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CHAPTER1

INTRODUCTION

Alternative energy sources are the topic of much interest due to the increasing demand of
energy and the major energy sources relied on today are non-renewable. Hydrogen gas is the
energy source of choice for it has many merits. It is a clean energy and has high energy release
per unit compared to other sources [1]. It also hasimany applications, for instance, fuel cell.

1.1 Hydrogen Production
Production of hydrogen - gas from petrolettinhydrocarbon employs hydrolysis, dry

reforming, steam reforming, partial oxidation or gasification in which reformings are the most
common. Methane reacts with either. &team| or carbon dioxide as shown in the following

equations.

1. Steam Reforming
CH: + 2O ——» GO 4+ 3H: AH 298) = 206K]/mol

2. Dry Reforming
CHs + COz —— 2CO + 2H: AH (298) = 247 KJ/mol

3. Partial Oxidation

CHs + %COz — > CO /0 AH (298) —-36 KJ/mol

4. Gasification Reaction
C+HO — WO + Hz
5. Electrolysis of water

2H20(1) — 2Hz(g), + 'O3(g)

1.2 Hydrogen Purification and Intermetallic Diffusion

Both processes require a_purification step to obtain a high-purity product and typically
employ a membrane reactoriin which the reforming and purification steps can be operated in a
single unit. The membrane in the reactor is a palladium for it is specifically permeable to
hydrogen gas so obtaining product of high purity can be easily achieved. The palladium
membrane is also stable at high operation temperatures [2].

Palladium layer of limited thickness is coated on a support by electroless plating [3]. The
permeability of palladium membrane to hydrogen gas is in inverse proportion to its thickness [4].
The supports are including ceramics and glass but the most common is stainless steel primarily
due to its cheapness, ease of welding and high strength. However, while dry reforming of

methane over Al203 catalyst takes place at temperatures 670-700°C [5], diffusions of metal



components of the support into the membrane, this phenomenon called ‘intermetallic diffusion’
and becomes the major drawback of the stainless steel support, at temperature above 400°C [6]

and results in contaminated, poor-selective and shorter-life membrane.

A barrier between the membrane and the support is an effective solution. Such an
intermetallic diffusion barrier can be coated on the support by (1) thermal oxidation of the
stainless steel support, (2) electroplating of metal atom followed by thermal oxidation and (3)

sputtering of metal or compound species with or without thermal oxidation.
1.3 Objective

This study aims to develop an effective /Cr-based intermetallic diffusion barrier on
stainless steel (5S) support. The extents of intermetalliediffusion from four Crz0s and one CrN-
coated SS supports were examined and compared o that ol the unoxidized stainless steel. The
Cr20s-coated supports were formed either by (1) thermal oxidation, (2) electroplating of Cr with
oxidation, (3) sputtering of Cr with pest oxidation or (4) sputtering of Cr in Oz atmosphere and
the CrN-coated by reactive sputtering of Cr in Nz atmosphere. The testing condition was dry

reforming of methane [7].



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Preparation of Intermetallic Diffusion Barriers

Plating is the general name for surface-covering techniques in which a metal is
deposited onto a conductive surface. Plating is indispensable as a corrosion inhibitor for the
manufacture of computers, mobile phones, and electronic devices as well as other uses such as
solder ability, hardness, wear ability, friction loss, paint adhesion, conductivity, shielding, etc.
Moreover, it is a key technology for the development of new machines. It is also used for
decoration, for example in jewelry, typically to previde a silver or gold exterior. Thin-film
deposition techniques have accomplished plating on seales-as small as the width of an atom, so
it is appropriate to call some plating applicatiaons nanetechnology.

There are several plaiing methods. For example, in one method, a solid surface is
covered with a metal sheet, and then heat and pressure are applied to fuse them together (a
version of this technique is called Shelfield plate). Other plating techniques include vapor
deposition under vacuum, sputteg'deposition, and methods using vacuum conditions or gas.
Recently, however, only ‘plating techniques using a liquid tend to be called "plating”.
Metallizing refers to the process of coating metal on non-metallic objects,

2.1.1 Electroplating

Electroplating is the process-of using electrieal current to reduce metal cations in a
solution and coat a conductive object with a thin layer of metal. The primary application of
electroplating deposits a layer of a metal having some desiredsproperty (e.g., abrasion and
wear resistance, corrosion pietectionslubiicity-improveinent-of aesthetic qualities, etc.) onto
a surface lacking that property. Another application uses electroplating to build up thickness
on undersized parts,

The process used in electroplating is called electrodeposition. It is analogous to a
galvanic cell acting in_reverse.”The part to be plated is the cathode of the circuit. In one
technique, the anode is made of the metal to be plated” on the part. Both components are
immersed in a solution called an "Electrolyte” containing one or more dissolved metal salts as
well as other ions that permit the flow of electricity. Asrectifier suppli€s‘a direct current to
the cathode,causing theymetal ionsiin the electrolyte solution to lose their.charge and plate
out on the cathode. ‘As the electrical current flows through the circuit, the anode slowly
dissolves and replenishes the ions in the bath.

Other electroplating processes may use a non consumable anode such as lead. In these
techniques, ions of the metal to be plated must be periodically replenished in the bath as they
are drawn out of the solution.

2.1.1.1 Electroplating Process

The anode and cathode in the electroplating cell are connected to an external supply
of direct current, a battery or, more commonly, a rectifier. The anode is connected to the
positive terminal of the supply, and the cathode (article to be plated) is connected to the



negative terminal. When the external power supply is switched on, the metal at the anode is
oxidized from the zero valence state to form cations with a positive charge. These cations
associate with the anions in the solution. The cation are reduced at the cathode to deposit in
the metallic, zero valence state. Example: In an acid solution, Palladium is oxidized from an
anode to Pd* by losing two electrons. The Pd* associates with the anion SO# in the solution
to form sulfuric acid. At the cathode, the Pd* is reduced to metallic Pd by gaining two
electrons. The result is the effective transfer of Pd from the anode source to a plate covering
the cathode [8].

The plating is most commonly a single metallic element, not an alloy. However, some
alloys can be electrodeposited, notably brass and solder.

2.1.1.2 Current density

The current density (amperage of the clecteoplating current divided by the surface
area of the part) in this processstrengly influences the depesition rate, plating adherence, and
plating quality. This density ean¥ary over the surface of a part, as outside surfaces will tend to
have a higher current densityethansinside surfaces (e.g., holes, bores, etc.). The higher the
current density, the faster thesdeposition rate will be, although there is a practical limit
enforced by poor adhesion.and plating quality when the deposition rate is too high.

While most plating cells use a continuous direct current, some employ a cycle of 8-15
seconds on followed by 1-8 seconds off. This allows high current densities to be used while
still producing a quality depgsit. In order‘to deal with the uneven plating rates that result
from high current densities, the current is even, sometimes reversed, causing some of the
plating from the thicker sections ta re-enter the solution. [n effect, this allows the "valleys" to
be filled without over-plating the "peaks.” This is Gommaon on rough parts or when a bright
finish is required.

2.1.1.3 Electroplating

A closely-related  process is brush electroplating, in which localized areas or entire
items are plated using a brush saturated with plating solution. The brush, typically a stainless
steel body wrapped with a cloth material that both holds the plating solution and prevents
direct contact with the item ‘beinng plated, is connécted to the positive side of a low voltage
direct-current poweér source, and the item to be plated connected to the negative. The
operator dips the brush in plating solution then appliesit to the item, moving the brush
continually to get an even distribution of the plating material. The brush acts as the anode,
but typicallyidacs not cantribate any plating material, although sometiines the brush is made
from or contains the plating material in order to extend the life of the'plating-solution.

Brush electroplating has several advantages over tank plating, including portability,
ability to plate items that for some reason can't be tank plated (one application was the plating
of portions of very large decorative support columns in a building restoration), low or no
masking requirements, and comparatively low plating solution volume requirements.
Disadvantages compared to tank plating can include greater operator involvement (tank
plating can frequently be done with minimal attention), and inability to achieve as great a
plate thickness.



Electroplating is the deposition of a metallic coating onto an object by putting a
negative charge onto the object and immersing it into a solution which contains a salt of the
metal to be deposited. The metallic ions of the salt carry a positive charge and are attracted to
the part. When they reach it, the negatively charged part provides the electrons to "reduce”
the positively charged ions to metallic form.

2.1.2 Electroless deposition

Usually an electrolytic cell {consisting of two electrodes, electrolyte, and and external
source of current) is used for electrodeposition. In contrast, an electroless deposition process
uses only one electrode and no external source of electrical current. However, the solution for
the electroless process needs to contain a reducing agent so that the electrode reaction has the
form: In this work, an electroless process is used forelgetroless palladium plating.

2.1.2.1 Cleanliness

Cleanliness is essential 6 successful electroplating, since molecular layers of oil can
prevent adhesion of the coatings@ASTM B322 s a standard guide for cleaning metals prior to
electroplating. Cleaning precesses include solvent cleaning, hot alkaline detergent cleaning,
electro cleaning, and acid egch. The most eommon industrial test for cleanliness is the
waterbreak test, in which the stirface is thoroughly rinsed and held vertical. Hydrophobic
contaminants such as oils cause the water to bead and break up, allowing the water to drain
rapidly. Perfectly clean metal surfages are hydrophilic and will retain an unbroken sheet of
water that does not bead up or drain off. ASTM F22 describes a version this test. This test does
not detect hydrophilic contaminants, but the electroplating process can displace these easily
since the solutions are water-based. Surfactants such as soap reduce the sensitivity of the test,
so these must be thoroughly rinsed off.

Electroless plating, also known as chemical or auto-eatalytic plating, is a non-galvanic
type of plating method that involves several simultaneous reaetions in an aqueous solution,
which occur without the'use of external electrical power. The reaction is accomplished when
hydrogen is released by a reducing agent, normally sodium hypophosphite, and oxidized thus
producing a negative charge on the surface of the part. The most common electroless plating
method is electroless nickel platifig. See: Electroléssnickel plating

2.1.2.2 Chrome plating [9]

Chtome | plating, jis “a “finishing tréatmefit” utilizing | the electiplytic deposition of
chromium. The most'commeon form of chrome plating is the thin, decorative bright chrome,
which is typically a 10-um layer over an underlying nickel plate. When plating on Iron or
Steel, an underlying plating of Copper allows the Nickel to adhere. The pores (tiny holes) in
the Nickel and Chromium layers also promote corrosion resistance. Bright Chrome imparts a
mirror-like finish to items such as metal furniture frames and automotive trim. Thicker
deposits, up to 1000 pm, are called fhard chrome and are used in industrial equipment to
reduce friction and wear.

The traditional solution used for industrial hard chrome plating is made up of about
250 g/l of Cr(s and about 2.5 g/l of S0«. In solution, the chrome exists as chromic acid, known
as hexavalent chromium. A high current is used, in part to stabilize a thin layer of chromium



(+2) at the surface of the plated work. Acid Chrome has poor throwing power, fine details or
holes are further away and receive less current resulting in poor plating. As such reasonable
precautions should be taken to minimize exposure of Cr* to people and environment.

Look at the figure below, and then follow the written explanation.

] Anode(+ve) Cathode(-ve)
fufimenytead I| 1| -l Cathode
Anode " ' '

Stainless steel support

Now we fill the
theoretically possible to use a g ‘-
the salt is simply dissolved in water a

e metal to be plated. It is
hat is done, but most of the time
(3 \\ 1onizes in water to Cré

Deposition of chromium
Cr:0+% + 14H* 4 Y _ 4.1
Vs
Evolution of hydrogen gas m
2H+ + 2e % 42

meﬂufmwﬂmwa’m
“ﬁw“?aiiﬂmﬁwﬂaﬂ

At the anode, liberation of oxygen is accompanied by the oxidation of trivalent of
hexavalent chromium, i.e., the regeneration of chromic acid. The reaction was exhibited in
equations 4.4 to 4.6.

Evolution of oxygen gas

2H: O ——» O: + 4H' + 4de 4.4



Oxrdation of chromium (III) to chromium (V1)

2Cr + 6H:=0 » 2Cr0s + 12H+ + 6Ge- 45
Formation of lead oxide

Pb + 2H:0O » PbO: + 4H* + 4e 4.6

2.1.3 Sputtering

Sputtering is a physical vapor deposition, PV process whereby atoms in a solid target
material are ejected into the gas phase due to bombardment of the material by energetic ions.
It is commonly used for thin-film deposition, as well as-analytical techniques

2.1.3.1 Physics sputtering

Standard physical spuittezing s driven by momentum exchange between the ions and
atoms in the material, due to ceollisions. The-process can be thought of as atomic billiards, with
the ion (cue ball) striking a'large cluster of close-packed atoms (billiard balls). Although the
first collision pushes atoms deeper into the cluster, subsequent collisions between the atoms
can result in some of the atoms near the surface being ejected away from the cluster. The
number of atoms ejected from the surface per incident particle is called the spurter yield and
is an important measure of the efficiency of the sputtering process. Other things the sputter
yield depends on are the energy of the incident ions, the masses of the ions and target atoms,
and the surface binding energy of atoms in the solid.

The primary particles for the sputtering process are supplied either by a plasma that is
induced in the sputtering equipment, or an ion or electron -accelerator. In the plasma
sputtering devices, a variewy of techniques is used to modify the plasma properties, especially
ion density, to achieve the optimum sputtering conditions, including usage of RF (radio
frequency) alternating currént, utilization of magnetic fields, and application of a bias voltage
to the target.

Physical sputtering has a well-defined minimum-energy threshold which is equal to
or larger than the ion energy at which the maximum enérgy transfer of the ion to a sample
atom equals the binding energy of a surfdce atom. This.threshold typically is somewhere in
the range 10-100eV.

Preferential sputtering can occur “at' the start“when'a multicomponent target is
bombarded. If the energy transfer is more efficient to one of the target components, and/or it
is less strongly bound to the solid, it will sputter more efficiently than the other. If in an AB
alloy the component A is sputtered preferentially, the solid will during prolonged
bombardment become enriched in the B component thereby increasing the probability that B
is sputtered such that the composition will approach AB again.



2.1.3.2 Film deposition

Sputter deposition is a method of depositing thin films by sputtering, i.e. eroding,
material from a “target,” e.g., SiOz, which then deposits onto a "substrate,” e.g., a silicon wafer.
Resputtering, in contrast, involves re-emission of the depositedd material, e.g., SiOz, during
the deposition also by ion bombardment.

Sputtered atoms ejected into the gas phase are not in their thermodynamic
equilibrium state, and tend to deposit on all surfaces in the vacuum chamber. A substrate
(such as a wafer) placed in the chamber will be coated with a thin film. Sputtering usually
uses argon plasma.

2.1.3.3 Fundamental processes in plasma

Inside plasma, there are electrons, ion of warious charge state, neutral atoms and
molecules. These particles move around inside the plasmawith kinetic energy. The particles
may exchange energy when ihev collide with each other. This collision can be either elastic
or inelastic.

For elastic collision, thefenergy is conserved and the particles only exchange kinetic
energy. The magnitude and directions of the velocities of both particles changes after the
collision. However, during andinelastic collision, the internal energy of the colliding particles
can be changed as well. This deads to various types of processes such as excitation and
ionization other than just scattering found.in elastic collision.

For a general knowledge of basic mechanics, the fraction of energy transferred during
an elastic collision is:

_ kinetic of m, after collision  dmm,

initial kinetic energy_of i, = ( +m,)

where 0 is the angle that-mi made with m: after collision oceur. This shows the energy of
electron can be transferred to the internal energy of mz which“may be ion or atom under
inelastic scattering process.

As a consequence of collisions among the particles in the plasma, four elementary
processes may occur. These are déscribed as follow:

e Scattering
A +e EE— e &+ A 4.7
This, lis' the process  caused, by elastic” collision| where the celliding electron will
transferred a small fraction of its kinetic energy to the'atom or ion.

o Excitation
e + A ———» A* + e 4.8
This process occurs when electron with sufficient energy colliding inelastically with
an atom or ion and part of its energy is absorbed by an inner shell electron of the atom or ion.
This inner shell electron is raised to a higher energy level where the atom or ion is now
deemed to be is an excited state.



Most of the excited states have a short life time. The excited electron will decay back
to its original level. In doing so, it emits a photo which is equivalent to the energy ditference.
This process is called de-excitation or relaxation by spontaneous emission.

o Tikiad
e + A —» A + 2e 49
With sufficiently high energy, the colliding electron may transfer enough energy to
the target atom or ion to release a bound electron from its level. The atom or ion loses an
electron and it is said to be ionized. They will become one charge state higher.

o Rk

e+ AN —p . : 4.10
Recombination process ocours when Apecollides with ion and the electron is
captured and occupies the vacangy inside the ion. ge state if the ion is changed to one

level lower than previously. I

Qﬂd in a form of photon emitted

with energy fv ‘
By deriving an impa s en atom and electron(in general
physics) such that: \
' 4.11
2.1.3.4 The

2, target material, which is bombarded by
jort through the process chamber, these
atoms then condense on the substratc = film, as shown schematically in Fig. 2.2

~  Substrate and Glm growth

:anta'lnirg raw material that is Sputtening Target
sputtered off by the positive
fons fmpacts

Figure 2.2 Schematic of a basic DC sputtering deposition system.

After a sputtering gas has been introduced into a vacuum chamber, a negative
potential is applied to the target. This induces a glow discharge process in the deposition
chamber. The ions are accelerated toward the target by the applied potential.
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In the collisions between ions and target material, energy and momentum of the
incident ions are transferred to the target. If the energy of the target atoms becomes high
enough to overcome the surface binding energy, it will cause the atoms of the target to be
sputtered away and travel to the substrate. This energetic ion bombardment of the target will
also cause the generation of secondary electrons that are accelerated away from the target due
to the electric field. As we follow the secondary electrons that come out from the target
(cathode), they first cross “the dark space,” sometime known as the “sheath region” It is name
“dark space” because the electron density is very low, reducing excitation of gas atoms in this
area, thus reducing glow from their excited states. Due to reduced ionization in the dark-
space, most of the applied target potential is dropped over the dark space. The thickness of
this dark space depends upon the sputtering, pressure and equals the mean free path of the
secondary electrons from the cathode. Strong fields, therefore, are formed. Since the
secondary electron follows the eleetric field, which is perpendicular to the cathode surface,
they travel in the broad parallel beam and are knowwnas “beam” electrons. After acceleration,
they pass into “the negative-glow” region, Where theyionize gas molecules and lose their
directionally by scattering.-in"this wav, these secondary electrons will sustain the glow
discharge process.

2.1.3.5 Thinfilm synthesis by sputtering

Intermetallic diffusion barriers were grown by using reactive magnetron sputter
deposition. Sputtering can bg very svell eontrolled and is generally applicable for metals,
semiconductors as well as insulators. Furthermore, it gives more degree of freedom to control
growth parameters, such as, substrate temperature and kinetic energy of species arriving to
the surface of the substrate, than gther thin film depesition process. This gives a lot of benefits
for many thin film application, such as the growth of alloys and the use of ion-surface
interaction for microstructure modification

2.1.3.6 Reactive sputtering

Normally, the sputter deposition of pure metal can be done by using an inert gas, such
as argon (Ar). For a compound thin film, as in this.Work; CrN, chemical reaction between the
target material and the sputtering gas are required to be able to form such a film. This process
in sputtering is called reactive sputter deposition [10] and is commonly used. Generally, a
mixture between an inert gas and a reactive gas, such as Nz, Oz and CHs,ican be used in the
process. This gives thé., possibility-tg- alter compound steichiometryin sputtering from a
compound target or to deposit a'compound film from a ‘metallie-target.”A typical behavior of
reactive sputtering upon increasing the content of reactive gas in the gas mixture is the
increasing compound coverage of the active target surface. The compound material on the
surface is then sputtered away from the surface instead of the pure metal. This will change the
deposition process and require an optimization of the process parameters since the compound
usually have low sputtering rate. In the CrIN thin film synthesis in this work, nitrogen gas
with very high purity (99.999999999%) has been used as sputter gas, with reacts with the
aluminum target and forms a compound CrN layer on the target surface. The sputtering of
this compound layer then creates a 1:1 flux of the Cr and N towards the substrate
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2.2 Diffusion

2.2.1 Introduction of diffusion

Simply put, diffusion is the phenomenon of material transport by atomic motion. This
unit discusses the atomic methods by which diffusion occurs, the maths behind it, and the
influence of temperature and materials used, on the rate of diffusion. This unit will introduce
the topic of diffusion, how it occurs, and some examples of its use in industry.
If two pieces of different metal are joined together as shown here in figure2.3 for example,
palladium and stainless steel alloy, and they are then heated for a long time (but below their
melting points), the atoms from the metals migrate, or diffuse into the other.

W2
=7l
B |

Figure 2.3 DiffuSion bedveen two pieces of difference metal.

Concentrations of bouk als viaryl with. pesition. This process is known as
interdiffusion, and is a time dépende ‘ \

At an atomic level, atoms are arrdnged iitice pattern, e.g. as shown simply in the

diagram. Diffusion is just the stepwise migr (tice site to lattice site. One
type of diffusion involv s-the Can normal lattice position, to an
tional or vacancy diffusion.

adjacent vacant lattice sité or v s
Of course, this process requires the presence vacancy diffusion depends on

the extent of vacancies in tlae material. The second type of diffusion involves atoms that
migrate from an “i itial” oF- ) " position, i ing one that is empty.
This oceurs with t‘ﬁfimi ] 2% 1 , wm T on, which have atoms

that are small enough to fit into the interstitial positions. This process is called, as you might
g3tk i N <
000 000

Figure 2.4 Three types of diffusion phenomena.
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Steady-State Diffusion

Diffusion iz a time-dependent process, and often it is necessary to know how fast it
ocours, or the rate of mass transfer, Thisrate 1s known as the difusion fux |, and iz defined as
the mass, W, diffusing through a unit cross-sectional area of solid, per unit of time, Therefors,

J= S 4,12
AT

where A is the area across which diffusion is ocourring, and T is the elapsed diffusion time, If

the diffusion flux does not change with time, a steady state condition exists and this is called
steady -state diffusion,

Non-Stasdy State Diffusion

In real life, most diffosionis mon-steady sateyderthe diffusion "flux’, |, varies with
time, Look back at the grapheshowimg the concentration gradients between palladium and
stainless steel alloy. It is howe fSHersh® this concentration gradient is, that determines this fluz,
which is how quickly diffusig@®: ot stuning YThe concentration gradient drives diffusion: a

high gradient rmeans a highofluz,

Zoncentration of Pd, Fe
J i e

Jis high |Attime t =0 gl T T J 15 zero
%Y,
Abt = infinity

Fosition
Figure 2.5 Diffusion fh befaeen-Fdand inetalatainsiiesaocturring non-steady state.

This rmeans that the last equation we used iz no longer valid In these situations an
equation known as Fick's First Law is used:

States that the rate of diffision on flox £ oF 5 species ir proportional to the
concentration gradient, Slrck
oC

J==Dr— 4,13
&
where D isthe diffusivity or coefficrent of diffusion. For atomic diffusion the units are:
] atoms m-2s-1
DO ms-1
i atoms m-4.,
And the Fick’s second Law is used:
2
E =D 3_@ 4.14
&t o’

where C is the concentration of the substance you're looking at (measured between 0 and 1)
D is known as the diffusion coefficient, and is given in square metre per second.
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In real life some simple boundary conditions can be applied to materials. These are
that:
e xis the distance from the interface you're looking at, and=0 at the surface or interface
of the material.
¢ The instant before diffusion starts, time is taken as zero, and
e Before diffusion starts, all the atoms that will be diffusing are evenly distributed.
Because of these boundary conditions.

