

It is well-known that continuous bombardment of the sample surface with high-energy
ion-beam tends to modify the chemical state of the surface. One of the most commonly
observed effects is the reduction of the metallic species in the sample to lower oxidation
numbers. A number of transition metal oxides — Fe oxides, W oxides, etc. have been
studied for this purpose [Xi€t2l [Alo08]. [S08] "Byt i the literature, this surface-reduction
artifact has been studied only with high-energy sputtering ion-beams with energies in the
range of few KeVs — typically 1-6 KeV. However, in the course of the present PhD
project, it was observed that Cu oxide systems are prone to similar surface-reduction

effects even with low-energy neutralizer beams. This chapter articulates the chemical
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modifications at the surface of Cu oxide specimens under dual-beam neutralizer with 1
eV electron-beam, and 10 eV Ar® beam. For this purpose, three different states of Cu
oxides were studied — Cu,O formed by HNO3 etching, CuO formed by furnace oxidation,
and native oxide formed on pristine Cu surface upon exposure to the atmosphere for 5

days.

In order to study the effect of the neutralizer beams, the sample surface was intermittently
exposed to the neutralizer beams, while data was repeatedly collected over the same area
with the neutralizer beams off. The Cu 2p, Cu L3M4sMss, and O 1s peaks were
compared, respectively, for all cycles of data acquisition on each sample. For each
sample, the Cu 2p, and the Cu L3M4sM4 s peaks were normalized to a scale of 0 to 1 in
order to clearly reveal the shift in the chemical nature of the Cu with increasing
neutralization time. However, the O 1s peaks were not normalized to illustrate the
reduced intensity of the same with increasing neutralization time. Fig. Al.1 (a) shows the
modifications observed in the Cu L3sMs5Ma s peak with increasing neutralization time, as
acquired on the specimen with Cu,O at the surface. The Cu metallic peak at 568.0 eV
was normalized to 1 for each data set. Evidently, the relative intensity of the peak
corresponding to Cu™ in Cu,O, at 570.0 eV, decreased with increasing neutralization
time. Correspondingly, as shown in Fig. Al.1 (b), the intensity of the O 1s peak also
dropped substantially with increasing neutralization time. The variations in the atomic
(at.) % of Cu, and O with neutralization time, recorded in the near-surface analyzed
volume, are shown in Fig. Al.2 (a). The at. % of Cu increased from 67 % in the initial

surface condition to 95 % after 22680 s (6.3 h) of neutralization. Similarly, the variations

160



in the relative fraction of the Cu L3M4sMa s peak at 568.0 eV, and 570.0 eV were plotted
against neutralization time, as shown in Fig. Al.2 (b). These plots were in good
agreement with the fact that the Cu surface became more metallic in nature with

increasing neutralization.
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In order to verify if this was a mechanical sputtering effect leading to a largely dislodged
oxide layer or an actual chemical reduction of the Cu at the surface, a similar experiment
was carried on a furnace oxidized Cu sample that was completely transformed into a
black CuO foil. The results for this sample are shown in Fig. Al.3, and Fig. Al.4. Even in
this case, a significant Cu enrichment of the surface was observed. This proved that it
was not a uniform sputtering effect of the top layer, as in that case, no shift in the peaks
were expected with the CuO foil being = 25 um thick (>> analyzed or sputter depth). As
shown in Fig. Al.3 (a), the intensity of the satellite peaks for Cu 2pss,, and Cu 2p;/, peaks
relative to their corresponding main peaks reduced significantly with increasing
neutralization time confirming the reduction of Cu in CuO. The shift in the Cu
LsMssMys peak, shown in Fig AL3 (b), from 569.0 eV in the initial state to
predominantly 570.0 eV in the final state confirmed that Cu?* in CuO was being reduced
to Cu® in Cu,0. The intensity of the O 1s peak, shown in Fig. Al.3 (c), dropped again
with increasing neutralization time. Moreover, the O 1s peak also showed a chemical-
shift in BE. In the initial surface condition, the O 1s peak was predominantly at 529.7 eV
corresponding to CuO, whereas upon neutralization, the relative fraction of the O 1s peak
at 530.7 eV corresponding to Cu,O increased monotonously. On the final state of the
surface, data was acquired for a prolonged time in the vicinity of the Ar 2p peak so as to
ascertain if the Ar® ion-beam had sufficient energy to incorporate Ar® ions into the
sample surface. However, as shown in Fig. Al.3 (d), no signs were detected for the
presence of Ar on the surface. The variations in the atomic % of Cu, and O with

neutralization time, recorded at the surface of the CuO sample, are shown in Fig. Al.4.
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Cu content of the surface increased from 50 %, in the beginning, to 60 % after 71460 s

(19.8 h) of neutralization.
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Fig. Al.3: Comparison of (a) Cu 2p (b) Cu L3M4sMys () O 1s (d) Ar 2p peaks acquired
on CuO specimen with increasing neutralization time.
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Fig. Al.4: Comparison of relative fractions of Cu and O at. % acquired on CuO specimen
with increasing neutralization time.
A similar experiment was repeated on the native oxide of Cu formed upon exposure of
pristine Cu surface to the atmosphere for 5 days. This sample was characterized to have
Cu,0 on the surface to begin with, although as revealed by the O 1s peak, the top-most
layer was found to bear some form of hydroxide/water bearing compound. This sample
also showed an extensive shift in the chemical nature of the Cu on continued
neutralization. The normalized Cu L3M4sMa 5 peaks and the O 1s peaks are shown in Fig.
AL5 (a), and (b), respectively. Initially, the peak at 570.0 eV corresponding to Cu” in
Cu,0 was the predominant Cu L3M4sMas peak. However, with increasing neutralization
time, the predominant peak shifted to 568.0 eV, corresponding to metallic Cu.
Correspondingly, the intensity of the O 1s peak reduced with increasing neutralization
time. The BE position of the O 1s peak complied well to Cu,0, except for the first data
set which revealed the presence of hydroxide/water as the major component. The Cu, and
O atomic % variation plots with neutralization time are shown in Fig. Al.6. The surface

atomic concentration of Cu increased from 43 %, in the initial condition, to 84 % on
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neutralizing for 24300 s (6.8 h). This suggested that the surface had some adventitious O
bearing compounds to begin with, which disappeared upon neutralization. Note, for all
the three samples, the surface had some adventitious C as well, which also disappeared
upon neutralization. The rapid removal of the adventitious compounds from the surface
followed by substantial Cu enrichment of the surface upon continued neutralization, in all
the three cases, clearly indicated towards differential sputtering of lighter elements — O,
and C at a faster rate as compared to that of Cu. Hence, it was concluded that even low-
energy neutralizer beams lead to differential sputtering assisted chemical reduction of the

Cu surface.
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Fig. Al.6: Comparison of relative fractions of Cu and O at. % acquired on native oxide of
Cu with increasing neutralization time.
In each case, the observed surface-reduction was confirmed to be an effect of the
neutralizer beams as this phenomenon was not limited to the area over which data was
acquired repeatedly. The neutralizer beams were projected over an area of 3 mm x 4 mm,
essentially covering the entire sample face. At any instance of time, comparable degree of
Cu reduction was observed in all regions of the sample surface. Thus, to avoid such
surface-reduction artifact, neutralizer beams were disengaged while obtaining all the

experimental results that are presented in chapter 4 of this PhD thesis.
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