2.2.3 Factors that influence diffusion
2.2 3.1 Diffusing species

The magnitude of the diffusion coefficient, 1D, is a measure of the rate at which atoms
diffuse. The diffusing species, as well as the host matemal, influences the diffusion coefficient.
For example, if a diffusing species has smallér atoms, it will interstitially diffuse through a
host material more easily. Alsosubstitution of diffusion ismade easier if the host material has
lots of vacancies to start with.

2.2.3.2 Temperature

Temperature has the most profound influence on the coefficients and diffusion rates.
For example, for the self-diffusion‘of Fe in alpha Fe, the diffusion coefficient increases about
five times, after the temperature is raised from 500 to 900°C. This is because diffusion is a
thermally activated process-i.ci there'is an energy barrier (activation energy) that has to be
overcome, in order for the atoms to move'from one lattice site to the other.

The more thermal energy thete is around, the easier it is for this energy barrier to be
overcome. Therefore, there is an exponential relationship between Temperature (T), and

Diffusion Coefficient (D), and this is:
—
D=Zce o 4.14

where Q = activation energy, T = temperature in Kelvin, R = Universal Gas Constant, and A is

a constant. Taking natural logarithms of this equation,
&
InD=InA By 4.15

And since A, Q and R are all constants, this expression,is similar to the equation of a straight
line: y-=mx + G

X-ray Photoelectron spectroscopy, XPS technique

X-ray photoelectron spectroscopy is a surface sensitive spectroscopy technique that
allows chemical identification of the elements in the top atomic layers of a sample by
recording the binding energies of the electrons associated with these atoms. Furthermore,
because the binding energies differ not only from chemical species to species, but also vary
with the bonding conditions in which the element is found, this technique also provides
information on the actual compounds present on the surface. In essence, it probes the
electronic structure of the surface. When used in combination with sputter depth profiling, in
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which ions are used to remove surface layers from a sample, XPS provides information about
the binding energy spectra of a sample.

The information provided by XPS is complementary to the data obtained with other
techniques, as it provides information about the true electronic structure of the surface.
Binding energies are sensitive to local environments of atoms or ions in materials, information
about which is not accessible through regular (EDS or WDS) spectroscopy techniques.

ELECTRON ANALY SER

Art-GUN

SAMPLE \ &
Figure 2;6_,Gqﬂcept 'E;E«XBS te chnique.

X-ray photoelectron spectroscopy (XPS} ’é;lso known as Electron Spectroscopy for
Chemical Analysis (ESCA), is a widely used techmffue for obtaining chemical information
of warious material surfaces. Core- level electrons are, en:utted from a surface after it has been
irradiated with soft X-ray:The low kinetic energy (0 1500 eV} ofemitted photoelectrons limit
the depth from which it cm;em.exguo_thaLXBS_ls_aJLequuﬁaceﬁs ensitive technique and the
sample depth is in the range of few nanometers. Photoelectrons are collected and analyzed by
the instrument to produce a spectrum of emission intensity verse electron binding energy. In
general, the binding energies of the photoelectrons are characteristic of the element from
which they are emanated so thatthe spectra can be used for surface elemental analysis. Small
shifts in the elemental binding energies provide information about the chemical state of the
elements on the surface. Therefore, the high resolution XPS$ studies can provide the chemical
state information of the surface [11].
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2.4 Literature reviews

Wang er al. [12] reported that metallic particles embedded in the oxide film play an
important role in film’s optical property. The result showed that metallic phases of Ag, Ti, and
Pb can be formed in different oxide films under heating, X-ray photon, and electron radiation.
The metallic phase separated from metal oxide film was investigated by X-ray photoelectron
spectroscopy technique. Metal oxygen bond breaking and total energy reduction in the film.
It is necessary to fully understand the formation mechanism of metallic particles so their
shapes and distributions can be tailored to achieve the desired film’s properties. Thermal
activated metallic phase formation in first two cases can be explained by the bond breaking
and reduction of total energy.

Shen er al. [13] reported that nanocrystalline’'chzomium nitride (CrN) with the cubic
rock-salt structure was synthesized by the arc discharge method in nitrogen gas (Nz). The
product was characterized by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). It was found that the nitrogen gas pressure is a erucial factor for the synthesis of cubic
CrN. At relatively low N: pressure; cubic CrN was formed. With the increase of Nz pressure,
hexagonal Cr2N and metal Craweregradually formed. [t indicated that the formation of CrIN is
enhanced at a low nitrogen pressure environment, and the dilfusion of nitrogen atoms into
the Cr was lowered with the dncrease of INe pressure. They explain this experimental
observation in terms of the evaporation rate of anode Cr and the ionization of nitrogen. In
conclusion, they have synthesized the cubic CrN nanoerystalline at a low nitrogen pressure of
5 kPa by the DC arc discharge method. The sizes of most CrN particles are less than 10 nm,
with the increase of the nitrogen pressure, the amount of CrN decreases and the amount of
Cr:N and Cr increases. This indieates that the ability of nitridation falls, and the particle size
also becomes much larger. The low-pressure synthesis of cubic CrN should be beneficial to
improve nitridation of other transition metals such as, Ceo, Ta, Mo, and W.

Yan and Roland “[14] reported that the integrity of thin composite palladium
membranes is influenced by the surface roughness of the porous support. Supports with
smooth surface and small pore size are expensive as they are composed of several layers with
decreasing pore size which require multiple successive energy and time consuming sintering
steps. In addition, sthdoth surfacesymay cause ;poor membraneadhesion. It is therefore of
interest to develop methods for(preparation of thin defect-free palladium membranes over
supports with rough surfaces. Atmospheric plasma spraying produced relatively thick
continuous dilms, but with some residual open.porosity. Electroless.plating gave the densest
layers. Activation of the support surface by metal organic chemical vapor deposition of
palladium instead of the conventional sensitization and activation pretreatment based on
successive immersion in SnClz and PdCl: solutions allowed to reduce the membrane thickness
without compromising its integrity.

Arias er al. [15] reported that thin films of TiN and ZrN were grown on stainless steel
316 substrate using the pulsed cathodic arc technique with different number of discharges
(one to five discharges). The coatings were characterized in terms of crystalline structure,
microstructure, elementary chemical composition and stoichiometric by X-ray diffraction
(XRD), atomic force microscopy (AFM) and X -ray photoelectron spectroscopy for chemical
analyses (XPS), respectively. The XRD results show that for both TiN and ZrN, the



16

preferential direction occurs in the plane (2 0 0), and this observation remained- even when
the number of discharges was increased. The grain size is increased with the increase of the
number of discharges for both nitrides, the roughness for the TiN film is greater than for the
ZrN film. XPS analysis determined that there is a higher nitrogen presence in the ZrN film
than in the TiN film.

Stefanov er al [16] reported that the structure and composition of chromium oxide
films formed on stainless steel by immersion in a chromium electrolyte have been studied by
SEM and XPS. Crz0s crystallites in the range 30-150 nm are fully developed and cover the
whole surface. The chemical compositions in the depth and the thickness of the oxide layer
have been determined by XPS sputter profiles. The oxide film can be described within the
framework of a double layer consisting of a thin guter hydrated layer and an inner layer of
Cr20s.

Lacoste er al. [17] reported that implantation of oxygen in stainless steel (15% Cr) via
plasma-based ion implantatien in_a-distributed ECR plasma reactor has been studied as
functions of ion energy and dese. Duie to the formation at the surface of dielectric films with
optical index and thickness depending on the implantation time and pulse voltage (up to 44
kV), various colorations can'be gbtained. The experimental results demonstrate the feasibility
of uniform processing, the possibility of reaching perfect control of the coloring through the
dose and energy of implanted ions, and that the resulting coloration varies monotonically
when increasing the dose andipenetration depth of implanted oxygen. Characterization of the
films by scanning electron microscopy. and X-ray microanalysis shows that oxygen
implantation results in strongsurface oxidation, but without any significant degradation of
the surface aspect. The thickness and composition profiles of the oxide layers determined
using X-ray photoelectron spectroscopy, increases with ion energy and dose, but that the
composition of the oxide layer resuliing [rom. A uniform iron oxide layer (with a
stoichiometry closed to FexQs), free from chromium, is formed in the near-surface region,
while chromium segregates-at-the-inteiface-between - the oxide layer and the bulk stainless
steel to form chromium oxide Cra0s.

Huiyuan ef a/ [18] reported that thin Pd—-Cu membranes were prepared by electroless
plating technique on. porous stainless steel (PSS) disks coated with a mesoporous palladium
impregnated zirconia intermediate laver.| This intermediate layer provided seeds for
electroless plating growth of Pd—Cu film during synthesis and serves as an inter-metallic
diffusion barrier that improved membrane stability for.practical application. XPS analyses
showed that the averagesurface compositions of the two membrancs Wwere respectively
Pds«Cuis and PdssCusa (at.%).

Sabioni er al [19] prepared chromium protective layers were formed on many
industrial alloys to prevent corrosion by oxidation. The role of such layers was to limit the
inward diffusion of oxygen and the outward diffusion of cations. A number of chromium
forming alloys contain iron as a major component, such as the stainless steels. To check if
chromium is a barrier to the outward diffusion of iron in these alloys, iron diffusion in
chromium was studied in both polycrystals and oxide films formed by oxidation of Ni-30Cr
alloy in the temperature range 700-1100 .C at an oxygen pressure equal to 10.4 atm. An iron
film of about 80 nm thick was deposited on the chromium surface, and after the diffusing
treatment, iron depth profiles were established by secondary ion mass spectrometry (SIMS).
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Two diffusion domains appear whatever the nature of the chromium material, polycrystals or
films. In the first domain, using a solution of the Fick’s second law for diffusion from a thick
film, effective or bulk diffusion coefficients were determined.

Sato er al. [6] investigated the oxidation behaviors of modified SUS316 (PNC316) and
SUS316 stainless steels under the low oxygen partial pressure of 103'- 102 atm at 600-800°C.
Oxygen uptake by these materials parabolically increased with time, and the kinetic rate
constants depended on both oxygen partial pressure and temperature. For the duplex layer
formed under the low oxygen partial pressure, the inner layer consisted of such oxides as
Cr203 and FeCr:04, while the outer layer consisted of non-oxidized a-Fe. Furthermore,
oxidation along the grain boundaries was observed for samples oxidized for a longtime. From
the point of view of fuel cladding chemical interaction evaluation at high burn-up fuel for fast
reactors, it is interesting that formation of non/oxidized a-Fe was observed under the low
oxygen partial pressure.

Huntz er al [20] reported that the oxidation behaviour of AISI 304 and AISI 439
stainless steels was studied athigh temperatures, under various oxygen pressures and in the
presence or not of water vapor: Thermogravimetric analyses were conducted in isothermal
conditions from 850 to 950°C for50 h and micro structural and chemical analyses of the oxide
films grown by oxidation were pedformed by SEM and EDX. The oxide films were also
analyzed by grazing X-ray‘diffraction and by X photoelectron spectroscopy (XPS). The AISI
439 steel has higher oxidation resistance than AISI 304, above 850°C, under high oxygen
pressures. On the other hand, the AISI 304 steel has higher oxidation resistance under low
oxygen pressures in the whole temperatwre range. In order to check whether the growth
kinetics of Cr:0s formed by the oxidation of stainless steels was controlled by oxygen or/and
chromium diffusion through the oxide film.

Earl er al [21] studied the rates of oxidation of three heater alloys of nominal
composition 80% nickel=20% chicmiuin-were studied-over the temperature range of 500° to
950°C and at a pressure of'7.6 cm of Hg of oxygen, using the vacuum microbalance method.
Temper color films were obtained for all oxidations below 850°C, while gray or gray-green
films were obtained at temperatures of 850°C and higher. No evidence was found for scaling
or cracking of the oxide from the alloys on cooling at temperatures of oxidation up to
950°C.The paraboli¢ rate law was applied to the_data. Reasonable agreement was found for
temperatures aboveg650°C, while below this temperature the parabolic rate law constant
varied with time. This time variation was explained in“terms of composition changes in the
oxide and ‘growth of the oxide crystallite size. The classical theory of-diffusion was used to
interpret effect of temperature on rate of oxidation, and heats, entropies, and free energies of
activation for the overall reaction were evaluated from the data.
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EXPERTMENTAL

3.1 Materials, Equipments and Instruments

3.1.1 Materials

1.
2,
3.
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12.
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14.
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16.
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3.1.3

Stainless steel grad 316L

Palladium (II) chloride (PdClz), 99.9% from Alfa Aesar

Tetra ammine palladium (IT) chloride monohydrate (Pd(NHs)4«Cl>H20, 98%)
from Alfa Aesar

Tin (II) chloride dehydrate (SnCl22H20), 98% from Carlo Erba

Hydrazine anhydrous (INzHa), 99.5% fzom’ Aldrich

Hydrazine hydrate (N2Ha.H20), 99.5% iromnBDH chemical

Disodium ethylenediaminetetraacetrate (NazEDTA), 99.5% from Carlo Erba
Sodium carbonate, NazCO3

Sodium hydroxide INaOEL

Trichloroethylene, CaHCls

. Iso-propanol, G:HOH

acetone

Quartz wool from Alltech

Argon gas, 99.999% from Thailand Indtstrial Gas Co., Ltd
Nitrogen gas

Cr-Target for sputtering technique.

Equipments

Furnace reactor

Digital flow meter from Altech
Flow meter

Plasma sputtering chamber

Instruments

Scanning electron‘mieroscope (SEM), JEOL model JSM-5800LV with Energy
Dispersive Spectrometer (EDS)

X-ray photoelectron spectroscopy, XPS

3.2 Experimental Procedures

The experimental procedures were divided into 5 parts:

N =

Preparation of stainless steel supports

Preparations of intermetallic diffusion barriers

Electroless plating of palladium membranes

Evaluations of the efficiencies in reducing intermetallic diffusion of the
barriers

Surface characterizations of the palladium membrane
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3.2.1 Preparation of stainless steel supports
100-cm? sheets of stainless steel were cut into 1-cm? specimen and drilled at one
corner. The general procedure for metal plating was shown in Figure 3.1.

Stainless Steel, 3161

¥
Surface cleaning

4
Surface activation

¥
Surface plating

Figure 3.1 General procedure forpreparation of the stainless steel supports.

The surface of the stainless steel supports was cleaned prior to activation to
remove contaminants sucheas oily grease and dirt. The supports were washed either with
an alkaline solution if electgoplating deposition was subsequently performed or with
commercial solvents if plasma sptitering was subsequently performed.

a) Surface cleaning with an alkaline solution.

The supports were immersed in an ultrasonic bath of the solution at ~60°C for
one hour and thenwashed thoroughly three times with deionized water in an
ultrasonic bath. Finally, the supports were soaked in iso-propanol to remove
any trace amount of water and dried at 100°C for 3 hours. The chemical
composition of the alkaline solution is given in Table 3.1.

Table 3.1 Composition of the alkaline solutiontor cleaning the stainless steel supports.

Compound Concentration
Sodium phosphate, NasPO412H0 45 g/l
Sodium garbonate, Na:COg 65 g/l
Sodium hydroxide, NaOH 45 g/l
Detergent 5 ml/

b) ‘ Surface ‘cledining with commercial solvents.

Cleaning with commercial solvents was a successive immersion-of the supports in
three different commercial solvents followed by a rinse in deionized water as given in
Figure 3.2. The support was soaked for 5 minutes in each bath containing ~25 ml of
solvent. A thoroughly cleaning requires the steps to be repeated four times.
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Trichloroethylene Acetone Iso-propanol Deionized water

Figure 3.2 One loop of stainless with commercial solvent.

3.2.2 Preparations of ir

Three techniques were employel
3.2.2.1 Thermal gt
3.2.2.2 Electroplagifip

3.2.2.3 Plasma®putiérigg it % T idation.

3221 : 2]
The cleaned support 600 @ﬁ: & Our wnth heating rate 4°C/min
in air in muffle furnace. (Appropriate temp ¢ and time were determined by
preliminary XPS study.) The oxidiz stain weighed and activated.

53.2.2.2 Electroplatin

The electroplating device se

solution consisted of 25{]3[ !

ratio. The chromium platig
~100-150 A/f2.

in Figure 3.3. The chromium plating
g/ jc atid as a catalyst in 200:1
iatute with current density

Antimony lead .g" . I||||'
Anode [

RS T QB L e

Chromium plating solution

Figure 3.3 The chromium electroplating device.
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3.2.23 Sputtering
This technique involves bombarding a target with energetic particles that cause
surface atoms to be ejected and then deposited on a substrate close to the target [23].
substrates are placed into the vacuum chamber, and are pumped down to their process
pressure. Sputtering starts when a negative charge is applied to the target material

(material to be deposited), causing a plasma or glow discharge. The configuration of such
an instrument is depicted in Figure 3.4

rd
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=
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I WVACUUM l
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w.wum AT PARTIAL :

PUMRE s & VACUUM lh

b

L 3putigringVacuym Depogition Process

— T o ——

Figure 3.8 Sputtering instrument setting

Two Cr-based diffisiofn bargfers wetel fgrmed by sputtering as diggramed in
Figure 3.5

(a) sputtering of pure chromtues metal in argon atmosphere followed by
oxidation at 600G fer=6 holrs,

(b) sputteringof pture chromium metal in nitrogen ‘atmnosphere without
oxidation™ =

(a) Cr target”

& [ ]
Cixidized in ai 4
I Stainless steel | Yt d alr:l Stainlesssteel I Cr:Cs film

(b)

Cr target 1 2 atmosphere

» @
Zr film
Stalnless steel P Stalnless steel

Figure 3.5 Two intermetallic diffusion barriers formed on stainless steel by sputtering,




All the sputtered filmed were prepared in DC high vacuum system, with the
background pressure at 1.2 x 10° Torr. After the substrates were cleaned and introduced
into the deposition chamber, the system was pumped down to evacuate the pressure until
reached the background pressure. Then the sputter gas (and reactive gas for reactive
sputtering for CrN were add to the working pressure of 6.3 x 107 Torr, before started the
plasma glow discharge. The thin film synthesis was done at room temperature and the
power of 245W (350V 700mA) was supplied to the magnetron. This gave the deposition
rate of about 0.2 nm/sec.

3.23 Electroless plating of ium membranes
The surface of the supports was o initiate the depaosition of
Palladium atoms. N
3.2.3.1 Surface I
The activation process ennsisted rsion at room temperature of

»solution with two rinses in
and prior to the first rinse,

the supports in 1 g/l SnCl: se
deionized water between these
the supports were briefly dip

compounds on the surface.Fhe sehomatic diagram o the activation process is
depicted in Figure 3.6. The ‘ i 5nCle and PACl: solutions was generally
repeated 6 times and a perlectly actj ' aged surfage was smootl and grayish brown in color.

STLTEEETS
The plating solution was pre by mixing the first three coripounds given in
e eI IR

just prior to plating.

The activated supports were immersed in the plating solution which was renewed
every 90 minutes. The supports were rinsed with hot deionized water between plating
baths. After deposition was complete the membrane was allowed to cool down at room
temperature in deionized water and dried at 100°C for 3 hours.

The laver thickness was measured using gravimetric method given in Equation 3.1.
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Table 3.2 Chemical composition of electroless Pd plating solution.

Compound Concentration
Tetraaminepalladium (II) chloride, Pd(INH3)+ClzH=O 4.0 g/l
Ammonia solution, NH4OH (28%) 198 mg/1
Disodium ethylenediamminetetraacetate, NazEDTA 40.1 g/l
Hydrazine hydrate, N2H+H:0 5.6 —7.6ml/l
AWeight (mg) x 10

Thickness ( xm) =

)

3.1
Plated Area (cm*) plated metal (g/cm”) (

Figure 3.7 Palladium plating bath.
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3.2.4 Evaluations of the efficiencies in reducing intermetallic diffusion of the
barriers

The efficiencies in reducing intermetallic diffusion of the barriers were assessed as
diagramed in Figure 3.8. The palladium membrane on the PPS supports with different
forms of Cr-based diffusion barrier was heated in argon atmosphere in a muffle furnace at
450, 500 and 550°C for 24 hours and the metal composition of the membranes were
quantitatively determined using SEM-EDS. Quantitative SEM-EDS analyses were
performed as a part of the surface characterization of the Palladium membrane described
below.

o K /_n'

Unoxidized, m film by CrN film by
no barrier ‘ ; Cr-sputtering
in N2 atmosphere

~AAAANIUURINHIALL
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3.2.5 Surface characterizations of the palladium membrane

Surface characterizations were performed using scanning electron microscope
equipped with electro dispersive spectrometer (SEM-EDS) for both qualitative and
quantitative analyses. The spatial resolution for SEM-EDS lied between 0.8-1.2 um. SEM
specimens of the metal deposited stainless steel were cut using a SiC saw blade and ground
with phenolic powder in a Smithells II mounting press. The resounding samples were
ground with SiC papers with increasing grain fineness from 80 to 400 grits. Grinding was
performed using Metaserv 2000 grinder-polisher. Vibromet I automatic polisher was
employed to polish the sample to 1-um thin overnight. Prior to SEM cross-section
analyses sample was painted with carbon ink and gold-coated to avoid charging.



CHAPTER IV
RESULTS AND DISCUSSION
4.1 Direct Oxidation of Stainless Steel Disks

Several research groups have reported that, at high temperatures, metal
components of stainless steel diffused up and formed an oxide film covering the surface
[25]. However, none has ever concerned about how such a film can be used as the
protective barrier to intermetallic diffusion. In this regard, although iron is far more
present in stainless steel, pure Cr20:s film is more suitable for this function than Fe:0s film
due to its much higher melting temperature, e, 2435°C versus 1565°C.

In order to successfully develop a CwOs protective film through direct thermal
oxidation of the stainless steel, a clear picture oi-how much each metal will diffuse at a
particular condition is the [irst.thing to be established. The ideal condition for direct
thermal oxidation of the stainless steel support to form Cr20s film should permit:

(1) The highestdiffusion of chromium while keep the diffusion of iron and nickel

at minimum, and

{2) The formation of the moststable chromium exide, the Cr20s.

XPS was employed to examine the degree of diffusion and by varying the time of
incubation some clues to fuirther optiniize the condition were revealed.

4.1.1 Oxidation at 450°C

Greelfl er al [22] prepared-oxide [ilm of metal alloy FeCrMo and found that FeO
and Cr:0s were present only at temperature higher than 400°C otherwise all oxides were
Fe:Os. The normal 316L stainless steel used in this study-is an FeCrINi alloy having
comparable metal percentages to those of the FeCrlo therelore in this study the stainless
steel disks were oxidized at 450°C. Metal content in the oxidelayer after heating at 450°C
and the corresponding XPS spectrum of each metal were shown in Table and Figure 4.1,
respectively.

Table 4.1 Metadlicontents in the oxide layer at the stainless steelisurface after heating at

450°C
Heating time Percentage Ratio of metal
(hr) of metal* 10 oxygen

Cr 1.5417 0.017269

4 Fe 9.1828 0.102859
0 89.2754
Cr 17.4273 0.228045

6 Fe 1.8654 0.02441
Ni 4.2867 0.05609
O 76.4204
Cr 11.4900 0.142487

8 Fe 7.8710 0.097608
O 80.6389

*as determined by XPS.
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Figure 4.1 XPS spectra of oxides of Cr (left side) and Fe (right side) at the strface of the stainless steel oxidized at
450°C for 4 hr (a), 6 hr (b) and 8 hr (¢).
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By heating at 450°C for 4 hr, the stainless steel disk became dark and brownish
green in colour. Far more iron was oxidized to form a coated film than chromium while,
at 6 hr of incubation, the situation was reversed and significant amount of Ni was
detected. From 6 to 8 hr of incubation, the diffusion was changed in the opposite
direction: accumulation rate of iron oxides began to increase after it first dropped from 4
to 6 hr and no Ni was detected.

These observations can be explained in term of two factors:

(1) The degrees of readiness of metal to diffusion, i.e. how fast each metal diffused
at a particular temperature, and

(2) The amount of metal present in the stainless steel, i.e. more percentage means
more available for diffusion assuming all metals are evenly distributed.

At 4 hr, the latter factor ruled, that is’ eventhough Cr diffusion is faster it cannot
compete against Fe that is far more present. This phenomenon was similar to that
reported by Greefl er al [22{-Prolonged heating, however, enabled the higher readiness
to diffusion of Cr to compensate for its smaller amount. Therefore, in the course of time
oxides of Cr outnumbered. A¢'8 lar, the result seemed to contradict with this explanation,
that is percentage of Cr should be even more if the above explanation is correct. But with
the fact that Cr is present in smaller amount in the stainless steel, the observation at 8 hr
is nothing odd: most of €r atoms near-the strface diffused up and thus longer incubation
time leads to the more andimore accumulation of iron.

As far as the stability of exide of Cr is solely concerned, intermetallic diffusion
barrier is better prepared at 8 hr of inetibation. This is obvious from the left XPS spectra in
Figure 4.1. The Cr XPS spectrum, of pure Cr203 as given in Figure A-1 is smooth and has
two characteristic peaks at binding energies 577 and 587 eV. The presence of other
chromium oxide impurities will be evident as noises resulting in spiky Cr XPS spectra as
those observed at 4 or 6 hr. At 8 hr of incubation, however, the Cr XPS spectrum was
almost free of noise and its peaks were the characteristics of CrzOs.

4.1.2 Oxidation at 800°C

Ma er aly25] prepared oxide film.on porous.stainless steel by direct oxidation at
800°C and found that.the palladium layer was protected from diffasion at some degrees by
the film. However, the form of chromium oxides in the film was not characterized in this
study. Therefore, another set of stainless steel disks“were heated at 800°C and the results
were campared to those obtained at 450°C to establish how metal diffusion changed with
temperature. Metal contents in the oxide layer after heating at 800°C and their
corresponding XPS spectra were shown in Table and Figure 4.2, respectively.
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Table 4.2 Metal contents in the oxide layer at the stainless steel
surface after heating at 800°C

Heating time Percentage Ratio of metal
(hr) of metal* to oXygen

Cr 21.70 0.318

4 Fe 10.09 0.147
Q 68.19
Cr 16.93 0.178

6 Fe 8.47 0.089
O 74.59
Cr 11.13 0.158

8 Ee 18.71 0.266
9] 7045
Cr 5 0.104

12 jire 16.21 0.213
O 75.84

*as determined by XPS.

Percentages of metalalter heating at 800°C seemed to exhibit the same trend as in
the case of 450°C, that is the largest percentage of metal in the oxides film was at first Fe,
then Cr and finally Fe. The trend at 800°C was shifted to the left, that is at 450°C the
highest percentage of Grwas observed at 6 hr while at 800°C the highest percentage of Cr
was shift to 4 hr. Also, the'percentage of Crbegan to decrease at 4 hr as opposed to 6 hr at
450°C. There is no heating gime at 800°C that permit extremely high Cr-to-Fe diffusion
ratio as observed at 450°C, 6 hr. At 800°C, Cr-to-Fe ratios ranged from ca. 2 at 4 hr to ca.
0.5 at 12 hr while at 450°C, 6 hr the'Cr-to-Fe ratio was ca. 10. By assuming the same trend
as that observed at 450°C, this fact suggested that oxides of Fe was at the highest due to
greater amount at around 0.5-1 hr, and then the oxides of Cr began to dominate and
reached its peak at earlier than 4 hr (probably at 2 hr). At 8 and 12 hr, incubation at 800°C
extended the trend to-the right. It also underlined the explanation that at some point
where most of Cr nearthe surface diffused up the continuousand constant diffusion of Fe
eventually made chromium oxides the minority.

With regard to thesforms of chromium oxides, none of the incubation time
fulfilled the secend requirement. Although the Cr XPS spectra at'4, 6 or 8 hr were free of
noise as opposed, to the'spiky spectrum ‘at 12 hr, their peaks ‘were the characteristics of
CrO not the Cr20s. The peaks appeared at binding energies 576 and 586 eV instead of 577
and 587 eV This\obfervation agreed with|that of Greeff er &/ [22] svho characterized the
oxide film formed ‘at' the surface ‘of stainless steel via oxidation al temperatures higher
than 700°C and reported that more Cr were in the form of CrO than Crz0s.
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4.2 Cr-Based Intermetallic Diffusion Barriers
4.2.1 Cr:0; intermetallic diffusion barriers
4.2.1.1 Preparation of Cr:Os layer

There are three factors to be considered in preparation of thin film of Cr20s:
{1) Source of Cr,

(2) How to coat Cr on the support, and

(3) How to effectively convert Cr to Cr20s.

With regard to the source of Gr, there are two: internal (Cr inherently in the
stainless steel) and external. The external Cr atoms can be coated on the stainless steel
support by either (1) electroplating or (2) sputiering. In electroplating, Cr ion was reduced
to metal Cr by electrical current and allowed to depogit at the surface of the stainless steel
acting as the cathode.

In sputtering, Cepemetal was turned to plasma by bombarding with negatively
charged particles, the plasma then react with other molecule present in the sputtering
chamber, if not inert, forming ¢ompound and deposits on the stainless steel substrate. If
no reaction occurs, Cr plasmadeposits as such forming Cr layer. Reactive Cr-sputtering in
oxygen atmosphere is not pessible in term of operation setting.

Cr layer prepared by either electroplating or sputtering can be oxidized in a
separate step to form Cr:0s. Effective exidation of Cr layer, i.e. throughout its entire
thickness, was only possible with a thermal process.

Three methods were emploved in this study to prepare Cr:0: intermetallic
diffusion barriers on stainless steel.

(1) Direct oxidation of the stainless steel. Since the most abundant metal in
stainless steel normal 3161 aside from iron itselfis Cr which readily diffuses to
the surface™upon heating, Cr20s film can be directly formed by thermal
oxidation in oXygen atmosphere.

(2) Cr-electroplatingf/oxidation. 'The Cr atoms were firstly deposited on the
stainless steel support by means of electroplating and then thermally oxidized
toform, Gr20s using the same condition as,thedirectoxidation method.

(3) Cr-sputtering/oxidation. Sputtering of Cr atoms in inert argon atmosphere
followed by thermal oxidation using the same condition as the direct
oxidation method.

The most effective condition for oxidation of the stainless steel support or the Cr
layer to form Crz0s film was described in section 4.1.
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4.2.1.2 Surface characterization of the Cr20: intermetallic diffusion barriers

SEM micrographs of the surface of the Cr:0;: intermetallic diffusion barriers are
shown in Figure 4.4. The smooth but grooved surface of the stainless steel (Figure 4.4a)
became rough upon thermal oxidation (Figure 4.4b). Fine grains of Cr20: appeared
throughout but the entire surface was not continuously covered by the Cr20s film as the
deep grooves were still there and almost as deep. Within the mass of grains, remnants of
the shallow grooves were clearly seen as round dark-grey-to-black spots. Therefore, it is
obvious that the stainless steel support provided insufficient amount of Cr and the Cr20s
film was a kind of porous, leaky instead of the intended continuous film.

By contrast, Cr layer produced by, electroplating (Figure 4.4c) or sputtering
(Figure 4.4e) was continuously formed. No groove previously present on the stainless steel
surface was visible even the deepest ones. Thesusface textures were not changed much
after oxidation. Cr:0s grains produced by sputtering oxidation were extremely fine and
the film texture was very smooth as a result (Figure 4.4d). Flectroplating/oxidation, on the
other hand, produced eithervery darge grains or clumps of Crz0s (Figure 4.4f). It occurs to
everyone that ‘how much theuniformity the Cr20: molecules were deep inside the film?’
as this directly affects itggprotective property.

Another thing worth/noted is ¢hat although it was carefully selected to minimize
Fe/Ni contamination while maximize the formation of Cr20s (see Section 4.1), the
oxidation condition didmothing to ensure that Cr atoms were oxidized throughout its
entire thickness. Deeper Ur atoms may not be effectively oxidized in this condition
especially those that lied 'deep in the Cr layer prepared by electroplating which were
among the thickest (see Section 4.3 for their cross-section SEM micrographs).
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4.2 2 CrN Intermetallic Diffusion Barrier

The CrN intermetallic diffusion barrier was prepared by Cr-sputtering in nitrogen
atmosphere. Nitritation [26], Nz analogue of thermal oxidation, of the stainless steel or
electroplated Cr layer was not possible in term of operation setting.

It is evident when compare the surface of CrN film (Figure 4.5b) with those of
Crz0s films (Figure 4.4) that CrN film prepared at the condition of this study was thicker
than Cr20s film prepared by direct oxidation but thinner than those prepared by oxidized
electroplating or sputtering. The surface grooves were filled with CrN. Although the
deepest grooves were not completely filled as it was the case with oxidized electroplating

or sputtering, it is obvious that the CrN *lh’ 7as a continuous one.

One thing worth mentioned here%;putteﬁng produced characteristic
smooth surfaces (compare @b andy4.4e-Fwith 4.4b or 4.4c-d) due to the extremely
fine grains of Cr or Cr COW, ; ed T —

Another issue
free from any impurity. analysi
25.0183% was N and XP3'specira glgerj_m Figure 4_;._5ci—gd indicated that all were in
the form of CrN. e .\

=N = R
AR N

7, i§ that the CrN’fﬂﬂm produced by sputtering was
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Figure 4.5 Characterization of the CrN intermetallic diffusion barrier. SEM micrographs of
the unoxidized stainless steel (a) and the CrN film on the stainless steel support (b). Cr
XPS spectrum of the CrN film is shown in (¢) while N XPS spectrum is in (d). The
characteristic peaks of Cr and N in CrN were at binding energies 376 and 386, and 395 €V,
respectively.
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4.3 Preparation of Palladium Membrane

The electroless plating technique (Mardilovich er al. [27]) was used in preparing
the thin film of palladium on the stainless steel. The procedure is composed of 3 important
steps: (1) surface cleaning of the support for degreasing, (2) surface activation with SnClz
and PdCL for reducing the plating time, and (3) palladium plating with Pd(INHs)4Clz
solution.

4.3.1 Surface Cleaning

The stainless steel was chosen as a support since it is tougher and stronger and has
higher resistance to corrosion than other materials, for example, other grade of stainless
steels, ceramic and glass. The stainless steel square disks of 1 x 1 cm? in dimension were
firstly cleaned with either an alkali solution Or‘commercial solvents. Without this step,
the palladium plating could fiot be depesited suécessfully because of grease, oil, dirt,
corrosion products and others.existing on the disk surface.

4.3.2 Surface Activati

~surface of stainless steel disk in order to initiate an
ction_of z;:metastable salt complex on the target surface
s was performed by the repeated, alternate treatments
e SEM micrographs of the stainless steel surface before

Next step was
autocatalytic process of
during electroless plating
with SnClz and PdClz sol

activated. A large number ds with releﬁ;fw‘ly uniform particles on the support surface
were observed. ‘

- X I' .
: 511 1 2 e h
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- -

Lal e
1 faniee o YR BBO 7
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Figure MSEM?ﬁlerographs Of the ‘,‘SLéliﬁl?éss steel before (a) and after (b) surface

activation.

It was proposed that tin nuclei were firstly created by decomposing of SnCl: to
Sn{OH)15Clos with deionized water according to equation 4.1 followed by the deposition
of palladium on the tin layer via the redox process described in equation 4.2 [27].

25nCL: + 3H:0 _— > 2Sn(OH)15Cles + 3HCI 4.1
Pd? + Sn* _— Pd® + Sn* 4.2
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Figure 4.8 SEM micrographs of
activated surface of stainless steel
(a) and after (b) palladium plating. The
cross section of (b) is g].%gc:) PdL:
palladium layer; §S: stainlesssteel. '
f

f the d:l,sk came from plated palladium
hea‘ehablhty of the weighing method
assessed with their SEM micrographs.

un layer thickness increased with
.; It can be seen that the palladium layer
determined by SEM. Therefore, the
o__ulifbe acceptable.

-

thickness measured by Welghmg isn, th,
measurement of palladjum layer - fhickaess b

Table 4.4 Palladium lkyﬁr

Underlying t(g) . | Pdlayer thickness (ym)
Surface number | Before platlng_ After plating | Weighing SEM
i <taic] A, | o 11825, 214944, | 41250 4,00
Pams:eel + 111625 ‘j] Nt 4.0557 5.16
3 1.2920 1.2147 4.4023 8.16
4 0690, .. 0745, .. | .. 3.3977 3.50
1 ? 1 5. 477 5.50
direct ﬂ:] ﬁ%r -E "J'.ﬁbf- =
6 1.0360 1.0546 6.4775 4.50
7 1.1545 1.1649 3.6051 3.83
Crz20:by oxidized
; 8 1.0103 1.0212 3.7784 3.50
Cr-electroplating
9 1.2809 1.2984 6.0662 5.16
CraOsb dized 10 1.1716 1.1805 3.0851 3.00
mey emeEed T 0.8841 0.8913 2.4958 2.83
Cr-sputtering
12 1.1656 1.1741 2.9464 2.66
13 1.0968 1.1024 1.9410 2.16
CrN 14 1.0370 1.0464 3.2584 3.16
15 1.1470 1.1565 3.2931 2.00
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4.4 Prevention of Intermetallic Diffusion by Cr-Based Intermetallic Diffusion
Barriers.

4.4.1 Effect of high temperature on metal diffusion

The efficacies in preventing intermetallic diffusion [31] of the barriers were
assessed by annealing of the palladium membrane with either of the barriers at 450°C,
500°C, and 550°C for 24 hr under argon atmosphere and the elemental composition of the
palladium layer were determined by EDS spot (Table 4.5-4.6) of their cross-section and
mapped with SEM-EDS (Figure 4.11-16).

When compare among the palladium membrane without any protective barrier,
elemental compositions in Table 4.5 cleatly demeonstrates the intermetallic diffusion of Fe,
Cr and Ni from the stainless steel support io the palladium layer. The intermetallic
diffusion exhibited the expected trend: diffusion increased with increasing temperatures.
However, the degree in which-each metal diffuses varied: more Fe and Cr accumulated at
the palladium layer than Ni.dn this regard, there are two factors to be considered as stated
earlier:

(1) The amountyof metal present in the stainless steel support, i.e. more metal
percentage meafis more are available to diffuse, and
(2) The nature of the'metal, in'descending order of readiness, Cr, Fe and Ni.

EDS mapping and'EDS spectra of these metals are given in Figures 4.9 and 4.10 for
the representative palladium layer on an unoxidized stainless steel.
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Table 4.5 Metal distribution in the palladium membrane heated at 450°C

No barrier Cr20:(1) Cr20:(2) Cr0:(3) CIN
%Metal | Mean | SD | Mean | SD |Mesn | SD | Mean | SD | Mean | SD
Pd | 96.43 059] 98.72 0.58 ] 99.20 0.26] 98.30 036 ] 98.72 0.48
E- Fe 2.41 0.48 0.71 0.16 0.26 0.12 1.32 0.17 0.87 0.19
E Cr 0.66 0.24 0.26 0.11 0.43 0.14 0.22 0.16 0.53 0.22
Ni 0.50 0.07 0.31 0.43 0.11 0.20 0.16 0.14 0.07 0.09
. Pd | n/d n/d n/d n/d 0.15 0.13] n/d n/d n/d n/d
E" Fe | n/d n/d n/d n/d 0.23 0.15] nAd n/d n/d n/d
g Cr| wd | nd | wa | nd |/9854 019 wd | nd | nd | nd
Ni | n/d n/d n/d n/d 007 0.09] n/d n/d n/d n/d
Pd 0.67 0.91 0.09 0.12 0.00 (.00 0.10 0.08 0.14 0.24
w Lfe | 7071 0.43=)*71.21 0.05] 7054 0.30) 71.09 0421 71.36 0.25
“ Cr | 1871 0.704)718.67 Of S0 0.03+4 18.30 0.04] 18.02 0.20
Ni 9.92 0.214 10.05 0.20-¢ 10.88 0.28 1 10.59 0.16 | 10.48 0.09
(1): by direct oxidation; (2)#9Y oxigded i Slefewoplatiledio ) Dy 0% dized Cri8puttering; n/d: not determined due to
no barrier or too thin barrier to he spotted.

Table 4.5 showed that all formsof intermetallic diffusion barrier can, at varying

degrees, prevent the diffusion.

Pair-wise comparisons of the efficacies showed that:

ey

(2)

(3)

€

Direct oxidation barriers, oxidized Cr-electroplating, oxidized Cr-sputtering

and CrN wersus No barrier: The atoms of Cr and-Fe in palladium layer were

decreased; while atoms of palladium increased.
Oxidized " Cr-electroplating versus direct oxidaiion: The atoms of Fe in

palladium layer were decreased but atoms of Cr increased, while atoms of
palladium inicreased. The increasing of Cr atoms may be due to the diffusion of
unoxidized Cr atom.

Oxidized Cresputtering versus oxidized Cr-electroplating: The atoms of Fe in
palladium’ layer were increased but atoms of Cr decreased, while atoms of
palladium decreased. Therfdecreasing of.Cr atoms may be due to the lower
thickness of sputtering layer.

CrN versus oxidized Ce-sputtering: The ‘atoms of Fe in-palladium layer were

decreased but atoms of Cr increased, while atoms of palladium increased. The
increasing of Cr atoms may be due to the diffusion of unnitrided Cr atom.



Table 4.6 Metal distribution in the palladium membrane heated at 450, 500 and 550°C.

-g 450°C 500°C 550°C

= Pd la Interlayer S8 Pd la Interlayer Ss Pd layer Interlayer 8S
Barriers & Mean | SD | Mean | SD | Mean (8D | Mean | SD | Mean | SD | Mean | SD | Mean | SD | Mean | SD | Mean | SD
Pd | 9643 (059 | n/d | n/d | 067 001 8742|055 | nid |'mid | 005[006] 7386 |162| n/id | n/d | 001]001
No barrier, Fe | 241|048 | n/d | n/d | 70.71 @434 709 [ 086 | n/d | nid | 7085|039 ]| 21.47 | 1.15| n/d | n/d | 71.04 | 0.91
unoxidized Cr| 066|024| nid | n/d | 1871 | Q70 870 | 027 [ n/d | w/d | 1937 | 006 | 345|076 | n/d | n/d | 19.47 | 0.13
Ni| 050007 | nid | n/d | 9924021 | 0891018 | nid | nid | 974038 122|026| nid | n/d | 949|105
Pd | 9872|058 | n/d | n/d | 009 |012] 8740 | 044 njd | n/d | 010[011 ]| 9694|059 | n/d | n/d | 011001
Cr203 Fe | 071|016 | n/d | n/id | 712000 005 || 1730032 | n/d | nid | 7053|012 216 |020| n/d | n/d | 71.53 | 0.02
{direct oxidation) | Cr | 026|011 | n/d | n/d | 1867 | 013 049 | 017 | n/d | nid | 1939|017 ] 029|021 | n/d | n/d | 1861 | 0.13
Ni| 031043 | n/d | n/d | 1005]020| 038|027 {un/d | n/d | 9995|003 063|025| nd | n/d| 976|015
Pd | 9920|026 | 015|013 | 000|000 | 98801039} 076|044 001[001] 9836|051 | 035]004| 036]0.20
C‘_'(zfsd Fe | 026]012| 023]|015| 7054|030} 080 {027 | 049|033 | 7202|027 ] 1.04|034| 032|014 | 6882 | 2.44
Cr_efﬁmﬁaﬁn@ Cr| 043|014]9955|019 | 1859 [003| 025|007 | 9859 | 031 [,16.37 | 0.78 | 0.30 | 0.09 | 98.40 | 0.25 | 20.68 | 3.64
Ni| 011[020| 007009 | 1088|0284 0170154 047+ 0251162 [052] 030|011 | 093]008| 9.66]0.30
Pd | 9830|036 | n/d | n/d | 010|008 | 9813 | 028 | nid | n/d | 0160149807 [ 056 | n/d | n/d | 018]0.08
C‘qu’d Fe | 132|017 | n/d | n/id | 7109 | 042 1221043 n/d | n/d | 7154|017 ] 1.02|040| n/d | n/d | 70.60 | 0.18
Cr:mng) Cr| 022|016| n/d | n/d | 1830}004] 050|006 n/d | n/d | 1798|034 068|017 | n/id | n/d | 1809 | 0.11
Ni | 016[014| n/d | o/d |910.39 0716¢] 105 pouas) @id ¢f nddy |2082( 013 | 024 [ 019 | n/d | n/d | 1113|026
Pd | 9872|048 | n/d | n/d |0.14/| 024 | 9674 10554 n/d Hen/d' || 0270249475 (225 | n/d | n/d | 026024
CeN Fe | 087|019 | n/d | n/id | 7136 | 025 182 (029 | n/d.| nid | 7095|075 1.76 | 0.67 | n/d | n/d | 71.02 | 0.26
Cr| 053|022 i/ (21802 [F0120+] ©0i88 F0l09 “nid” | wid (18715 [F002) 243 |1.07 | n/d | n/d | 1832 0.39
Ni | 007009 nfd"| 'n/d [“10.48 | 0l09] “056 1049 | n/d | wd 71071 [f032 106 [ 160 | n/d | n/d | 1080 | 0.22

n/d: not determined due to no barrier or too thin barrier to be spotted.
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Figure 4.9 SEM micrographs (2500X) of the cross sections of palladium on an unoxidized
stainless steel after heating for 24 hr at 450°C {column [, I1-I5}, 500°C {column II, IT1-II8}
or 550°C {column III, IIT1-I115). Metal distribution were mapped in each row for Pd (row
2, I2-111), Fe (row 3, I3-III3), Cr (row 4, 4-I1I4) and Ni (row 5, IS-1IIIS). PdL: Pd layer, §S:

stainless steel.
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4.4.2 Efficacies in preventing intermetallic diffusion

Table 4.6 showed that all forms of intermetallic diffusion barrier can, at varying
degrees, prevent the diffusion. Their shielding abilities seem to be independent of
temperature at least in the range of conditions tested, i.e. at 450-550°C for 24 hr. Recall that
increasing temperature resulted in more diffusion and more accumulation of metal in the
palladium layers. Thus, more metal contaminating in the palladium layer observed at higher
incubation temperatures does not always means that the efficacy of the barrier was dropped
although this is not ruled out. It may merely the result of more metals trying to penetrate the
barrier to the palladium layer.

Pair-wise comparisons of the efficacies showed that:

(1) Cr203 versus CrIN barriers: the Cr03 18" a more effective barrier than the CrN
probably because Cr:0s is more stables"Even the leaky Cr20s protective barrier
formed via direct oxidation was more effective than the continuous CrN film.

(2) Direct oxidation versus oxidized Cr-electroplating and direct oxidation versus
oxidized Cr-sputtering: The Cr:04 barriers prepared by either of the latter method

in each pair are mere elfective than that formed by direct oxidation. The

difference in their effectiveness was markedly amplified at higher temperatures.

This can be explained in term of amount of Cr available to be oxidized and forms

the film. The barrier formed by direct oxidation is too thin to be seen in its cross-

section SEM micrograph (A1 and A2 in Figures 4.11, 4.13 and 4.15). It is evident

when compare its surface with that of the unoxidized stainless steel (Figure 4.4B

versus 4.4A) that the Cr atoms diffused up from the stainless steel were not

adequate to form a continuous film 1o cover the entire surface of the stainless

steel.

(3) Oxidized Cr-electroplating versus oxidized Cr-sputtering: The Cr layer was better

prepared by electroplating. This is may due to

(a) The thicker Pd layer (C1 versus D1 in figure 4.11, 4.13 and 4.15) which in
turn may.bg a result of a rough Cr layer (Figure 4.4C versus 4.4D),

(b) The denser Cr layer formed by chemisorptions versus the physicsorption
mechanism of the sputtering.

This study fanks CQsthin film prepared by oxidized Cr-electroplating as the most
effective intermetallic diffusion barriers.in term ©f shielding the palladium layer. Cr20s thin
film prepared by oxidized Cr-sputtering.comes at the second place followed by the film
formed via-dire¢troxidationsand the GxN film -However, there, is one-word; of caution: the
ranking this study suggested was made without considering of the thickness of the barriers
which I found very difficult to manage to get the same. I am pretty sure that Cr:0; film is a
better barrier than the CrN as it is obvious from the fact that even the continuous and fairly
thick CrN film was outperformed by the leaky and extremely thin Cr20s film prepared by
direct oxidation. But within the group of Cr20s films, it is by no means certain that there is a
significant difference in shielding effectiveness when the films are all equally thick.



Figure 4.11 SEM micrographs (25003) of the cross sections of palladium membrane after
heating for 24 hr at 450°C. Column A (Al-A5): unoxidized, no barrier; B (B1-B5): Cr:0s
barrier by thermal oxidation. Metal distribution were mapped in each row: row 2 [A2-
F2): Pd; 3 (A3-F3): Fe; 4 (A4-F4): Cr; and 5 (AS5-F5): Ni. Arrow head: intermetallic
diffusion barrier, PdL: Pd layer, §§8: stainless steel.
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Figure 4.11 (continued] SEM micrographs (2500X) of the cross sections of palladium
membrane after heating for 24 hr at 450°C. Column € [C1-C8): Cr:0z barrier by Cr-
electroplating/oxidation; D (D1-D5): Cr:0: barrier by Cr-sputtering/oxidation; E (E1-E5):
CrN barrier by sputtering. Metal distribution were mapped in each row: row 2 (A2-F2):
Pd; 3 (A3-F3): Fe; 4 (Ad-F4): Cr; and 5 (AS-F5): Ni. Arrow head: intermetallic diffusion
barrier, PdL: Pd layer, §5: stainless steel.
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Figure 4.12 EDS spectra of the palladium membrane after heating for 24 hr at 450°C. A: unoxidized, no barrier; B: Cr20s barrier by thermal oxidation.

EDS spectra of the Pd layer are shown on the left, those of the Cr-based intermetallic diffusion barrier are in the middle and those of the stainless steel
support are on the right.
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Figure 4.12 (continued) EDS spectra ofithe pallddiufilimembrane after Heating for 24 hit at 450°C, CCiiDs barrier by Cr-electroplating/oxidation; D:
Cr20s barrier by Cr-sputtering/oxidation} E: GrN barrier by sputtering. EDS spectra of the-Pd layer are shown on the left, those of the Cr-based
intermetallic diffusion barrier are in the middle and those of the stainless steel support are on the right.

0%


isd
Typewritten Text
50

isd
Typewritten Text


11 11

Figure 4.13 SEM micrographs (25003) of the cross sections of palladium membrane after
heating for 24 hr at 500°C. Column A (Al-AS}: unoxidized, no barrier; B (B1-B5): Cr:0:
barrier by thermal oxidation. Metal distribution were mapped in each row: row 2 (A2-
F2): Pd; 3 (A3-F3): Fe; 4 (A4-F4): Cr; and 5 (A5-F5): Ni. Arrow head: intermetallic
diffusion barrier, PdL: Pd layer, §§: stainless steel.
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Figure 4.13 (continued) SEM micrographs (2500X] of the cross sections of palladium
membrane after heating for 24 hr at 500°C. Column C (C1-C5): Cr20: barrier by Cr-
electroplating/oxidation; D (D1-D5): Cr:0: barrier by Cr-sputtering/oxidation; E (E1-E5):
CrN barrier by sputtering. Metal distribution were mapped in each row: row 2 (A2-F2}:
Pd; 3 (A3-F3): Fe; 4 (A4-F4): Cr; and 5 (AB-F8): Ni. Arrow head: intermetallic diffusion
barrier, PdL: Pd layer, §§: stainless steel.
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Figure 4.14 EDS spectra of the palladium membrane after heating for 24 hr at 500°C. A: unoxidized, no barrier; B: Cr:0s barrier by thermal oxidation.
EDS spectra of the Pd layer are shown on the left, those of the/@r-based intermetallic diffusion barrier are in the middle and those of the stainless steel
support are on the right.

gs


isd
Typewritten Text
53

isd
Typewritten Text


54

ops ops

cps
— 100—j
100 o=
20 20 s
60 0]
3 3 a0
=
a0 a0
E E Fa
20 :
20 207}1 o . Hi
E cr Ni El ‘ I Hi o
Ci Fe Fe Wi B il ). J:Fe Fa Ni Pd Hi
5 T T o T T T o T T
5 10 5 10 5 10
Energy (keV) Eneray (keV) Energy (keW)
m ops ops cps
00— 100 100
203 203 20
| 4 Cr 3
605 60 i 603 Fe
3 | 3
3 E i
403 40 H 40
3 3 {1 3
| 1 3 cr
B El
203 204 4 |: A T g . Ni
e E e b ¢ ) e cr R
3 Cr Fe e T | Fe Ni E| Ni
0= T 1 o . T - T = T 1
5 10 5 10 5 10
Energy ket Energy (ket) Energy (kel)
E ops ops ops
00— 100 100
3 3 Fe
203 = 203
3 1 Fe 3
60— 2 60—
205 a0 & 405 £
E Ni = M
203 20w Fe Py Hi 203 Fe Hi
E Al » Fe 3 n Fe
fe Hi E! Hi
o T T o T 1 o T T
5 10 5 10 5 10
Energy (et Energy (ke¥) Energy (kel)

Figure 4.14 (continued) EDS spectra of the palladiuth mémbrane after heating for 24 hr at 500°C. Ci' Cr20s barrier by Cr-electroplating/oxidation; D:
Cr20s barrier by Cr-sputtering/oxidationy E: CrN barrier by sputtering. EDS spectra of the Pd layer are shown on the left, those of the Cr-based
intermetallic diffusion barrier are in the middle and those of the stainless steel support are on the right.
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Figure 4.15 SEM micrographs (2500X) of the cross sections of palladium membrane after
heating for 24 hr at 550°C. Column A (Al-A5): unoxidized, no barrier; B (B1-B5): Cr:0:
barrier by thermal oxidation. Metal distribution were mapped in each row: row 2 (A2-
F2): Pd; 3 (A3-F3): Fe; 4 (Ad-Fd4): Cr; and 5 (A5-F3): Ni. Arrow head: intermetallic
diffusion barrier, PdL: Pd laver, §8: stainless steel.
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Figure 4.15 {continued) SEM micrographs [2500X) of the cross sections of palladium
membrane after heating for 24 hr at 550°C. Column € [C1-C5): Cr20: barrier by Cr-
electroplating/oxidation; D} (D1-D5): Crz20: barrier by Cr-sputtering/oxidation; E (E1-E5):
CrN barrier by sputtering. Metal distribution were mapped in each row: row 2 (A2-F2Z):
Pd; 3 (A3-F3): Fe; 4 (A4-Fd): Cr; and 5 (A5-F5): Ni. Arrow head: intermetallic diffusion
barrier, PdL: Pd laver, 8%: stainless steel.
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Figure 4.16 EDS spectra of the palladium membrane afterheating for 24 hr at,550°C. A: unoxidized, no barrier; B: Cr20z barrier by thermal oxidation.

EDS spectra of the Pd layer are shown on the left; those of the Crbased intermetallic diffusion batrier are in the middle and those of the stainless steel
support are on the right.
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Figure 4.16 (continued) EDS spectra of ghe pelladium' membrane after heating for 24 ht'at 550°C. G; Cr20s barrier by Cr-electroplating/oxidation; D:
Cr20s barrier by Cr-sputtering/oxidation; E: CrN barrier by sputtering. EDS 'spectra of theé Pd layer are shown on the left, those of the Cr-based
intermetallic diffusion barrier are in the middle and those of the stainless steel support are on the right.
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4.5 Effects of intermetallic diffusion barriers on palladium membrane morphology

The palladium layers were also melted at 500 and 550°C as revealed in Figure 4.9 by
changed surface morphologies. Very little change was found at 450°C. Its trend, however, was
not consistent with one another when compare with other types of support. In one case, the
surface showed clumps of palladium and larger grain size but in the other meting results in
finer, more even surface.

The explanations for such inconsistency do not lie in the palladium layer itself but the
surface that supports them. Intermetallic diffusion barriers, to different degrees, influence
how palladium atoms deposit on its support. Without doubt, different surface textures
resulted in different palladium layer morphaologies: smoother support surface resulted in finer,
more even palladium layer surface (compare Figure 4.161A, IB and IC). However, the
chemical nature of the support surface does no staall part in directing palladium membrane
morphology. When compare among the finestisupport surlaces, i.e. the unoxidized, the Cr20s-
coated by oxidized Cr-sputtering.and the CrN-coated, no.one expects that the palladium layer
was on a support of comparablerlevel of fineness il they use the surface texture as a sole
criterion.

My point in discussing/this issue is not to explain why or how the two mentioned
factors exert theirs influence on/palladium layer morphologies. It just serves the purpose of
reminding you that an effective ingermetallic diffusion barrier cannot be judged alone in term
of its efficacy in shielding the palladiim laver. The question, Is the palladium layer still highly
selective for hydrogen gas if its morpholegy is altered by the barrier, should be always ranked
at the first place. The best intermetallig diffusion barrier in term of shielding the palladium
layer could make the membrane itself the worst in term of selectivity for hydrogen gas and
hence useless.



Figure 417 SEM micrographs (2500X) of the surface of the palladium layer on different
intermetallic diffusion barrier after heating for 24 hr at 450°C (column I, IA-IE), 500°C
(column II, ITIA-ITE) or 550°C (colummn III, IITA-TIIIE). Row A (IA-IITA): unoxidized, no
barrier; B (IB-IIIB): Cr20s barrier by thermal oxidation; C (IG-IIIC): Cr:03 barrier by Cr-
electroplating/oxidation; D (ID-IIID): Cr:0: barrier by Cr-sputtering/oxidation; E (IE-
IITE): CrN barrier by sputtering.
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CHAPTER V
CONCLUSIONS AND SUGGUSTIONS

In order to extend the lifespan of the palladium membrane reactor used for the
production of hydrogen gas, this study tested the efficacies in preventing intermetallic
diffusion of four Cr-based films prepared by (1) direct oxidation of the stainless steel support,
(2) oxidized Cr-electroplating, (3) oxidized Cr-sputtering and (4) Cr-sputtering in nitrogen
atmosphere.

The most suitable condition for the oxidation step was at 600°C for 6 hours. 800°C was
the upper limit of the temperature to choose from. Much more Cr was in unstable forms than
in the stable Cr20s form across the range of incubation time examined. At 450°C, formation of
thin film that consists almost exclusively of Cr20s gan _be achieved but such incubation time
gave very low Cr content to be useful. Increasing the temperature to 600°C gave a better
compromise between the Cr contentand Cr20s content.

The film formed wia"ditect oxidation, in spite of being extremely thin and not
continuous, was more effective than the far-thicker CrN film. Therefore, it can be concluded
with confidence that Cr:0s filmdis better for this function. The Cr20s film prepared by either
(2) or (3) was much thicker and gontinuous and performed better in shielding the palladium
layer.

With respect to the preparation. methods of the Cr20s film, direct oxidation is not
suitable due to the limited awvailability,of Cr in the stainless steel. External source of Cr
overcomes this issue. Electroplating and sputtering permitted the formation of continuous
film with a range of thicknesses and the performance of the resulting films were comparable.
Sputtering produced films with finer grain and was better at least in term of precision of
resulting layer thickness. However, it requires expensive equipment as opposed to the general
equipment setting of electfoplating: o single out which-one 1s bétter in term of performance
of the resulting barrier, fufther studies that deal seriously with the barriers’ thickness must be
conducted.

The intermetallic_diffusion barriers of all-forms_influence the deposition process of
palladium atoms resulting i clumped, uneven sutfaces of varying degrees and the properties
of the membrane are, although not explicitly examined, definitely altered. Therefore, further
experiments are required to fill this gap of knowledgessince the best intermetallic diffusion
barrier in term of shielding the palladium layer could make the membrane itself the worst in
term of selectivity for hydrogen gas and hence useless.

5.1 Further Works

5.1.1  Adjust the time and temperature for the oxidation step of the Cr layer for further
fine-tuning its performance.

5.1.2 Prepare Cr20s layer by Cr-reactive sputtering in oxygen atmosphere and compare
its diffusion preventing efficacy with other methods.

5.1.3 Test it the selectivity of the palladium layer is altered by the intermetallic
diffusion barriers.
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Appendix

Table 1 Operation of X-Ray photoelectron spectroscopy

No Sample Einss Noscan | Dwell | Stepsize Lens
mode

Oxidized - 450°C - 4hr

Eb-1100-0 50 2 50 1 LAXPS

Cr—Eb-579-570 50 10 100 0.1 LAXPS

1 Fe_Eb_740-700 50 5 100 0.1 LAXPS

O_Eb_545-525 50 5 100 0.1 LAXPS

Ni_Eb 888-848 50 20 100 0.1 LAXPS
Oxidized - 450°C - 6hr

Eb-1100-0 50 2 50 1 LAXPS

Cr — Eb-579 - 570 50 10 100 0.1 LAXPS

2 Fe Eb 740-700 50 5 100 0.1 LAXPS

O _Eb 545-525 50 5 100 0.1 LAXPS

Ni_Eb_888-548 50 20 100 0.1 LAXPS
Oxidized - 450°C - 8hr

Eb-1100-0 50 2 50 1 LAXPS

Cr —Eb-579 =570 50 10 100 0.1 LAXPS

3 Fe_Eb_740-700 50 5 100 0.1 LAXPS

O_Eb_545-525 50 8 100 0.1 LAXPS

Ni_Eb 888-848 50 20 100 0.1 LAXPS
Oxidized - 600°C - 6hr

Eb-1100 =0 50 2 50 1 LAXPS

Cr — Eb-579.4570 50 10 100 0.1 LAXPS

4 Fe_Eb_740-700 50 5 100 0.1 LAXPS

O_Eb_545-525 50 5 100 0.1 LAXPS

Ni_Eb_888-848 50 20 100 0.1 LAXPS
Oxidized - 800°C - 4hr

Eb-1100-0 50 2 50 1 LAXPS

Cr--Eb+ 549 =570 50 10 100 0.1 LAXPS

5 Fe_Eb'740-700 50 5 100 0.1 LAXPS

O _Eb 545-525 50 5 100 0.1 LAXPS

Ni_Eb 888-848 50 20 100 0.1 LAXPS
Oxidized - 800°C - 6hr

Eb-1100-0 50 2 50 1 LAXPS

Cr - Eb-579 -570 50 10 100 0.1 LAXPS

6 Fe Eb 740-700 50 5 100 0.1 LAXPS

O_Eb_545-525 50 5 100 0.1 LAXPS

Ni_Eb 888-848 50 20 100 0.1 LAXPS
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Oxidized - 800°C - 8hr

Eb-1100-0 50 2 50 1 LAXPS
Cr—Eb-579-570 50 10 100 0.1 LAXPS
7 Fe_Eb_740-700 50 5 100 0.1 LAXPS
O Eb 545-525 50 5 100 0.1 LAXPS
Ni_Eb 888-848 50 20 100 0.1 LAXPS
Table 2 Operation of X-Ray photoelectron spectroscopy (Cons.)
No Sample Emss Noscan | Dwell | Stepsize Lens
mode
Oxidized - 800°C -
12hr 50 2 50 1 LAXPS
Eb-1100-0 50 10 100 0.1 LAXPS
8 Cr —Eb-579 — 570 50 5 100 0.1 LAXPS
Fe_Eb_740-700 50 o 100 0.1 LAXPS
O_Eb_545-525 50 20 100 0.1 LAXPS
Ni_Eb_888-848
Cr Electroplsting
Oxidized - 800°C -
12hr 50 2 50 1 LAXPS
Eb-1100-0 50 10 100 0.1 LAXPS
9 Cr - Eb-579 -570 50 5 100 0.1 LAXPS
Fe Eb 740-700 50 5 100 0.1 LAXPS
O_Eb_545-525 50 20 100 0.1 LAXPS
Ni_Eb_888-548
GIN
CrIN_Eb1100-O
10 CIN_Gr_595-570 50 20 100 0.1 LAXPS
CrN_N.....i.. 50 20 100 0.1 LAXPS
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Table 3 shown that, elements percentage the surface of stainless steel.

Sample Element Area (N)
Oxidize 450°C 4 hr Cr2p3 32.46
Cr2pl 16.21

Cr2p3 0.44

Cr2p3 0.46

Fe2pl 144.42

Fe2p3 150.82

Ols 1738.96

Ols 1131.37

Sample Element Area (N)
Oxidize 450°C 8 hr Fe2pl 352.35
Fe2p3 40493

Fe2p3 175.16

Felpt 99.41

Ni2pl 55.4

Ni2p3 SN 1

Ni2p1 21.94

Ols 2071.15

O1ls 2453.59

Ce2pl 126.09

Cr2p3 127.72

Sample Element Area (N)
Oxidize 450°C 8 hr Qr2pl 242.12
Cr2p3 273.56

Cr2pl 513

Fe2pl 151.44

Fe2p3 205.33

Ols 2945.55

Ols 709.58

Sample Element Area (N)
Oxidize 600°C/ 6 hi: Cr2p1 444.69
Cr2p3 434.15

Cr2p3 67.45

Fe2pl 107.6

Fe2p3 216.34

Fe2pl 119.08

Ols 4132.61

Ols 715.12

Cr
Fe
O

Cr
Fe

Cr

Cr
Fe

Cr
Fe

1.5417 %
9.1828 %
89.2754 %

17.4273 %
1.8654 %
76.4204 %
4.2867 %

11.4900 %
7.8710 %
80.6389 %

15.1721 %
7.1030 %
77.7248 %



Sample Element Area (N)
Oxidize 800°C 4 hr Cr2pl 369.36
Cr2p3 419.36

Cr2pl 110.57

Cr2p3 138.02

Fe2pl 284.63

Fe2p3 197.64

Ols 2271.92

Ols 986.88

Sample Element Area (N)
Oxidize 800°C 6 hr Cr2pl 191.61
Gr2p3 289556

Cr2pl 17.73

Felpt IBL5

Fe2p3 299.04

Fe2pl 103.95

Fe2p3 97.71

Ols 2626.37

O1s 516.67

Sample Element Area (N)
Oxidize 800°C 8 hr Cr2pl 383,44
Cr2p3 325.8

Gr2p3 66.91

Fe2pl 177.19

Fe2p3 211.14

Ols 1946.94

O1s 1472.83

Sample Element Area (N)
Oxidize 800°C 12 hr Cr2pl 116.03
Non Coat Chromium by Cr2p3 150.09
electro plating Cr2pl 168
Gr2pl 1:17

Fe2pl 251.22

Fe2p3 298.33

O1s 1442.2

Ols 1128.35

Sample Element Area (N)
Oxidize 800°C 12 hr Fe2pl 256.57
Coat Chromium by electro | Fe2p3 214.04
plating Ols 1855.3

Ols 789.24

Cr2pl 466.95

Cr2p3 490.6

Cr
Fe

Cr
Fe

o
Fe

'
Fe

Cr
Fe

21.7084
10.0927
68.1988

11.1356
18.7105
70.1538

16.9307
8.4709
74.5982

7.9363
16.2153
75.8482

23.5114
11.5552
64.9333

%%
%%

%%

%%
%

%%

%%
%

%

%
%
%

%%
%
%
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Sample Element Area (N)
CrN Crlpl 2997.06
Cr2p3 679.27

Cr2p3 342.28

Nils 1130.57

Nls 210.28

b)) )
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74.9816 %
25.0183 %
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Table 4 relationship between binding energy (eV) and residuals for Cr 450°C 4 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 142005 589.7 13589.4 584.4 13391.9 579.1 13619.9 573.8 13105.1
594.9 13927.2 589.6 13732.6 584.3 13376.6 579 13680.9 573.7 12916.9
594.8 13921.6 589.5 13780.4 584.2 13235 578.9 13656.6 573.6 131385
594.7 14239.1 589.4 13808 584.1 13307.9 578.8 13704.4 5735 13137
594.6 14043.5 589.3 13708.4 584 13359.9 578.7 13884 5734 129132
594.5 13920 589.2 13740.3 583.9 13204 578.6 13949.6 573.3 12947 5
594.4 13935.3 589.1 13668.5 583.8 13271.1 578.5 13911.7 573.2 13136.7
594.3 13776.4 589 13714.1 583.7 13416.6 578.4 13805.5 573.1 131654
594.2 13985.7 588.9 13957.5 583.6 13391 578.3 13790.9 573 12982.6
594.1 13932.9 588.8 13757.8 583.5 13512.6 578.2 13773.3 5729 12971.1
594 14016.4 588.7 13810.9 583.4 13385.7 578.1 13724.8 5728 128354
593.9 13832.7 588.6 13801.8 583.3 13429 3 578 13618.4 572.7 13041.7
593.8 13784 588.5 13783.7 583.2 13057 577.9 13898.5 572.6 130514
593.7 13830.9 588.4 13791.5 583.1 131921 577.8 13927.1 5725 13026 4
593.6 13954.5 588.3 13771.8 583 132562 577.7 13964.5 5724 12927 4
593.5 13882.9 588.2 13656.7 582.9 13261.2 577.6 14102.5 572.3 12965 4
593.4 13950.1 588.1 136874 582.8 132226 577.5 13999.5 5722 12990.8
593.3 13875.3 588 1381409 582.7 13182.6 577.4 13818.4 572.1 12937 2
593.2 13756.5 587.9 13897 5 582.6 13299.9 577.3 13760.8 572 12795.6
593.1 13788.3 587.8 13746.2 582.5 132125 577.2 13769.4 571.9 12904.7
593 13736.4 587.7 1382618 582.4 13320.7 577.1 13697 .4 571.8 13000
592.9 13753.8 587.6 13696.3 582.3 13431.4 5 13705.4 571.7 13057.1
592.8 13781.9 587.5 186737 582.2 13550.4 576.9 13571.4 571.6 129453
592.7 13802.1 587.4 13806.3 5821 13311 576.8 13574.9 5715 12889.9
592.6 13788.9 587.3 13814. 1 582 13189.5 576.7 13662.4 5714 12882 .4
592.5 13703.5 587.2 187261 581.9 13173.9 576.6 13586 571.3 129457
592.4 13692.2 587.1 13754.3 881.8 13386.8 576.5 13558.4 5712 12942
592.3 13721.8 587 13752.2 581.7 13376.7 576.4 13559.3 571.1 12873 4
592.2 13810.6 586.9 13655.7 581.6 133152 576.3 13402.7 571 12936.7
592.1 13884.2 586.8 13584.9 581.5 13353.1 576.2 13358.9 5709 12948.9
592 13805.8 586.7 13597.3 581.4 13426,2 576.1 13187.3 570.8 12805.3
591.9 13734.4 58616 13507 .2 581.3 134448 576 13279.8 570.7 12886.6
591.8 13806 586.5 13628.4 581.2 13305.9 5759 13227 570.6 126732
591.7 13765.1 586.4 13520 581.1 13253.7 575.8 13292.6 5705 12772.1
591.6 13725.2 586.3 13661.5 581 13218.4 5154 13368.9 5704 12735.1
591.5 13836.3 586.2 13560.5 580.9 13273.4 575.6 13234.8 570.3 12880
591.4 13656.1 586.1 13362.5 580.8 13352.1 575.5 13109.5 570.2 12820.1
591.3 13819.4 586 13519.4 580.7 13399.1 575.4 13294.8 570.1 12708 4
591.2 13750.2 58519 13423 58016 13306:9 575.3 13184.1 570 12752.3
591.1 13624.6 585.8 13385 580.5 13354.5 575.2 13209.7 573.8 13105.1
591 13808.3 585.7 13391.2 580.4 133135 575.1 131222
590.9 13860.1 585.6 134155 580.3 13350.9 575 13168.4
590.8 13642.6 585.5 13367.4 580.2 13422.9 574.9 129179
590.7 183772.5 585.4 13526.3 580.1 13506.9 574.8 131684
590.6 13909 585.3 13380.6 580 13516.5 574.7 125980.3
590.5 13668.9 585.2 13365.9 579.9 13611.6 574.6 13123.4
590.4 13677.3 585.1 13437 579.8 13516 574.5 13022.8
590.3 13668.3 585 13310.1 579.7 13555.8 574.4 13091.2
590.2 13627.6 584.9 13332.4 579.6 13572.5 574.3 13082.4
590.1 13784.1 584.8 13330.4 579.5 13602 574.2 13106.1
590 13786.6 584.7 133719 579.4 13571.1 574.1 12909
589.9 13818.6 584.6 13321.7 579.3 13535.8 574 13118.9
589.8 13684.3 584.5 13348.9 579.2 13795.7 573.9 13051.4




Table 5 relationship between binding energy (eV) and residuals for Fe 450°C, 4 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 32435.7 734.7 28867.5 729.4 274423 724.1 27290.8 718.8 252243
739.9 32489 734.6 28688.7 729.3 27397.8 724 27180.6 718.7 25345.3
739.8 32268.1 734.5 28633.3 729.2 27085.9 723.9 26874.1 718.6 25553
739.7 32130.6 734.4 28649.3 729.1 27067.8 723.8 26893.6 7185 25444
739.6 32034.4 734.3 28764.3 729 27093.9 723.7 26807.8 718.4 252814
739.5 31666.3 734.2 28280.2 728.9 27052.9 723.6 26754.8 718.3 25300.6
739.4 31882.9 734.1 28159.4 728.8 27372.3 7235 26835 718.2 25353 .4
739.3 31756.6 734 28103.7 728.7 27060.7 723.4 26772.6 718.1 252392
739.2 31638.7 733.9 28194.2 728.6 26707.1 723.3 26336.9 718 254549
739.1 31947 733.8 28302.3 7285 26963.7 723.2 26099.9 717.9 25417 .8
739 31511.8 733.7 28099.1 728.4 26794.6 723.1 26248.8 717.8 252645
738.9 31567.6 733.6 27968.7 7283 27156.3 723 26233.8 717.7 25149
738.8 31290.3 733.5 28090.5 728.2 27287 .4 722.9 26129.4 717.6 25121.7
738.7 30930.2 733.4 28262.4 728.1 27260.9 722.8 26257.7 7175 25017 .8
738.6 31023.9 733.3 28039.6 728 272243 722.7 25864.2 717 4 251695
738.5 30909.8 733.2 27928.6 727.9 26902.5 722.6 25957.1 717.3 25076
738.4 30772.1 733.1 27730°3 727.8 272145 7225 25979.3 717.2 25169.3
738.3 30966.5 733 2818106 7277 27273.4 722.4 26011.2 717.1 25241
738.2 30565.7 732.9 28079 4 727.6 27240.8 722.3 26046.6 717 25452 .8
738.1 30504.5 732.8 27376.3 7275 27307.6 72, 26045.7 716.9 25148.2
738 30262.2 732.7 276205 727.4 27213.7 722.1 25965 716.8 25140.3
737.9 30416.5 732.6 27866.5 7223 27255.6 722 25616.1 716.7 25428 .2
737.8 30636.8 7325 276072 7202 27455.3 721.9 25509.3 716.6 25167 .8
737.7 30408.8 732.4 279442 Vi tigh 271571 721.8 25577.2 7165 25131.8
737.6 30178.9 732.3 27769.3 727 27899.8 721.7 25748.5 7164 25017.7
7375 29889.8 732.2 274348 726.9 27786.8 721.6 25360.8 716.3 25212
737.4 29514.1 732.1 272302 7268 27534.8 7215 25605.7 716.2 25237 .6
737.3 29632.8 732 27386.2 726.7 27631.9 721.4 25580.5 716.1 25399.8
737.2 29902.6 731.9 274555 726.6 27508.8 721.3 25686.5 716 25573.8
737.1 29638.9 731.8 27379.6 726.5 27265.6 721.2 25843.6 715.9 253865
737 29257.4 731.7 27584.4 726.4 27363.8 721.1 25796.7 715.8 25178.7
736.9 29810.7 73146 27664 726.3 27529.5 721 25580.2 715.7 25214.3
736.8 29586.3 7815 27420.6 726.2 27444.7 7209 25249.6 715.6 252542
736.7 29560.5 731.4 27319.2 726.1 27665.6 720.8 25402.5 7155 25585 .2
736.6 29293.3 731.3 27367.1 726 27719.7 7207 25308 7154 25263 4
736.5 29308.9 731.2 26979.5 725.9 279487 720.6 25546.6 715.3 252739
736.4 29491.6 731.1 27362.2 725.8 27483.3 7205 25453.7 715.2 25624.3
736.3 29308.1 731 27729.9 725.7 27666.6 720.4 25550.6 715.1 253455
736.2 29252.8 73059 27242 5 72546 2758812 720.3 25819.5 715 25482 4
736.1 29056.4 730.8 27017.7 7255 27563.7 720.2 25915.2 714.9 25174.3
736 29414.6 730.7 271045 725.4 27422 720.1 25648.4 714.8 25731
735.9 29213 730.6 27152.7 725.3 27708.2 720 25637 .4 714.7 25935.1
735.8 29092 730.5 27052.9 725.2 27539.7 719.9 25579.2 714.6 25664.1
735.7 28830 730.4 27228.2 725.1 27573.4 719.8 2547743 7145 25496.3
735.6 2875%.1 730.3 271718 725 277845 719.7 252247 7144 26009.6
735.5 29020.1 730.2 27059.9 724.9 27574.3 719.6 25333.6 714.3 26071.1
735.4 28925.7 730.1 27136.1 724.8 27820.8 7195 25641.6 7142 26388.6
735.3 28990.8 730 27429.8 724.7 27667.8 719.4 25549.4 714.1 26078.1
735.2 28993.3 729.9 27465.9 724.6 27476 719.3 25363.1 714 261485
735.1 28526.1 729.8 27237.3 7245 27760.4 719.2 25435.1 7139 26161.3
735 28325.8 729.7 26739.9 724.4 27378.6 719.1 25444 713.8 26170
734.9 28672.6 729.6 27137.1 724.3 27389.8 719 25532.7 713.7 26060.3
734.8 28627 7295 27526.3 724.2 27341.6 718.9 25654.8 713.6 262804
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Table 5 (continued) relationship between binding energy (eV) and residuals for Fe 450°C, 4 hr

cons.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 264749 708.2 22815.7 703 22312.1
713.4 261427 708.1 22330.8 702.9 22517
713.3 26437.7 708 22557.7 702.8 22635.8
713.2 266906 707.9 22501.8 702.7 22535.6
713.1 264353 707.8 22367.3 702.6 22537.9
713 26605 707.7 22626.6 702.5 223785
712.9 26798.2 707.6 22594.3 702.4 22376.8
712.8 269814 707.5 22515.8 702.3 22478.6
712.7 26909.7 707.4 226735 702.2 22372.6
712.6 26823.1 707.3 22614.2 702.1 223385
7125 273358 707.2 224785 702 22387.8
712.4 274515 707.1 224897 701.9 22053 .4
712.3 26946.6 707 222005 701.8 221239
712.2 269894 706.9 222748 701.7 22351.8
712.1 27001 706.8 22626.2 701.6 22343 .6
712 271083 706.7 22535.2 7015 22216.3
711.9 273338 706.6 224202 701.4 22096.8
711.8 27321 4 706.5 225269 701.3 22048.9
711.7 270401 706.4 22403.2 701.2 221493
711.6 273345 706.3 22616.1 701.1 221319
7115 271007 706:2 22265.6 701 222999
711.4 272003 706.1 22337.8 700.9 22206 4
7113 273019 706 226477 700.8 22054.1
711.2 273243 705.9 226877 700.7 22164.9
711.1 263127 7058 27591.% 700.6 223267
711 26421 4 205.7 22319 7005 222402
710.9 266335 705.6 22400.4 700.4 21995.3
710.8 267477 7055 225107 700.3 22001
710.7 265525 705.4 22462.9 700.2 221592
710.6 26431.8 705.3 226324 700.1 21980.9
710.5 26289.9 705.2 22620.2 700 21939.1
710.4 26112.8 705.1 22595.3
710.3 257545 705 223725
710.2 254054 704.9 223724
710.1 25530.2 704.8 224505
710 249419 704.7 224246
709.9 24647 704.6 22724.6
709 .8 246938 7045 22505.3
709.7 24740 704.4 22163.7
709.6 24621.6 704.3 22469.2
709.5 241013 704.2 224381
709 .4 237033 7041 226658
709.3 23718 704 22511.6
709.2 233409 703.9 22416.8
709.1 235042 703.8 22371.8
709 23882.1 703.7 22350.4
708.9 23033.2 703.6 22565.9
708.8 229433 703.5 227375
708.7 22796.3 703.4 22709.8
708.6 225168 703.3 22825.6
708.5 226528 703.2 22610
708.4 22457 703.1 22311.6
708.3 229928 708.2 22815.7




Table 6 relationship between binding energy (eV) and residuals for Cr 450°C, 6 hr.
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 26044.1 589.7 25614.1 584.4 242265 579.1 25233.7 573.8 23507 4
594.9 26137.8 589.6 25424.7 584.3 24036.6 579 25306.2 573.7 23484 8
594.8 26355 589.5 25528.7 584.2 24197.5 578.9 25523.2 573.6 23539.8
594.7 26222.2 589.4 25632.1 584.1 242645 578.8 25352.3 5735 236769
594.6 26027.6 589.3 25478.1 584 24135.9 578.7 25481.8 5734 23863.8
594.5 25923.3 589.2 25664.2 583.9 24244 578.6 25638.6 573.3 23797 .6
594.4 258215 589.1 257115 583.8 24520.4 578.5 25727 .4 573.2 23652.7
594.3 26011.5 589 25595 583.7 24069.3 578.4 25800.4 573.1 23607.6
594.2 25809.4 588.9 25561.9 583.6 24259.6 578.3 25756.9 573 23632.2
594.1 25807.1 588.8 25432.8 583.5 24117.8 578.2 25561.7 5729 237726
594 25748.7 588.7 25638.5 583.4 24071.3 578.1 25838.7 5728 23504 .2
593.9 25892.7 588.6 25589.7 583.3 24129.6 578 25578.8 572.7 23586.7
593.8 25889.4 588.5 25694 583.2 24319 4 577.9 25984.7 572.6 23416 .4
593.7 25849.6 588.4 25557.8 583.1 241975 577.8 25997.1 5725 23493.7
593.6 25790.4 588.3 25604.5 583 24091.8 577.7 25885.1 5724 235221
593.5 25864 588.2 25647 .8 582.9 24150.1 577.6 25903.1 572.3 237785
593.4 25657 588.1 254767 582.8 24158.7 577.5 26043.5 5722 23502.1
593.3 25621.6 588 2544816 582.7 24000.4 577.4 25785.7 572.1 23360.9
593.2 25443.2 587.9 25514.9 582.6 24182.2 577.3 25363.4 572 23550.6
593.1 25671.1 587.8 25780.9 582.5 24101.9 577.2 25499.7 571.9 232784
593 25783.1 587.7 2562519 582.4 24136.2 577.1 25492.2 571.8 234727
592.9 25742.7 587.6 25583.6, 582.3 24175.8 5 25347 571.7 23433.7
592.8 25537.7 587.5 2855241 582.2 24133 576.9 25363.6 571.6 23580.1
592.7 25692.5 587.4 252424 5821 24283 576.8 25478.5 5715 23375.1
592.6 25684.5 587.3 25361.5 582 24206.4 576.7 25334.1 5714 234941
592.5 25742.7 587.2 25518 581.9 24259.9 576.6 25165.8 571.3 234915
592.4 258443 587.1 2551207 881.8 24246.8 576.5 25130.7 5712 23347 9
592.3 25642.6 587 25283.7 581.7 24256.3 576.4 24817.6 571.1 23200.7
592.2 25709.4 586.9 25455.3 581.6 242743 576.3 24634.3 571 23287.1
592.1 25616.4 586.8 25391.4 581.5 244327 576.2 24684.4 5709 23389
592 25683.6 586.7 25180 581.4 24505.6 576.1 24471.2 570.8 23555.8
591.9 25683.5 58616 25148.9 581.3 24478.6 576 24564.4 570.7 23670.2
591.8 254523 586.5 24978.7 581.2 243815 5759 24487.6 570.6 234705
591.7 25181.1 586.4 24668.8 581.1 24338.9 575.8 243455 5705 233092
591.6 25354.2 586.3 24848.3 581 24274.1 5154 24474.9 5704 232332
591.5 25569.8 586.2 24714.2 580.9 243253 575.6 24438.1 570.3 23247 5
591.4 25438.7 586.1 24878.3 580.8 24495.9 575.5 23941.9 570.2 23304
591.3 25646.5 586 25079.2 580.7 24337.9 575.4 24016 570.1 23417 2
591.2 25582.6 58519 24847 1 58016 24317 575.3 23912.1 570 23317 2
591.1 25535.3 585.8 24712.1 580.5 24526 575.2 24021
591 25221.3 585.7 243545 580.4 24568.7 575.1 23927.1
590.9 25464.2 585.6 24459.6 580.3 24659.8 575 23971.6
590.8 25484.6 585.5 24725.6 580.2 24606.2 574.9 23801.4
590.7 2532819 585.4 24517.6 580.1 24885.8 574.8 2389316
590.6 25517.5 585.3 245261 580 24858.9 574.7 23768.7
590.5 25589.4 585.2 24525.3 579.9 24884.3 574.6 23658.1
590.4 25402.5 585.1 24407.7 579.8 24785.2 574.5 23941.6
590.3 25300.9 585 24345.1 579.7 24736.8 574.4 23834.3
590.2 25477.5 584.9 24516.9 579.6 25011.7 574.3 23750.4
590.1 25480.1 584.8 24206 579.5 24978.5 574.2 23588.3
590 254744 584.7 24231.2 579.4 25064.3 574.1 23667.7
589.9 25349.7 584.6 24368.9 579.3 25197.1 574 23656.7
589.8 25426.3 584.5 24406.8 579.2 25243.8 573.9 23555.3




Table 7 relationship between binding energy (eV) and residuals for Fe 450°C, 6 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 69903.4 734.7 62164.6 729.4 59091.4 724.1 60025.3 718.8 55554
739.9 69685 734.6 62494.7 729.3 58985.2 724 59587.1 718.7 55060.1
739.8 69418.6 734.5 61874.7 729.2 58923.5 723.9 59792.7 718.6 54989.3
739.7 69670.1 734.4 61862.9 729.1 58487.2 723.8 59597.5 7185 54518.3
739.6 68965.6 734.3 62310.9 729 58712.4 723.7 59887.1 718.4 54572.3
739.5 68379.6 734.2 61907 728.9 58941.2 723.6 58849.7 718.3 54809.5
739.4 68001.5 734.1 61342.1 728.8 59362 7235 58481.9 718.2 54862
739.3 68448.5 734 61741.2 728.7 59062.9 723.4 58171.4 718.1 54296
739.2 67881.5 733.9 61861.4 728.6 58576.9 723.3 58240.7 718 54315.3
739.1 67401.4 733.8 61806.2 7285 592242 723.2 58357.1 717.9 54370.6
739 67150.5 733.7 61326.4 728.4 58540.4 723.1 57956.1 717.8 54659 4
738.9 67017.4 733.6 61481.3 7283 58365.4 723 57716.9 717.7 54238.7
738.8 66998.9 733.5 61614.1 728.2 593095 722.9 57491.9 717.6 54482.9
738.7 66521.5 733.4 60847.2 728.1 590934 722.8 57185.6 7175 54068
738.6 66308.6 733.3 61001 728 5932472 722.7 56936.5 717 4 54381.7
738.5 66113.6 733.2 60767 727.9 59614.1 722.6 56655.8 717.3 54112.8
738.4 65866.4 733.1 609518 727.8 59475 7225 57482.3 717.2 54729.8
738.3 65759 733 6093201 7277 59150.8 722.4 56279.2 717.1 54555.1
738.2 65608.3 732.9 60780.5 727.6 59173.4 722.3 56532 717 53856.4
738.1 65245.8 732.8 60811.9 7275 594223 72, 56214.9 716.9 539714
738 65665.5 732.7 6063047 727.4 59699.9 722.1 56116.8 716.8 54194 .4
737.9 64795.8 732.6 60285 .4 7223 59948.1 722 56369.2 716.7 54375.9
737.8 64522.6 7325 60072 7202 59815.9 721.9 56080.8 716.6 54375.2
737.7 64660.7 732.4 60106.2 Vi tigh 602275 721.8 55588.1 7165 53985 .4
737.6 64385.7 732.3 59914 4 727 59998.8 721.7 55257.2 7164 54207 .3
7375 64426.3 732.2 SEV2S 8 726.9 59685.4 721.6 54848.6 716.3 54282.1
737.4 64216.4 732.1 59841.2 7268 60201.1 7215 55614 716.2 54503.7
737.3 63966.8 732 60291.2 726.7 60717 .4 721.4 55673.6 716.1 54290.9
737.2 63933 731.9 59819.6 726.6 60526.1 721.3 54933.3 716 54422 2
737.1 63633.7 731.8 59660.8 726.5 60303.7 721.2 55587.8 715.9 54826.8
737 63550.7 731.7 59379.1 726.4 60289.3 721.1 55535.5 715.8 54631.8
736.9 63851.1 73146 59400.8 726.3 60520.7 721 55585 715.7 54827.3
736.8 63658.3 7815 59580.7 726.2 60603.7 7209 54875 715.6 54981 .2
736.7 63754.7 731.4 598245 726.1 60562.9 720.8 54985.8 7155 54826.9
736.6 63010.8 731.3 59697.7 726 60519 7207 55046.2 7154 54461
736.5 62501.9 731.2 59529.2 725.9 60320.7 720.6 55484.7 715.3 55326.7
736.4 63074 731.1 59906.3 725.8 60701.9 7205 55698 715.2 55520
736.3 62695.9 731 59206.9 725.7 60910 720.4 55345 715.1 55412.6
736.2 62616.1 73059 58787.6 72546 60648:8 720.3 55795.7 715 55473 4
736.1 62458.8 730.8 58785.2 7255 61077 .4 720.2 55777.4 714.9 55578.8
736 62854.2 730.7 58698 725.4 61263.3 720.1 55446.9 714.8 55476.7
735.9 62314.3 730.6 58999.4 725.3 60999 720 55737.8 714.7 552421
735.8 62638.3 730.5 59190.2 725.2 61173.2 719.9 55605.4 714.6 55465.1
735.7 62797.1 730.4 58919.2 725.1 609122 719.8 562219 7145 560245
735.6 62677.2 730.3 58521.7 725 60701.4 719.7 55871.3 7144 56169.7
735.5 62639.4 730.2 58632.8 724.9 60464.5 719.6 55384.3 714.3 56510.5
735.4 62465.9 730.1 58384.5 724.8 60693.4 7195 55138.2 7142 56085
735.3 62263.7 730 58559.4 724.7 60432.6 719.4 55223.4 714.1 56991
735.2 62318.1 729.9 58768 724.6 60780.2 719.3 55388 714 57250.1
735.1 62183.8 729.8 58867.5 7245 60092.6 719.2 55526.3 7139 56901.8
735 61665.5 729.7 59398.3 724.4 60606.5 719.1 55443.4 713.8 567045
734.9 61956.1 729.6 58957.7 724.3 60504.8 719 55195.5 713.7 57305.3
734.8 61766.1 7295 58928.8 724.2 60014 718.9 55194.2 713.6 57402.8




Table 7 (continued) relationship between binding energy (eV) and residuals for Fe 450°C, 6
hr.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 57345.1 708.2 47182.9 702.9 46781 .2
713.4 577747 708.1 47448.7 702.8 46383.6
713.3 58014 708 468125 702.7 46299 4
713.2 58146.2 707.9 471125 702.6 46502.9
713.1 58222 707.8 46844.9 702.5 46714 4
713 58111.1 707.7 47102 702.4 46661.3
712.9 58589.9 707.6 46629.4 702.3 46717 .8
712.8 58940.3 707.5 46278.3 702.2 46392 4
712.7 59689 707.4 46490.8 702.1 46269.1
712.6 59373.1 707.3 46936.5 702 46548.3
7125 59763.4 707.2 47057.8 701.9 46876.2
712.4 59890.2 707.1 4656415 701.8 46460.2
712.3 601356 707 467895 701.7 45825.9
712.2 601419 706.9 46782.2 701.6 46150.8
712.1 602833 706.8 46687 701.5 46208.7
712 603481 706.7 46759.6 701.4 46087
711.9 5991941 706.6 46600.9 701.3 45867.3
711.8 60941.1 706.5 46618.1 701.2 46351.6
711.7 608479 706.4 47101.9 701.1 462399
711.6 611194 706.3 46595.8 701 45873 .2
7115 609032 706:2 46255 700.9 45938.6
711.4 60612.1 706.1 46369.8 700.8 46225.7
7113 60517 4 706 47050 700.7 460255
711.2 60895 705.9 47167.3 700.6 45575.1
711.1 603619 7058 47061.1 700.5 45666 .4
711 60485 3 205.7 46954 4 700.4 45298
710.9 602171 705.6 47090.4 700.3 45639.2
710.8 593833 7055 46735.9 700.2 45505.7
710.7 59079 705.4 46210.6 700.1 45542 3
710.6 58826.9 705.3 464693 700 45241
710.5 58279.6 705.2 46589.6
710.4 57901.8 705.1 46512.9
710.3 57269.2 705 46955.6
710.2 56887.6 704.9 46500.3
710.1 56158.2 704.8 46591.1
710 55384.2 704.7 46545.8
709.9 547914 704.6 46793.8
709 .8 5407813 7045 46675
709.7 53758 704.4 46177.1
709.6 527243 704.3 46474.6
709.5 51887.7 704.2 469527
709 .4 51386 7041 469115
709.3 51104.2 704 46747 .3
709.2 50485.9 703.9 46646.8
709.1 496559 703.8 46466.7
709 49386.7 703.7 46640.8
708.9 48778 703.6 46593
708.8 48903 703.5 46350.4
708.7 48892.3 703.4 46474.7
708.6 483747 703.3 46329.4
708.5 47796 703.2 46536.6
708.4 47754.7 703.1 46792.8
708.3 47698.6 703 46886.8
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Table 8 relationship between binding energy (eV) and residuals for Cr 450°C, 8 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 18255.3 589.7 18540 584.4 17258.7 579.1 19182.2 573.8 15477 .6
594.9 18213 589.6 18579.6 584.3 17274.6 579 19503 573.7 15634
594.8 18119.6 589.5 18545.7 584.2 17207.7 578.9 19599.5 573.6 15677 .7
594.7 18143.9 589.4 18517.3 584.1 17179.8 578.8 19538 5735 15591.7
594.6 18126.1 589.3 18462.6 584 17113 578.7 20041.2 5734 15606 .5
594.5 18254.5 589.2 18680.5 583.9 17122.6 578.6 20291.2 573.3 15596 .5
594.4 18030.1 589.1 18855.6 583.8 17107.5 578.5 20214.3 573.2 15485.1
594.3 18222 589 18937.4 583.7 17031.4 578.4 20264.6 573.1 15497 .8
594.2 18129.3 588.9 18846.7 583.6 16972.4 578.3 20322.3 573 155795
594.1 18040.8 588.8 19096.6 583.5 16858.4 578.2 20443 5729 15463.6
594 18354.9 588.7 19157.3 583.4 16813.7 578.1 20774 5728 15368.6
593.9 18211.4 588.6 19119.6 583.3 17008.2 578 20918 572.7 15692 5
593.8 18103.4 588.5 19109.8 583.2 17044.8 577.9 20865.9 572.6 155315
593.7 18024.9 588.4 19138.7 583.1 16971 577.8 20720.9 5725 155355
593.6 18041.9 588.3 193411 583 169588 577.7 20841.1 5724 15567 4
593.5 18102.3 588.2 193299 582.9 17030.9 577.6 20870.3 572.3 156105
593.4 18026.2 588.1 19441°8 582.8 17127 577.5 20921.6 5722 15574.9
593.3 18159.1 588 1932887 582.7 16980.8 577.4 20824.8 572.1 15465.1
593.2 18094.2 587.9 19417 4 582.6 17006.7 577.3 20696.9 572 15494 8
593.1 18048 587.8 19478 582.5 16986 577.2 20474.9 571.9 15478.6
593 18015.1 587.7 19407 582.4 17007.4 577.1 20237.3 571.8 15337 4
592.9 17950.1 587.6 19457 .5 582.3 17186.5 5 20170.3 571.7 15282 .8
592.8 18072.8 587.5 196512 582.2 16934.5 576.9 20088.6 571.6 15609.7
592.7 18064.5 587.4 19538.7 5821 169353 576.8 19892.8 5715 15337 .8
592.6 18024.8 587.3 19393.1 582 17126.4 576.7 19343 5714 15407
592.5 17988.9 587.2 196265 581.9 17260.7 576.6 19338.5 571.3 15396.7
592.4 17891.6 587.1 1960001 881.8 17062.1 576.5 19011.7 5712 15520.6
592.3 18025.8 587 19522 .8 581.7 17204.8 576.4 18612.3 571.1 15407 .7
592.2 17937.3 586.9 18926.3 581.6 17332.8 576.3 18415.9 571 15336.1
592.1 179625 586.8 19135.7 581.5 17033 576.2 183154 5709 15369 4
592 18077.6 586.7 19052.1 581.4 17052.8 576.1 18108.3 570.8 15488 4
591.9 18088.2 58616 18852.1 581.3 17161.4 576 17768.7 570.7 15498.8
591.8 18066.7 586.5 18879.6 581.2 17150.2 5759 17545.9 570.6 15505.7
591.7 17958.6 586.4 18719.2 581.1 17209.5 575.8 17539.1 5705 15505.6
591.6 17908.9 586.3 18564 581 17298.9 5154 17147.3 5704 15477 4
591.5 17910.3 586.2 18668.6 580.9 174029 575.6 17032.3 570.3 15710.3
591.4 17905.3 586.1 18549.4 580.8 17305.3 575.5 16796.2 570.2 15617.6
591.3 17899.6 586 18276.2 580.7 17263.7 575.4 16671.6 570.1 15591.7
591.2 18034.3 58519 18207.5 58016 17374 575.3 16544.8 570 15635.6
591.1 17992.7 585.8 18257 .8 580.5 17686.3 575.2 16307.9
591 18231.1 585.7 18307.8 580.4 17661.3 575.1 16169.6
590.9 18084.1 585.6 17960.6 580.3 17800.4 575 16201.2
590.8 18124.8 585.5 17909.7 580.2 17854 574.9 15894.4
590.7 180464 585.4 17815.4 580.1 178205 574.8 159174
590.6 18114.7 585.3 17776.3 580 17979.4 574.7 16075.8
590.5 18418 585.2 17607.7 579.9 17887.5 574.6 16010.4
590.4 18107.6 585.1 17486.2 579.8 18028.4 574.5 15904.3
590.3 18252 585 17518.6 579.7 18360.2 574.4 15765.6
590.2 18086.6 584.9 17199.3 579.6 18475.8 574.3 15830.9
590.1 18210.2 584.8 17399.8 579.5 18561.9 574.2 15818.3
590 18432.2 584.7 174205 579.4 18950.2 574.1 15677.8
589.9 18573.3 584.6 17094.6 579.3 18924.1 574 15571.9
589.8 18303.8 584.5 171925 579.2 18983.4 573.9 15482.8




Table 9 relationship between binding energy (eV) and residuals for Fe 450°C, 8 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 43841.4 734.7 38261.3 729.4 36367.6 724.1 35760.5 718.8 328722
739.9 43769.1 734.6 38059.9 729.3 36259.9 724 35393.2 718.7 32477 4
739.8 43817.5 734.5 37899.7 729.2 36328 723.9 35884.5 718.6 328635
739.7 43310.2 734.4 37945.4 729.1 36675.9 723.8 35804.7 7185 33038.8
739.6 43066.8 734.3 37639.9 729 36634.5 723.7 35533.3 718.4 329225
739.5 42963.5 734.2 37631.3 728.9 36217.9 723.6 35268.3 718.3 328955
739.4 42655 734.1 37749.8 728.8 36144.6 7235 34940 718.2 32878 4
739.3 42360.5 734 37622 728.7 36260.8 723.4 35148.9 718.1 32647 .1
739.2 42489.3 733.9 37580.5 728.6 36347.7 723.3 34833.1 718 329743
739.1 42450.3 733.8 375429 7285 36172.5 723.2 34654.7 717.9 32684 4
739 42256.3 733.7 37683.2 728.4 362082 723.1 34449 4 717.8 331852
738.9 42065.4 733.6 37522.3 7283 36657.9 723 34896 717.7 324109
738.8 41738.6 733.5 37265.1 728.2 36465 .4 722.9 34201.1 717.6 32085 .2
738.7 41554.9 733.4 37348.8 728.1 361445 722.8 34280.8 7175 32681.7
738.6 41702.3 733.3 37316.6 728 3618172 722.7 34273.1 717 4 32808.9
738.5 41363 733.2 37337.7 727.9 36725.5 722.6 34124.1 717.3 33055.1
738.4 40900.1 733.1 374841 727.8 36308.8 7225 34464.6 717.2 325816
738.3 41433.9 733 3706603 7277 36630.7 722.4 34191.1 717.1 322615
738.2 41555.9 732.9 36793.3 727.6 36472.2 722.3 33798.6 717 32489 .8
738.1 41278 732.8 37817 7275 36636.6 72, 33688 716.9 32858 4
738 41203.5 732.7 374746 727.4 36693.9 722.1 33735.9 716.8 32904.1
737.9 40678.8 732.6 3708.7, 7223 36597 722 33388.2 716.7 326132
737.8 40409.6 7325 3714737 7202 36822.7 721.9 33467 716.6 325516
737.7 40083.2 732.4 36867 .4 Vi tigh 36587.3 721.8 33586.8 7165 32658.2
737.6 40403.2 732.3 37 189.9 727 36990.4 721.7 33794 7164 32656.7
7375 40526.8 732.2 372668 726.9 36941.5 721.6 33862.8 716.3 325353
737.4 40066 732.1 36884.8 7268 36774.5 7215 33304.9 716.2 328513
737.3 40289.7 732 36532.8 726.7 36962.4 721.4 33419.3 716.1 32937 .6
737.2 40057 4 731.9 36937.8 726.6 365644 721.3 33524.7 716 32668.6
737.1 39786.7 731.8 36573.9 726.5 36563.6 721.2 33723.4 715.9 32363 4
737 39536.6 731.7 36897.8 726.4 365853 721.1 33461.6 715.8 32866.3
736.9 39483.7 73146 36829.6 726.3 36370.5 721 33236.8 715.7 32510
736.8 393421 7815 37127.5 726.2 36940.9 7209 33575.2 715.6 32841
736.7 39309 731.4 37106.3 726.1 36677.9 720.8 33478.3 7155 32727 8
736.6 39489.1 731.3 36786.5 726 36801.7 7207 33743.2 7154 32976 .2
736.5 39434.1 731.2 36880.6 725.9 36973.8 720.6 33484.7 715.3 32944 .1
736.4 39272.3 731.1 36636 725.8 36805.7 7205 32994.2 715.2 327733
736.3 39146.1 731 36642.3 725.7 36600.4 720.4 33201 715.1 330905
736.2 39063.5 73059 36675.9 72546 3651127 720.3 33619.3 715 32898.6
736.1 38959.6 730.8 36906.2 7255 36681.2 720.2 33526.6 714.9 32752.6
736 39243.8 730.7 36428.2 725.4 36653.6 720.1 33138.2 714.8 33040.6
735.9 39195.5 730.6 36717.2 725.3 36415.1 720 33271 714.7 32895
735.8 39047 .8 730.5 36944.7 725.2 36797.6 719.9 33035.6 714.6 332665
735.7 38918.9 730.4 36257.2 725.1 36582.4 719.8 32828 7145 33314.1
735.6 38808.7 730.3 36737.4 725 36261.1 719.7 33048.9 7144 332653
735.5 38253.3 730.2 36692.5 724.9 36258.4 719.6 33393.8 714.3 33445.7
735.4 38651.6 730.1 36417.3 724.8 36383.1 7195 33075.1 7142 33898.8
735.3 38410.4 730 36373.1 724.7 36275.2 719.4 33407 714.1 33703.1
735.2 38212.3 729.9 36239 724.6 36527 719.3 33128.7 714 33377 .9
735.1 38630.9 729.8 36831.9 7245 36417 719.2 33273.8 7139 33530.8
735 38470.1 729.7 36383.1 724.4 36424.5 719.1 32795 713.8 337516
734.9 38330.2 729.6 36549 724.3 35890.8 719 33335.4 713.7 33716 4
734.8 38256.5 7295 36255.3 724.2 36042.4 718.9 33371.7 713.6 33589.3
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Table 9(continued) relationship between binding energy (eV) and residuals for Fe 450°C, 8 hr

cont.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 339395 708.2 29302.3 702.9 29067.5
713.4 339707 708.1 29456.8 702.8 28985.5
713.3 340577 708 29300.3 702.7 28914.6
713.2 343706 707.9 29233 702.6 29341
713.1 344882 707.8 29120.3 702.5 29292.3
713 343777 707.7 29014.7 702.4 29299
712.9 3434272 707.6 29272.9 702.3 29069.9
712.8 344929 707.5 28958.7 702.2 29241.2
712.7 346308 707.4 28963.5 702.1 29209.6
712.6 346933 707.3 28978.9 702 29390.7
7125 34565.3 707.2 2932007 701.9 29046.4
712.4 347111 707.1 2915617 701.8 29494.7
712.3 348628 707 291722 701.7 29160
712.2 346592 706.9 290871 701.6 29413.1
712.1 346217 706.8 29302 701.5 29064.6
712 34867 2 706.7 29092.7 701.4 29004.3
711.9 353244 706.6 29265.7 701.3 29416.1
711.8 35050 4 706.5 29050.1 701.2 29219.7
711.7 351162 706.4 28993.5 701.1 290925
711.6 332156 706.3 291395 701 29144.6
7115 350395 706:2 29460.2 700.9 28621.9
711.4 351787 706.1 29338.8 700.8 28913.7
7113 55258 706 29406.9 700.7 29168.2
711.2 34914 705.9 28667.9 700.6 28853.9
711.1 34621.3 7058 29091.2 700.5 28584.4
711 34657 9 205.7 29000.6 700.4 28640.2
710.9 345674 705.6 29262.6 700.3 28878.4
710.8 344649 7055 29214.8 700.2 29221.3
710.7 346022 705.4 29346 .4 700.1 28902
710.6 338413 705.3 291103 700 28737.3
710.5 337328 705.2 292291
710.4 334314 705.1 29321.7
710.3 337264 705 29368.2
710.2 333446 704.9 29211.9
710.1 32525 704.8 29383.7
710 324518 704.7 29366.2
709.9 324378 704.6 294347
709 .8 3226611 7045 29105.3
709.7 315527 704.4 29077,
709.6 315014 704.3 29104.7
709.5 312963 704.2 292991
709 .4 310232 7041 20248:2
709.3 30767 4 704 29390.2
709.2 304999 703.9 29028.2
709.1 301485 703.8 294518
709 30242.1 703.7 29208.2
708.9 301713 703.6 29217.7
708.8 29960.7 703.5 29025.6
708.7 293749 703.4 29257.1
708.6 292929 703.3 29464.6
708.5 295843 703.2 29025.2
708.4 29306.9 703.1 29405.9
708.3 295136 703 292815




Table 10 relationship between binding energy (eV) and residuals for Cr 600°C, 6 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 24778.5 589.7 25609.3 584.4 23431.6 579.1 27438.4 5738 20538.2
594.9 24566.6 589.6 25319.9 584.3 23471.3 579 27641 5737 20832 8
594.8 24421.6 589.5 256155 584.2 23192 578.9 27783.6 573.6 20785 4
594.7 24435.1 589.4 25735.4 584.1 231815 578.8 27963.6 5735 20885.1
594.6 24615.4 589.3 25922.4 584 23216.9 578.7 28296.3 5734 20623 .2
594.5 24726.2 589.2 25867 583.9 23191 578.6 28416.4 573.3 20634.5
594.4 24460.4 589.1 25777.9 583.8 23149.9 578.5 28785.2 5732 20655.8
594.3 24482 589 26063.6 583.7 22938.4 578.4 28924.9 573.1 20792.8
594.2 244295 588.9 26085.4 583.6 23144.8 578.3 28880.4 573 20770.8
594.1 24398.1 588.8 26130.6 583.5 2301041 578.2 29125.4 5729 206322
594 24483.7 588.7 26404 583.4 226993 578.1 29510.1 572.8 20519.6
593.9 24590.3 588.6 26728.1 583.3 2207 /ol 578 29552.5 572.7 20706 .4
593.8 24481.2 588.5 268815 583.2 231064 577.9 29468.7 572.6 205%94.3
593.7 24345.9 588.4 26981.1 583.1 230011 577.8 29561 5725 20593.8
593.6 242439 588.3 26858.9 583 23256.4 D7 .7 29408.4 5724 20710.6
593.5 24199.5 588.2 26819.6 582.9 23033.3 577.6 29126.6 572.3 20646.6
593.4 24039 588.1 27316.2 582.8 23053.6 577.5 29212.6 5722 207504
593.3 24178.3 588 2753618 582.7 22971.6 577.4 29145.2 572.1 20941.6
593.2 24367.8 587.9 27444 1 582.6 23134 577.3 28616.8 572 206905
593.1 24287.9 587.8 27376.7 582.5 23096.3 577.2 28393.7 571.9 20601.1
593 24189.3 587.7 274935 582.4 23190.6 577.1 27921.9 571.8 207233
592.9 245271 587.6 2753681 582.3 23063.8 577 27675.6 5717 20586.7
592.8 24430.3 587.5 27269.2 5822 22956.4 576.9 27118.4 571.6 20621.1
592.7 24269.9 587.4 27419.8 5821 23184.7 576.8 27028.9 5715 204035
592.6 24266.3 587.3 yoaar 582 23012.4 576.7 265825 5714 20826.7
592.5 24071.6 587.2 26860.2 5819 23206.1 576.6 26117.7 571.3 20646.6
592.4 24373 587.1 27147 581.8 23175.1 576.5 25586.2 571.2 20634.3
592.3 24355.3 587 26904.7 S581.7 23224.3 576.4 25067.1 571.1 20387 4
592.2 24506.3 586.9 26672 581.6 23388.4 576.3 24504.5 571 20629.8
592.1 24562.8 586.8 266843 581.5 23470.2 576.2 24031.4 570.9 20637.9
592 24361.9 586.7, 26233.1 581.4 23616.1 576. 1 23470.7 570.8 20880.1
591.9 24586.9 586.6 26039.7 581.3 23755 576 23513.2 570.7 205015
591.8 24652.9 586.5 25845.6 581.2 23731.3 575.9 23015.2 570.6 20624.3
591.7 24570.3 586.4 25735.9 581.1 23616.4 5758 22700.7 5705 20688.9
591.6 24538.2 586.3 25085.9 581 23932 5759 22420.4 5704 20840
591.5 24591.1 586.2 25016.7 580.9 24011.7 575.6 22068.6 570.3 20850.3
591.4 24835.1 586.1 25117 580.8 24082.3 575.5 21896.9 570.2 20734.7
591.3 247484 586 248762 580.7 24084.6 575.4 21606.5 570.1 20686.2
591.2 24817.8 585.9 24846 .4 580.6 24240.6 575.3 21556.4 570 208159
591.1 24618.6 585.8 24617 580.5 24541.8 575.2 21669.5
591 24661.4 585.7 24324 580.4 24669.2 575.1 212144
590.9 2474145 585.6 24098:5 580:3 24884 575 242179
590.8 24773 585.5 23996.7 580.2 24833.6 574.9 211248
590.7 24562.8 585.4 23940.4 580.1 25135.4 574.8 21036.7
590.6 24911.2 585.3 23664.3 580 25580 574.7 210445
590.5 25245.7 585.2 23639.3 579.9 25558.4 574.6 21037.2
590.4 2485%9.7 585.1 23779 579.8 25750 574.5 21313.9
590.3 25070.7 585 23596.2 579.7 26044.4 574.4 20936.4
590.2 25108.3 584.9 23576.8 579.6 26256.3 574.3 20836.4
590.1 25233.5 584.8 23450 579.5 26580.9 574.2 20766.5
590 25152.7 584.7 23274 579.4 26844.4 574.1 20743
589.9 25241.8 584.6 23377.9 579.3 26806.2 574 20689.3
589.8 25244 4 584.5 23497 4 579.2 27167.3 573.9 20767.1




Table 11 relationship between binding energy (eV) and residuals for Fe 600°C, 6 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 58068.6 734.7 50549.1 729.4 47741.3 724.1 46502.1 718.8 432304
739.9 578974 734.6 50618.3 729.3 478275 724 46555.4 718.7 43048.1
739.8 57813 734.5 50625.6 729.2 47979.7 723.9 46162.9 718.6 43123 4
739.7 57990.9 734.4 50669.7 729.1 47865.3 723.8 46089.1 7185 43256.7
739.6 57880.6 734.3 49912.8 729 48567.2 723.7 45881.7 718.4 43294 9
739.5 56721.1 734.2 50249.7 728.9 48333.8 723.6 46340.5 718.3 427827
739.4 56560.2 734.1 49810.3 728.8 47859.8 7235 46065.1 718.2 42906.2
739.3 56005.7 734 50108.8 728.7 48496 723.4 46156.5 718.1 426315
739.2 56410.6 733.9 50334.4 728.6 47615.6 723.3 45980.8 718 42974 .2
739.1 56178 733.8 49915.8 7285 48442.9 723.2 45395.8 717.9 429414
739 56198.8 733.7 49917 .2 728.4 48643 723.1 44841.4 717 .8 42955.6
738.9 55926.8 733.6 50117.7 728.3 484852 723 45048.9 717.7 42842 .9
738.8 55789.6 7335 50290.7 728.2 48063.7 722.9 45031.4 717.6 42502
738.7 54935.9 733.4 49570.9 728.1 47940.5 722.8 44760.3 7175 42376
738.6 55422.7 733.3 49648 .3 728 48049.1 722.7 44929.7 717 4 42498.1
738.5 55278.8 733.2 49606 .5 7.9 48199.7 722.6 44112.1 717.3 42270.6
738.4 54556 733.1 494729 727.8 48281 7225 45193.9 717.2 426545
738.3 54738.9 733 494645 7277 47930.3 722.4 44837 .4 717.1 42937 .2
738.2 54968.2 732.9 49957 .7 727.6 47702.5 72233 44444 6 717 42706.2
738.1 54498.2 732.8 49521.8 7275 47273.8 722.2 44011.8 716.9 422782
738 54297.3 732.7 49341.2 7274 47790.1 722.1 43991.4 716.8 42326.6
737.9 54261.5 732.6 492872 7N 3 48177.1 722 44221.9 716.7 42550.6
737.8 54460.3 7325 49529 4 7272 47604.5 721.9 44099.1 716.6 42617.7
737.7 54281.8 732.4 49329 .4 7271 47662.5 721.8 43760 7165 42422 5
737.6 53819.6 732.3 496955 727 47798 721.7 43743 716 .4 418735
7375 53565.6 732.2 49020 726.9 47700.6 721.6 43905.1 716.3 42593
737.4 53606.6 732.1 49028 .4 726.8 479591 721.5 43938.7 716.2 42365 .4
737.3 53270.8 732 49043 .4 726.7 47913.2 721.4 43762 716.1 42463 .1
737.2 53052.3 731.9 49110.2 726.6 48202.8 721.3 43443.1 716 41783.1
737.1 52884.9 731.8 48702:4 726.5 48310.1 721.2 43706.1 7159 422751
737 52434.2 731.7 48795.5 726.4 48144.7 721.1 44008.4 715.8 42403 5
736.9 52596.4 731.6 48719.1 726.3 48065.6 721 43885.9 715.7 42385.3
736.8 52718.2 731.5 48871.2 726.2 48194.8 720.9 43487.1 715.6 41933.8
736.7 52742.8 731.4 48790 726.1 47908.1 7208 43425.9 7155 42202.6
736.6 52819.1 731.3 48699.2 726 47562.5 7207 43482.6 7154 42617 4
736.5 523448 731.2 48835.3 725.9 47448.5 720.6 43212.4 715.3 42820
736.4 51954.2 731.1 48504.6 725.8 47118.3 720.5 43533.7 715.2 424705
736.3 51997.4 731 48257 2 7257 47569.2 7204 43459.4 715.1 42833.8
736.2 51602.2 730.9 48401.9 725.6 48086.4 720.3 4355(.9 715 42497 .7
736.1 51794.4 730.8 48631.2 7255 47597.1 720.2 43905.5 714.9 42396 .4
736 51641.7 730.7 49013.4 725.4 47730.6 720.1 439987 714.8 42838.2
735.9 5176148 730.6 48543 725:3 474722 720 4365297 714.7 42860.9
735.8 517598 730.5 48644.3 725.2 47631.8 719.9 43154.4 714.6 42965
735.7 51473.4 730.4 48794.1 725.1 47670.8 719.8 43266.6 7145 42937 .8
735.6 51172.6 730.3 48187.2 725 47466.6 719.7 43642 7144 42973 2
735.5 51251.5 730.2 48409.3 724.9 47206.9 719.6 43334.8 714.3 43148 4
735.4 50988.2 730.1 48835.7 724.8 47347 4 7195 44023.5 7142 43118
735.3 50703.8 730 48699.4 724.7 47089.2 719.4 43661 714.1 432757
735.2 50661.1 729.9 48737.7 724.6 47046.6 719.3 43254.8 714 431645
735.1 50544.2 729.8 48464.8 7245 46482.7 719.2 43421.2 713.9 43049 4
735 50563.9 729.7 48621.3 724.4 46979.4 719.1 43300.9 713.8 43523 5
734.9 50903.4 729.6 48354.4 724.3 47105.6 719 43007.2 713.7 43702.6
734.8 50534.9 7295 48235.4 724.2 46300.9 718.9 42920.6 713.6 43907 .8




Table 11 (continued) relationship between binding energy (eV) and residuals for Fe 600°, 6
hr.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 43646.7 708.2 38901.6 702.9 38464.6
713.4 432722 708.1 38947.3 702.8 38360.8
713.3 43590.2 708 39058.4 702.7 385225
713.2 44210.1 707.9 38468 702.6 38406.7
713.1 43935.9 707.8 385755 702.5 38659.3
713 43807 5 707.7 38525.2 702.4 38907.6
712.9 44190 707.6 387725 702.3 38639.9
712.8 437325 707.5 38571.3 702.2 390125
712.7 44111.6 707 .4 38597 702.1 38882.8
712.6 44030.4 707.3 389783 702 38836.1
7125 44029.1 707.2 38577.6 701.9 38979
712.4 444223 707.1 38326.1 701.8 39010.7
712.3 442161 707 38605.2 701.7 39422 9
712.2 44300.6 706.9 387924 701.6 38922 8
712.1 44156.9 706.8 38763.6 701.5 38982.9
712 447789 706.7 385445 7014 38856 5
711.9 447113 706.6 385048 701.3 38358.1
711.8 446714 7065 38781.8 701.2 38422.3
711.7 44595 5 706.4 387219 701.1 38821.6
711.6 44691 4 706.3 39054 701 38422 6
7115 44360.6 706.2 39040.7 700.9 38306.7
711.4 447845 706.1 386005 700.8 38513 .6
7113 44684 3 706 388483 700.7 387489
711.2 44610.7, 705.9 387725 700.6 38522.7
711.1 44503 705.8 385994 7005 386102
711 442426 705.7 384213 700.4 386003
710.9 43794 705.6 38653.6 700.3 38356.1
710.8 43841 705.5 38990 700.2 38581.7
710.7 43888.2 705.4 38978.1 700.1 38160.8
710.6 43639.8 705.3 38760.6 700 37939.1
7105 434334 705.2 385382
710.4 435305 705.1 38457 .2
710.3 433931 705 385318
710.2 42937 8 704.9 38849
710.1 425955 704.8 38626.8
710 422745 704.7 388225
709.9 421753 704.6 38564 .2
709.8 419813 7045 38746.9
709.7 41493 .8 704.4 38653.1
709.6 41115.1 704.3 38651
709.5 41306 4 70,2 389824
709.4 41109 704.1 38695
709.3 403555 704 38555.8
709.2 404713 703.9 39018.1
709.1 40370.6 703.8 38851.2
709 401035 703.7 38771.2
708.9 39794 703.6 39096.2
708.8 39634.1 703.5 38766
708.7 39036.9 703.4 38680.4
708.6 39320 703.3 38686.6
708.5 39386.7 703.2 38946.7
708.4 391139 703.1 38783
708.3 393237 703 38935
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Table 12 relationship between binding energy (eV) and residuals for Cr 800°C, 4 hr
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Binding | Residuals | Binding | Residuals | Binding | Residuals | Binding | Residuwals | Binding | Residuals
energy energy energy energy energy
595 20832.9 589.7 20623.9 584.4 20505.1 579.1 20611.8 5738 167635
5949 20696.5 589.6 20770.1 584.3 20164.7 579 20941.9 573.7 16645 5
594.8 20785.8 589.5 20958 584.2 19886.7 578.9 21217 573.6 16497 2
5947 20543.2 589.4 20802.6 584.1 19846.9 5788 216035 5735 16318.9
594.6 20631.4 589.3 21121.2 584 19755.3 578.7 21647.7 5734 16440.9
5945 20651.1 589.2 21291 583.9 19856.3 578.6 21603.8 573.3 16300.8
594.4 20759.8 589.1 20914.4 583.8 19461.7 5785 219155 5732 16238.6
594.3 20591 589 21089.7 583.7 19276 5784 22456.7 573.1 16049.7
594.2 206205 588.9 21608.3 583.6 19453.1 578.3 22351.7 573 16075.9
594.1 20476.9 588.8 21767.3 583.5 19412.9 578.2 22780.2 5729 16099 .3
594 20621.7 588.7 21703 583.4 19363.1 578.1 228924 572.8 16251.9
593.9 20531.7 588.6 21705.5 583.3 192¢4 1 578 23208.2 5727 16135.7
593.8 20525.3 588.5 21646.8 583.2 190271 577.9 236825 572.6 16267.7
593.7 20407.3 588.4 21851.7 583.1 19174.9 577.8 23898 5725 161205
593.6 20452.8 588.3 22034.3 583 189703 577.7 24487 8 5724 16081.3
5935 20436.8 588.2 222588 582.9 19042.9 577.6 24696.9 5723 16164 .2
5934 20462.7 588.1 221488 582.8 19081.3 5775 249565 5722 15960.1
593.3 20410.6 588 222584 582.7 18873.7 5774 252379 572.1 15964 4
593.2 20091.4 587.9 223197 582.6 18836.4 577.3 25642.7 572 15942 .3
593.1 20248.1 587.8 22808.5 582.5 18779.4 577.2 25846.9 5719 15842 .6
593 20230.7 587.7 2285817 582.4 18756 577.1 26005.4 5718 15902 .3
5929 20214.6 587.6 22993 4 582.3 18882.6 7 262579 571.7 16022 .2
592.8 20119 587.5 231024 582.2 19051.7 576.9 261494 571.6 16066.9
5927 20141.7 587.4 23143.4 5821 18771 5768 26615.3 5715 15793.1
592.6 20260.9 587.3 23076.8 582 18894.2 576.7 26708.5 5714 15871.7
5925 20260.9 587.2 2830843 581.9 18923 .8 576.6 26511 571.3 16100 4
5924 202827 587.1 23317 881.8 18954.9 5765 263395 5712 15907 2
592.3 20098.7 587 23421.2 581.7 18977.7 5764 26636 571.1 15868.6
5922 20375.2 586.9 23738.2 581.6 18987.1 576.3 26738 571 15858.6
592.1 204152 586.8 23718.3 581.5 19060 .4 576.2 263365 5709 16049 3
592 20380.1 586.7 23777.1 581.4 18963.8 576.1 26025.6 570.8 16002.9
5919 20247 .6 58616 23651.2 581.3 19239 .4 576 26015.1 570.7 15947 .6
5918 20238 5865 23739 581.2 18898.3 S575.9 25457 .1 570.6 16012 2
5917 201193 586.4 23804.4 581.1 18947 .8 5758 251635 5705 160729
591.6 20240 586.3 23904.4 581 19081.2 5757 24545.7 570.4 15873 .2
5915 20105.6 586.2 23677.9 580.9 19068.8 575.6 24358.3 570.3 15920 4
5914 20324.2 586.1 23626.5 580.8 19069.3 5755 238835 570.2 16111.2
5913 20249.7 586 23584.3 580.7 18947 5754 23287 570.1 15972.3
5912 20205.3 585:9 23486 58016 19 14252 5753 22830.9 570 16025.6
591.1 20342.1 585.8 23385.2 580.5 19202.2 575.2 22153.2
591 20317 .2 585.7 23350.8 580.4 19203.9 575.1 21511.8
590.9 203525 585.6 23060.6 580.3 19374.8 575 210294
590.8 20343.7 585.5 22983.2 580.2 19272.6 5749 20624.1
590.7 20138.2 585.4 22700.6 580.1 19503.7 5748 1999411
590.6 20271.6 585.3 225289 580 195083 574.7 19306
5905 20397.9 585.2 22431.6 579.9 19735.1 574.6 191558
5904 20375.2 585.1 22186.5 579.8 19702 5745 18549
590.3 20447 .1 585 21833.6 579.7 19824.2 5744 18421.6
590.2 20526.3 584.9 21555.9 579.6 19896.5 5743 18013.6
590.1 20640.6 584.8 213525 579.5 20143.6 5742 17685
5%0 20580 584.7 21068.7 579.4 20314.6 574.1 17451.8
589.9 20586.4 584.6 20985.1 579.3 20516.6 574 170935
589.8 20708 584.5 20651.5 579.2 20612.4 5739 16851.7




Table 13 relationship between binding energy (eV) and residuals for Fe 800°C, 4 hr
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Binding Residuals Binding Residuals Binding Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 47967.2 734.7 41319.9 729.4 40386.6 724.1 40434.4 718.8 358985
739.9 47777.3 734.6 41235.6 729.3 40474.9 724 39792.4 718.7 35461.6
739.8 47843.1 7345 41553.9 729.2 39780.3 7239 39963.5 718.6 35314.2
739.7 46993.2 734.4 41298 729.1 40222.3 7238 39871.1 7185 35462.2
739.6 46603.4 734.3 41084.8 729 40382.2 7237 39886.9 718.4 354264
739.5 46743.7 734.2 40762.2 728.9 40283.2 723.6 39648.5 718.3 35135.6
739.4 46566.4 734.1 41084.7 728.8 40036.8 7235 39370.3 718.2 35599.7
739.3 46029.1 734 40588.9 728.7 40657.6 7234 39303.6 718.1 35210.2
739.2 46324.4 733.9 40765.8 728.6 40735.2 723.3 39053.3 718 34791.1
739.1 46454.6 733.8 41261.3 7285 40529.1 7232 39418.4 717.9 35360.6
739 45510.9 733.7 41444 3 728.4 40022.1 723.1 39467 717.8 34910.7
738.9 44681.6 733.6 41074.9 7283 40361.5 723 39040.3 717.7 346229
738.8 44970.9 7335 40890.2 728.2 40571.6 7229 38529.9 717.6 34895.6
738.7 45058.7 7334 40872.7 728.1 40265.1 7228 38490.9 717.5 34982.1
738.6 44869.2 733.3 409911 728 402438 7227 38037.3 717.4 355265
738.5 44371.6 733.2 40496 .7 727.9 40531.6 722.6 38141.7 717.3 35007.7
738.4 44568.4 733.1 406497 727.8 40144 7225 38155.8 717.2 347639
738.3 44444 2 733 4036304 7277 40409.4 7224 37759.1 717.1 34889.6
738.2 44300.3 732.9 40647 7 727.6 40667 .5 7223 37728.2 717 348495
738.1 43760.4 732.8 40801 7275 40600.4 Tl 37765.1 716.9 34676
738 43718.5 732.7 405765 727.4 40753.9 722.1 37604.8 716.8 34626.2
737.9 43642.5 732.6 40779 .8 7223 40536.9 722 37154.1 716.7 34549
737.8 43930.8 7325 40292 4 7202 40715.2 7219 374425 716.6 3495058
737.7 43738.6 7324 404202 Vi tigh 41055.6 7218 37043.2 716.5 34935.3
737.6 43302.6 732.3 40386 .9 727 40823.6 721.7 36496.5 716.4 34825.3
737.5 43356.3 7322 40044 .1 726.9 40919.1 7216 36815.5 716.3 34878.2
737 .4 43016.1 732.1 3993153 7268 40916.2 7215 36995.3 716.2 34920
737.3 42903.4 732 40304 .4 726.7 40729 .4 7214 36371.6 716.1 34762.9
737.2 42873.6 731.9 39901.1 726.6 40603 7213 36422.8 716 348505
737.1 42573 731.8 40330 4 726.5 40932.2 7212 36775.2 715.9 345334
737 42455.3 731.7 40134.8 726.4 40753.3 721.1 36379.2 715.8 34709.1
736.9 42551.1 731%6 40261.9 726.3 40793.7 721 36210.8 715.7 34987
736.8 423229 7315 39918 726.2 40689.2 7209 36557.4 715.6 349714
736.7 42566.8 7314 39880.1 726.1 40584.7 7208 36429.6 7155 35082.8
736.6 42593 731.3 40263.6 726 41088.7 7207 36171.4 715.4 34737 4
736.5 42295.7 731.2 39868.5 725.9 41305.5 720.6 36460.7 715.3 35044.3
736.4 42084.7 731.1 40147 .8 725.8 41709.8 7205 36261.7 715.2 349259
736.3 42126.2 731 39577.3 725.7 41373.2 7204 35808.7 715.1 353246
736.2 42338.3 7309 40331.3 72546 4096 1.7 7203 36167 715 353238
736.1 42272.4 730.8 40048.6 7255 409248 720.2 36283.7 714.9 35175.7
736 41989.3 730.7 40218.6 725.4 40583.9 720.1 35973.4 714.8 35306.7
735.9 41990.3 730.6 399212 725.3 41019.5 720 36134.4 714.7 35325.7
735.8 41760.1 7305 40100.9 725.2 40834.5 719.9 35491.5 714.6 350615
735.7 41628.5 7304 40271.7 725.1 40777.8 7198 35579.4 7145 35211.2
735.6 42490.1 7303 39747 9 725 41093.8 7197 356143 714.4 354415
735.5 42204.9 730.2 39834.7 724.9 40901.5 719.6 35565.3 714.3 35470.6
735.4 41892.3 730.1 39579 724.8 41131.2 7195 35467.7 714.2 35559
735.3 41625.4 730 40020.6 724.7 41066.7 7194 35772.4 714.1 355244
735.2 40871.3 7299 40500.6 724.6 40644.5 719.3 35708.8 714 35331.1
735.1 41707.2 7298 40048 .2 7245 40722.4 7192 35718.3 713.9 35888.7
735 42056.9 729.7 40143 4 724.4 40521.4 719.1 35435.1 713.8 35839
734.9 41423.3 729.6 40043 4 724.3 40574.1 719 35286.3 713.7 35927.6
734.8 41404.9 7295 40363.9 724.2 40752.6 7189 35452.7 713.6 36450.1
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Table 13(continued) relationship between binding energy (eV) and residuals for Fe 800°C, 4

hr.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 363942 708.2 317253 702.9 31401.3
713.4 362479 708.1 313863 702.8 31633.2
713.3 362187 708 31452.1 702.7 31480.5
713.2 36457 9 707.9 318444 702.6 31288.9
713.1 363628 707.8 313208 702.5 31192
713 36419 707.7 312258 702.4 30923.4
712.9 366522 707.6 31236.6 702.3 31010.3
712.8 367208 707.5 31027.7 702.2 30904.4
712.7 36663.6 707.4 310472 702.1 31228.2
712.6 367887 707.3 309845 702 31023.9
7125 36710.1 707.2 30889 701.9 30891.2
712.4 367053 707.1 310952 701.8 30948.5
712.3 370123 707 310245 701.7 31379.7
712.2 372166 706.9 310248 701.6 31568.2
712.1 369798 706.8 30701.2 701.5 31553
712 370302 706.7 31067.1 701.4 31167.6
711.9 369969 706.6 31085.7 701.3 31417.8
711.8 37107 9 706.5 30785.1 701.2 31161.4
711.7 373443 706.4 30601.7 701.1 31253.6
711.6 376685 706.3 310178 701 312942
7115 371787 706:2 30863.4 700.9 31238.5
711.4 371543 706.1 30976.1 700.8 31188.8
7113 371689 706 308592 700.7 31092.3
711.2 376812 705.9 30936.2 700.6 30968.8
711.1 37483 4 7058 312127 700.5 31311.2
711 37444 6 205.7 31273.6 700.4 31150
710.9 373318 705.6 31169 700.3 31385.8
710.8 373721 7055 31048.4 700.2 31005.7
710.7 368482 705.4 30825.8 700.1 31112.7
710.6 371703 705.3 308419 700 31323.2
710.5 37054.3 705.2 30611.9
710.4 36428.8 705.1 30378.9
710.3 366098 705 309794
710.2 36285.6 704.9 30796.2
710.1 358922 704.8 31042.1
710 35923 704.7 312504
709.9 35922:2 704.6 30940.3
709 .8 357574 7045 30797.1
709.7 354217 704.4 31196.6
709.6 35109 704.3 31339.7
709.5 347216 704.2 312934
709 .4 339955 7041 309211
709.3 34177 8 704 31100.2
709.2 340132 703.9 311709
709.1 336287 703.8 31566.7
709 331852 703.7 30893.1
708.9 330884 703.6 308134
708.8 329098 703.5 313065
708.7 32459 703.4 31361.9
708.6 320287 703.3 31196.1
708.5 320274 703.2 310814
708.4 316407 703.1 31203.7
708.3 317689 703 31353.8




Table 14 relationship between binding energy (eV) and residuals for Cr 800°C, 6 hr
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Binding Residuals Binding Residuals Binding Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 20996.4 589.7 20492 584.4 19621.4 579.1 19995 573.8 17775.6
594.9 21006.3 589.6 20456 4 584.3 194995 579 20068.5 573.7 176375
594.8 20837.6 5895 20509 584.2 19280.5 578.9 20323.9 573.6 17631.2
594.7 20771.3 5894 20693 584.1 19538.4 578.8 20529 573.5 175894
594.6 20769.1 589.3 20633.7 584 19493.7 578.7 20516.5 573.4 17576.7
594.5 20726.7 589.2 20640.9 583.9 19456.8 578.6 20782.3 573.3 176635
594.4 20604.6 589.1 20667 583.8 19547.2 5785 20970.9 573.2 175276
594.3 20709.2 589 20537.7 583.7 19051.6 5784 20953.8 573.1 17630.9
594.2 20726.5 588.9 205495 583.6 19071.2 578.3 21129.8 573 17526.9
594.1 20600.3 588.8 20493.8 583.5 190215 578.2 213134 572.9 17579
594 20804.4 588.7 20683 .8 583.4 192248 578.1 21386.8 572.8 17463.6
593.9 20776.9 588.6 207685 583.3 1991 44 578 21431 572.7 173638
593.8 20581.2 5885 207345 583.2 19023 577.9 21881.8 572.6 173209
593.7 20747.6 5884 208142 583.1 19169.8 577.8 21920.5 572.5 174904
593.6 20723.7 588.3 20915 .3 583 19093.5 577.7 21978.1 572.4 174835
593.5 2058%.2 588.2 20953 2 582.9 19056.3 577.6 22226.7 572.3 17571.6
593.4 20686.1 588.1 210483 582.8 18992.1 ot 22573.3 572.2 17506.7
593.3 20382.5 588 209954 582.7 19005.4 S577.4 224921 572.1 17401.3
593.2 204473 587.9 21438 4 582.6 19129.3 5773 22683.1 572 173635
593.1 20345 587.8 2122313 582.5 18975 577.2 23081.8 571.9 17312.1
593 20648.5 587.7 21460.1 582.4 19027.3 577.1 23014.2 571.8 17532.8
592.9 20660.8 587.6 214049 582.3 19129.8 577 23025.8 571.7 17575
592.8 20367.1 5875 21362 2 5822 18989.9 576.9 23399.6 571.6 174253
592.7 20427.3 5874 21447 3 5821 18992.1 5768 23426.6 5715 17511.2
592.6 20419.4 587.3 216218 582 19130.9 576.7 231429 571.4 17420.1
592.5 20197.3 5872 216351 5819 18020.6 576.6 23379.1 571.3 17541.3
592.4 20287.4 587.1 216383 .8 581.8 18967.5 5765 23378 571.2 17392
592.3 20461.2 587 21654 S581.7 19084.7 5764 22958.9 571.1 174099
592.2 20591.2 586.9 21447 4 581.6 19175 576.3 22964.2 571 172339
592.1 20544.9 586.8 216145 581.5 19067.6 576.2 22801.3 570.9 17556
592 20284.6 586.7 21654.9 581.4 19255.3 57641 225129 570.8 17540.9
591.9 20137.4 586.6 21783.8 581.3 19166.2 S76 22455.2 570.7 17605.1
591.8 20231.9 5865 21547 .6 581.2 19148.9 57 o 22409 570.6 174142
591.7 20428.3 586.4 21775.9 581.1 18994.1 575.8 22216.8 570.5 17540
591.6 20250 586.3 216645 581 19042.1 5757 21929.4 570.4 17275.6
591.5 20486.1 586.2 21555.1 580.9 19038 575.6 21504.1 570.3 17300.8
591.4 20574.5 586.1 21589.3 580.8 19165.2 5755 21458.9 570.2 17379.6
591.3 20492.2 586 21567 .3 580.7 19337.2 5754 20770.2 570.1 17160.3
591.2 20348.2 5859 21687 .3 580.6 19377.8 575.3 20545.2 570 172545
591.1 20183 585.8 214222 580.5 19239.9 575.2 20387.7
591 20207.7 585.7 21226 4 580.4 19339.5 575.1 201043
590.9 204277 585.6 21094 580:3 19449 7 575 197218
590.8 20071 58355 20938.9 580.2 19420.2 5749 19371
590.7 20206.5 5854 20864.6 580.1 19263.8 574.8 19157.4
590.6 20208.7 585.3 20749 1 580 19330.9 574.7 19000.9
590.5 20318.9 585.2 20758.9 579.9 192245 574.6 18577.8
590.4 20339 585.1 20611.2 579.8 195245 5745 18492.9
590.3 20470.2 585 20390.8 579.7 19446 5744 18363.6
590.2 20540.3 584.9 20203 4 579.6 19603.2 574.3 18221.8
590.1 20381.9 584.8 20247 4 579.5 19538.6 5742 182215
590 20502.3 584.7 20026 5 579.4 19689.8 574.1 182155
589.9 20332.4 584.6 19783.3 579.3 19935.9 574 17913
589.8 20458.9 5845 19734 .2 579.2 20122.7 573.9 17861




Table 15 relationship between binding energy (eV) and residuals for Fe 800°C, 6 hr
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Binding Residuals Binding Residuals Binding Residuals Binding Residuals Binding | Residuals
energy energy energy energy energy

740 55921.7 7347 48746 729.4 46001.1 724.1 47206.4 718.8 42327 .6
739.9 55068.4 7346 48772.5 729.3 46033.1 724 47054 718.7 42133.7
739.8 54847.8 7345 48301.1 729.2 45583 4 7239 46827 .8 718.6 41962.1
739.7 54669.6 7344 48467.2 729.1 46119.3 723.8 46807.8 718.5 42412 .4
739.6 54606.5 7343 48255.5 729 45788.6 723.7 46084.6 718.4 42436.2
739.5 53890.1 734.2 48032.7 728.9 46052.1 723.6 45701.1 718.3 41923.5
739.4 54038.9 734.1 48062.8 728.8 46548 7235 46099.7 718.2 42117
739.3 53342.9 734 48182.4 728.7 46447 .6 7234 45942 2 718.1 42161.7
739.2 53305.6 733.9 47837 728.6 46284.6 723.3 45504.8 718 41865.1
739.1 53048.9 7338 48153.6 7285 462522 7232 45162.7 717.9 41938.2
739 52557.3 733.7 48099.2 728.4 46334 4 723.1 45614.1 717.8 41650.5
738.9 52706.1 733.6 47752.6 728.3 4604341 723 451695 717.7 41668.6
738.8 52656 7335 47740.6 728.2 46257 5 7229 45070.8 717.6 415455
738.7 52335.3 7334 47838.8 728.1 46394 5 7228 45037.7 717.5 41803.2
738.6 51961.2 733.3 47727 .8 728 46715.3 7227 44683 .4 717.4 41555.1
738.5 51862.2 7332 47577 .5 7.9 46229.3 722.6 44381.2 717.3 42155.3
738.4 51301.4 733.1 474192 727.8 460315 7225 443246 717.2 41623.3
738.3 50824.7 733 47807 7277 45888 722.4 43854.5 717.1 41772.3
738.2 51577.3 7329 47142 .7 727.6 46479 2 7223 43679.7 717 41896.1
738.1 512247 7328 4726101 7275 46842 7222 43940.3 716.9 41821.3
738 51099.9 7327 47078.1 7274 465125 7221 43535.6 716.8 41457.9
737.9 512113 732.6 47240 7N 3 46771.3 722 43271.4 716.7 41284.7
737.8 51233.2 7325 47013.6 7272 46828.1 721.9 434145 716.6 41480
737.7 50797 .4 7324 46887.2 7271 46667 .8 721.8 42974 716.5 41225.6
737.6 50351.4 7323 46524.6 727 47086.7 721.7 43040.6 716.4 41397.6
737.5 50129 .4 7322 46562.9 726.9 467415 721.6 43168.4 716.3 41538.1
737.4 50568.6 732.1 46801.5 726.8 46500.6 7215 43283.9 716.2 41495.6
737.3 50367.1 732 46924.3 726.7 47058.3 7214 42755.2 716.1 41983.2
737.2 50114 7319 46980.8 726.6 47533.5 721.3 42513.9 716 41836.9
737.1 50041.2 731.8 466128 726.5 47652.8 721.2 42542.6 715.9 41459.8
737 50050.8 731.7 46678.4 726.4 47418.5 721.1 42879.3 715.8 41463.8
736.9 497547 7316 46011.7 726.3 47347.3 721 428744 715.7 41675.9
736.8 49558.2 7315 46521.9 726.2 47193.3 7209 42906 715.6 41759.4
736.7 50084.9 7314 46456.7 726.1 47436.7 7208 42680 715.5 41990.6
736.6 49859.6 731.3 46459.9 726 47891.1 7207 42834.2 715.4 42075.5
736.5 494322 731.2 46751.9 725.9 47768.3 720.6 42297 .6 715.3 41774.6
736.4 49115.9 731.1 46685.4 725.8 47975 4 7205 42674.1 715.2 42292.4
736.3 49490 731 466614 7257 47541 8 7204 42319.2 715.1 42637.5
736.2 49459 .6 730.9 46620.5 725.6 47769 4 720.3 42557 .7 715 41974.3
736.1 49146.9 730.8 46253.7 7255 47681.2 720.2 42706.5 714.9 41780.2
736 48793.9 730.7 46333.5 725.4 47885.6 720.1 429444 714.8 42422
735.9 494513 730.6 46658.7 725:3 47579,2 720 42042 714.7 42570.2
735.8 48961.2 7305 461393 725.2 473774 719.9 427632 714.6 42567.7
735.7 49183.9 7304 46103.4 725.1 47732.3 719.8 42733.8 7145 42806.7
735.6 48609 .4 7303 45686 725 47554.6 719.7 42769.7 714.4 42705.2
735.5 48787.5 730.2 45931.8 724.9 47801.2 719.6 423815 714.3 42889.5
735.4 48467 .2 730.1 45997.6 724.8 47715 7195 42255.6 714.2 42719.2
735.3 48807 4 730 46247 .3 724.7 47348 7194 422042 714.1 42894 1
735.2 48319.7 7299 46323.9 724.6 47583 .5 719.3 42231 714 43156.4
735.1 48211.4 7298 46377.8 7245 47742 3 7192 42556.5 713.9 43321.4
735 48151 .8 7297 45763 724.4 47349 2 719.1 42570.1 713.8 43565.1
734.9 48536.4 729.6 45602.4 724.3 47378 4 719 41986.8 713.7 43659
734.8 48561.7 7295 45841.3 724.2 46746 .8 718.9 42064.3 713.6 43641.2
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Table 15(continued) relationship between binding energy (eV) and residuals for Fe 800°C, 6

hr.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 43960.2 708.2 364114 702.9 35824 .6
713.4 438265 708.1 36140.3 702.8 35699 .2
713.3 44120.1 708 35993.2 702.7 35784 .2
713.2 44520.6 707.9 357944 702.6 36023
713.1 44211 707.8 35874.1 702.5 35520 .4
713 44741.6 707.7 36033.7 702.4 353104
712.9 451834 707.6 35956.4 702.3 35608.6
712.8 44699 4 707.5 35901.9 702.2 35729.1
712.7 45001 707 .4 35786.2 702.1 35886.8
712.6 44803 .5 707.3 35377.1 702 36041.7
7125 45708 707.2 356732 701.9 35842 5
712.4 45516.9 707.1 35.783.9 701.8 35983.6
712.3 457185 707 35855.9 701.7 35953.7
712.2 45563.6 706.9 35574.6 701.6 35620
712.1 457439 706.8 35467.1 701.5 35578
712 4592877 706.7 35906.5 7014 357562
711.9 45912 1 706.6 35809.1 701.3 35463
711.8 45797 2 7065 35517.8 701.2 35559.8
711.7 46054 2 706.4 354699 701.1 35627 5
711.6 45983.6 706.3 357209 701 35719
7115 46167 .3 706.2 359258 700.9 35717
711.4 460948 706.1 357455 700.8 35240 .2
7113 45905 706 353078 700.7 353823
711.2 45736.4 705.9 35806.1 700.6 350385
711.1 45948 9 705.8 354995 7005 35130.8
711 460207 705.7 354244 700.4 350214
710.9 460922 705.6 35639 700.3 35564 .8
710.8 45857.7 705.5 35819.6 700.2 35214 .6
710.7 45648 8 705.4 35717.1 700.1 350053
710.6 45546.8 705.3 35692.2 700 352253
7105 45304.1 705.2 35995
710.4 44625.1 705.1 35803.7
710.3 445249 705 356894
710.2 444269 704.9 35455.2
710.1 440427 704.8 35795.7
710 435351 704.7 35783.7
709.9 43516.8 704.6 35746.6
709.8 42979.3 7045 355438
709.7 42174.6 704.4 35765
709.6 41804.9 704.3 36121
709.5 41087 4 70,2 356224
709.4 41056.2 704.1 35521.1
709.3 40405.8 704 353243
709.2 392669 703.9 35823.7
709.1 389728 703.8 35620.2
709 391498 703.7 35902.6
708.9 385375 703.6 35624
708.8 38076.2 703.5 35777.9
708.7 374419 703.4 35699.7
708.6 376593 703.3 35584
708.5 377515 703.2 358135
708.4 366329 703.1 35865.3
708.3 365286 703 35963.6




Table 16 relationship between binding energy (eV) and residuals for Cr 800°C, 8 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 18892.4 589.7 19015 584.4 18395.8 579.1 19284.6 573.8 15787 5
594.9 19194.2 589.6 19103.9 584.3 18307.4 579 19310.4 573.7 15525.3
594.8 19025 589.5 19147 .2 584.2 18249 578.9 19200.5 573.6 15494 .2
594.7 18947.6 589.4 19118.1 584.1 18070.5 578.8 19296.2 5735 15506.8
594.6 19000.8 589.3 19082.9 584 17997.1 578.7 19488.9 5734 15463.1
594.5 18925.7 589.2 19184.7 583.9 17818.7 578.6 19632.4 573.3 15489 5
594.4 18878 589.1 19337.9 583.8 17859.5 578.5 19925 573.2 156025
594.3 19002.1 589 19329.8 583.7 17759.9 578.4 20227 .4 573.1 15435
594.2 18819.9 588.9 19387 .4 583.6 17657.2 578.3 20346.3 573 15539 4
594.1 18855.1 588.8 19360.6 583.5 17437.1 578.2 20589.3 5729 15663 .8
594 18837 588.7 19432.2 583.4 17319 578.1 20700.2 5728 15493 4
593.9 18788.2 588.6 19602.6 583.3 17545.7 578 20738.3 572.7 15255
593.8 18708.8 588.5 19469.5 583.2 17536 577.9 20860.1 572.6 15514.7
593.7 18638.1 588.4 19705 583.1 175204 577.8 21229.2 5725 15338.7
593.6 18692.6 588.3 19811.6 583 1749573 577.7 21139.9 5724 15261.9
593.5 18431 588.2 19784.7 582.9 17492.1 577.6 21411.1 572.3 15517
593.4 18445.1 588.1 19995%9 582.8 17555.8 577.5 21647.6 5722 15280
593.3 18416.4 588 201534 582.7 17315.5 577.4 21777.8 572.1 15400.2
593.2 18517.2 587.9 20263 582.6 17414.2 577.3 21983.3 572 15404.7
593.1 18639.6 587.8 202705 582.5 17333.1 577.2 22164.8 571.9 15533.2
593 18594.8 587.7 2037242 582.4 17328.3 577.1 223825 571.8 15422 .8
592.9 18535.7 587.6 20324.8 582.3 17391.8 5 22135.4 571.7 15461 .2
592.8 18708.4 587.5 20420 582.2 17458.7 576.9 22141.9 571.6 15351
592.7 18461.9 587.4 20650.4 5821 174182 576.8 22314.2 5715 15329
592.6 18655.3 587.3 20352.3 582 17641 576.7 22254.2 5714 15362 .4
592.5 18684 587.2 203454 581.9 17669.7 576.6 22220.3 571.3 15414.1
592.4 18547.5 587.1 2051301 881.8 17513.6 576.5 22087 5712 15371
592.3 18400.6 587 20617.7 581.7 17515.9 576.4 22039.8 571.1 15283.6
592.2 18516.4 586.9 20508.6 581.6 17458.1 576.3 21969.9 571 15597 .2
592.1 18796.4 586.8 20397 581.5 17517.2 576.2 21553.8 5709 15382.8
592 18684.1 586.7 20719.9 581.4 175287 576.1 21494.2 570.8 15372.1
591.9 18551 58616 20816.8 581.3 17726 576 21397.2 570.7 15245.7
591.8 18511.3 586.5 20779.6 581.2 17603.2 5759 20942.2 570.6 153415
591.7 18476.8 586.4 20745.1 581.1 17461.2 575.8 20581.1 5705 153345
591.6 18502.4 586.3 20604.7 581 17685.1 5154 20436 5704 15395
591.5 18584.2 586.2 20375.4 580.9 17709.4 575.6 20091 570.3 15297
591.4 18623.9 586.1 20457.1 580.8 17824.6 575.5 19823.5 570.2 15256
591.3 18605.8 586 20407.9 580.7 17779.7 575.4 19425.2 570.1 15335.2
591.2 18581.2 58519 20212.6 58016 178291 575.3 19293.2 570 15387 5
591.1 18617.9 585.8 20280 580.5 17914.8 575.2 18699.5
591 18674 585.7 20127 580.4 18077.6 575.1 18353.5
590.9 18584 585.6 19980.7 580.3 18080.1 575 18178
590.8 18798.5 585.5 19946.7 580.2 18049.1 574.9 17908.7
590.7 18701.2 585.4 19702.4 580.1 18224.6 574.8 1764146
590.6 18540.1 585.3 195176 580 18348.4 574.7 17383.2
590.5 18707.9 585.2 19360.2 579.9 18337 574.6 17083.7
590.4 19023.2 585.1 19273.7 579.8 18294.3 574.5 16821.1
590.3 18617.7 585 19117.9 579.7 18347.1 574.4 16611.9
590.2 18755.1 584.9 18967.7 579.6 18648.2 574.3 16538.4
590.1 18831.9 584.8 18686.4 579.5 18647.6 574.2 16246.3
590 18697.2 584.7 18714.1 579.4 18494.9 574.1 16149.9
589.9 18969.7 584.6 18517.4 579.3 18888.4 574 15958.4
589.8 18744.2 584.5 18439 579.2 19020.5 573.9 15883.7




Table 17 relationship between binding energy (eV) and residuals for Fe 800°C, 8 hr

90

Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 43908.9 734.7 38019.5 729.4 36666.2 724.1 36471.4 718.8 32407 9
739.9 43639.9 734.6 37612.1 729.3 36284.2 724 36141.4 718.7 323712
739.8 43601.3 734.5 37742.7 729.2 36270.2 723.9 35712.2 718.6 32493 8
739.7 43197.5 734.4 37877.3 729.1 36557 723.8 35948.2 7185 32653.6
739.6 43045.2 734.3 37557 .4 729 36151.4 723.7 35793 718.4 322223
739.5 43163.7 734.2 37669.8 728.9 36199.3 723.6 35317.8 718.3 32295 8
739.4 43221.6 734.1 37806.1 728.8 36186.1 7235 35586.3 718.2 32358.8
739.3 42756.7 734 37620.5 728.7 36001.4 723.4 35775.2 718.1 32534.1
739.2 42691.4 733.9 375249 728.6 36370.2 723.3 35383.5 718 327549
739.1 42140.8 733.8 37418 7285 36438.9 723.2 34875.3 717.9 32332.7
739 41927.7 733.7 36969.1 728.4 36371.9 723.1 35037.6 717.8 32478 2
738.9 41997.2 733.6 37372.3 7283 36541.2 723 34933.5 717.7 32053
738.8 41613.9 733.5 37702.4 728.2 36318.6 722.9 35039.7 717.6 32163 4
738.7 41373 733.4 37473.6 728.1 361549 722.8 34651.6 7175 32097
738.6 41312.6 733.3 36953.2 728 369547 722.7 34436.1 717 4 31981 4
738.5 41182.4 733.2 36900.9 727.9 36502.9 722.6 34700.4 717.3 321499
738.4 40861.8 733.1 37006 727.8 36699.6 7225 34672.9 717.2 319405
738.3 40536.3 733 3708801 7277 36328.3 722.4 34393.9 717.1 32142.7
738.2 40499.7 732.9 37085.8 727.6 36505.9 722.3 34452.8 717 31958.8
738.1 40730.6 732.8 369243 7275 36765.3 72, 33958.5 716.9 31623
738 40633 732.7 3710341 727.4 36520.5 722.1 33959.8 716.8 31983.7
737.9 39921.2 732.6 36787 .5 7223 36129.9 722 34070.5 716.7 321313
737.8 40220.1 7325 368526 7202 36769.5 721.9 34248.5 716.6 321486
737.7 40278.1 732.4 36768.8 Vi tigh 36734.8 721.8 33448.6 7165 321949
737.6 39859.5 732.3 36899 .4 727 36880.5 721.7 33727.7 7164 32115.1
7375 40182.1 732.2 36567 726.9 36904.6 721.6 33348.7 716.3 322655
737.4 398255 732.1 36176.2 7268 36690.9 7215 33579.9 716.2 321189
737.3 39158.4 732 36374.2 726.7 36700.3 721.4 33143.1 716.1 32117 4
737.2 39724.3 731.9 36182.9 726.6 37069.9 721.3 33371.1 716 32421
737.1 39334.2 731.8 36571.4 726.5 36877.6 721.2 32919.2 715.9 32387 .9
737 39547.8 731.7 36590.6 726.4 37031.6 721.1 33314.5 715.8 32169.1
736.9 39152.6 73146 36447 .6 726.3 37000.6 721 33114.9 715.7 31878 4
736.8 39139.7 7815 36666.9 726.2 36550.2 7209 33295.6 715.6 31756.1
736.7 38927.8 731.4 36724.2 726.1 36687.6 720.8 33286.4 7155 322149
736.6 39017.7 731.3 36332.4 726 36920.1 7207 33040.3 7154 32410.8
736.5 39112.1 731.2 36562.2 725.9 36832.7 720.6 33250.5 715.3 32236
736.4 39154.5 731.1 36138.4 725.8 36651.7 7205 33312.3 715.2 326183
736.3 39078.6 731 36327.1 725.7 36740.8 720.4 33131.1 715.1 322425
736.2 38528.3 73059 36209.5 72546 3707.3:6 720.3 32749.2 715 32170
736.1 38622.1 730.8 36460.4 7255 37066.4 720.2 32871.1 714.9 32505.7
736 38772.7 730.7 36575.7 725.4 37176.5 720.1 32701.6 714.8 32453
735.9 39176.3 730.6 36299.1 725.3 36567.6 720 32959 .4 714.7 32474 6
735.8 38876.1 730.5 36263.1 725.2 36237.5 719.9 32724.5 714.6 32423 2
735.7 38882.5 730.4 36191 725.1 36305.3 719.8 3288013 7145 326293
735.6 38115.8 730.3 36410.8 725 36789 719.7 33092.7 7144 328482
735.5 38217.6 730.2 36567.8 724.9 36997.1 719.6 32830.7 714.3 327477
735.4 384185 730.1 36137.5 724.8 36290.4 7195 32700.5 7142 32641.6
735.3 383443 730 36375.5 724.7 36662.3 719.4 33079.8 714.1 32806.9
735.2 38341.1 729.9 36751.5 724.6 36457.8 719.3 33155.9 714 32566 .4
735.1 38420.5 729.8 36404.9 7245 36025.7 719.2 32633.7 7139 331779
735 38146.6 729.7 36394.9 724.4 35701.2 719.1 32898.2 713.8 332192
734.9 37807.6 729.6 36040.3 724.3 36441.1 719 32633.4 713.7 32903.7
734.8 37757.1 7295 36353.2 724.2 36123.2 718.9 32567.9 713.6 328734




9

Table 17(continued) relationship between binding energy (eV) and residuals for Fe 800°C, 6

hr.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 333121 708.2 294542 702.9 28604.3
713.4 334825 708.1 292738 702.8 285895
713.3 33599.7 708 29164.1 702.7 289455
713.2 335636 707.9 29039.4 702.6 29171.8
713.1 334613 707.8 29025.3 702.5 287275
713 332116 707.7 29131.3 702.4 28817.3
712.9 329972 707.6 28996.9 702.3 29172.7
712.8 336141 707.5 28787.9 702.2 28921
712.7 338282 707.4 289479 702.1 289249
712.6 337087 707.3 28920.2 702 288644
7125 338729 707.2 287716 701.9 28763 .2
712.4 33820 707.1 2893917 701.8 28577.6
712.3 340713 707 29047 4 701.7 28858.3
712.2 340243 706.9 28975.2 701.6 28706
712.1 34084 4 706.8 28961.3 701.5 28910.7
712 340601 706.7 286445 701.4 28798.7
711.9 341304 706.6 28828 4 701.3 29053
711.8 34234 6 706.5 28830.6 701.2 29046.1
711.7 342737 706.4 28467.1 701.1 29186.2
711.6 344146 706.3 28703 701 29038.2
7115 345403 706:2 28623.7 700.9 28793.6
711.4 34070 706.1 28509.6 700.8 28664.5
7113 342855 706 288451 700.7 28884.3
711.2 341855 705.9 28841.4 700.6 28829.1
711.1 33882.6 7058 287623 700.5 287189
711 33977 4 205.7 29167.9 700.4 28759.9
710.9 340574 705.6 28657.8 700.3 28796.2
710.8 343544 7055 285453 700.2 288271
710.7 342162 705.4 28792 700.1 28776.7
710.6 336283 705.3 286388 700 28437 .2
710.5 335448 705.2 28555.4
710.4 33237.2 705.1 28535.2
710.3 338152 705 28683.4
710.2 33358 704.9 28803.6
710.1 329498 704.8 285945
710 329539 704.7 28940.1
709.9 326715 704.6 28956.2
709 .8 323687 7045 29146.3
709.7 319102 704.4 29041.9
709.6 321957 704.3 28841.4
709.5 321893 704.2 28770.6
709 .4 31759 7041 290388
709.3 31625.1 704 28803.5
709.2 313806 703.9 28872.3
709.1 310701 703.8 287825
709 30704.3 703.7 29021.6
708.9 302737 703.6 29011.3
708.8 303382 703.5 28826.4
708.7 30566.9 703.4 29172
708.6 30228 703.3 29213.7
708.5 29990 703.2 28601.2
708.4 29728.3 703.1 28812.1
708.3 29617.7 703 28817.1




Table 18 relationship between binding energy (eV) and residuals for Cr 800°C, 12 hr
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Binding Residuals Binding Residuals Binding Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 142005 589.7 13589.4 584.4 13391.9 579.1 13619.9 573.8 13105.1
5949 139272 589.6 13732.6 584.3 13376.6 579 13680.9 573.7 12916.9
594.8 13921.6 5895 13780.4 584.2 13235 578.9 13656.6 573.6 13138.5
5947 14239.1 589 .4 13808 584.1 13307.9 578.8 13704 4 5735 13137
594.6 140435 589.3 13708.4 584 13359.9 578.7 13884 5734 12913.2
5945 13920 589 .2 13740.3 583.9 13204 578.6 13949 .6 573.3 12947.5
5944 139353 589.1 13668.5 583.8 13271.1 5785 13911.7 573.2 13136.7
594.3 137764 589 13714.1 583.7 13416.6 5784 138055 573.1 13165.4
594.2 13985.7 588.9 13957.5 583.6 13391 578.3 13790.9 573 12982.6
594.1 139329 588.8 13757.8 583.5 135126 578.2 13773.3 5729 12971.1
594 140164 588.7 13810.9 583.4 133854 578.1 13724 8 5728 12835.4
593.9 13832.7 588.6 13801.8 583.3 13429.3 578 13618 4 572.7 13041.7
593.8 13784 5885 13783.7 583.2 13257 577.9 138985 572.6 13051.4
593.7 138309 588 .4 13791.5 583.1 13192.1 577.8 13927.1 5725 13026.4
593.6 139545 588.3 13771.8 583 13256.2 577.7 13964 .5 5724 12927 .4
5935 138829 5882 13656.7 582.9 13261.2 577.6 141025 572.3 12965.4
5934 13950.1 588.1 13687 4 582.8 13222.6 5775 139995 5722 12990.8
593.3 13875.3 588 138149 582.7 13182.6 5774 13818 4 572.1 12937.2
5932 137565 587.9 13897.5 582.6 13299.9 5773 13760.8 572 12795.6
593.1 137883 587 .8 13746.2 582.5 132125 577.2 13769 4 571.9 12904.7
593 13736.4 587.7 13826.8 582.4 13320.7 577.1 13697 4 5718 13000
5929 13753.8 587.6 13696413 582.3 13431.4 577 137054 5717 13057.1
592.8 137819 5875 13673.7 5822 13550.4 576.9 135714 571.6 12945.3
5927 13802.1 587 4 13806.3 5821 13311 5768 13574.9 5715 12889.9
592.6 13788.9 587.3 138141 582 13189.5 576.7 13662 .4 5714 12882.4
5925 137035 587 2 13726.1 5819 13173.9 576.6 13586 571.3 12945.7
5924 13692.2 587.1 13754.3 581.8 13386.8 5765 13558 4 571.2 12942
5923 137218 587 13752.2 S581.7 13376.7 5764 13559.3 571.1 12873.4
5922 138106 586.9 13695.7 581.6 13315.2 576.3 13402.7 571 12936.7
592.1 13884.2 586.8 135849 581.5 13353.1 576.2 13358.9 570.9 12948.9
592 13805.8 586.7 13597.3 581.4 13426.2 576.1 13187.3 570.8 12805.3
5919 137344 586.6 13507.2 581.3 13444.8 S76 13279.8 570.7 12886.6
5918 13806 586.5 13628.4 581.2 13305.9 57o% 13227 570.6 12673.2
5917 13765.1 586 4 13520 581.1 13253.7 5758 13292.6 5705 12772.1
591.6 13725.2 586.3 13661.5 581 13218.4 5757 13368.9 570.4 12735.1
5915 13836.3 586.2 13560.5 580.9 13273.4 575.6 13234 .8 570.3 12880
5914 13656.1 586.1 13862.5 580.8 13352.1 5755 131095 570.2 12820.1
5913 138194 586 13519.4 580.7 13399.1 5754 13294.8 570.1 12708.4
5912 13750.2 585.9 13423 580.6 13306.9 575.3 13184.1 570 12752.3
591.1 13624.6 585.8 13385 580.5 13354.5 575.2 13209.7
591 13808.3 585.7 13391.2 580.4 13313.5 575.1 13122:2
5909 138601 585.6 134155 580:3 13350.9 575 13168+
590.8 1364216 585.5 13367 .4 580.2 134229 5749 129179
590.7 137725 5854 13526.3 580.1 13506.9 574.8 13168 4
590.6 13509 585.3 13380.6 580 13516.5 574.7 12980.3
5905 13668.9 585.2 13365.9 579.9 13611.6 574.6 13123 4
5904 136773 585.1 13437 579.8 13516 5745 13022.8
590.3 13668.3 585 13310.1 579.7 13555.8 5744 130912
590.2 13627.6 584.9 13332.4 579.6 135725 5743 13082 .4
590.1 13784.1 5848 13330.4 579.5 13602 5742 13106.1
590 13786.6 584.7 13371.9 579.4 13571.1 574.1 12909
589.9 13818.6 584.6 13321.7 579.3 13535.8 574 131189
589.8 136843 5845 13348.9 579.2 13795.7 5739 130514




Table 19 relationship between binding energy (eV) and residuals for Cr-Chromium
electroplating oxidized 800°C, 12 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 16349.6 589.7 15989 .4 584.4 15279 579.1 15727.1 5738 14260 5
594.9 16411.7 589.6 16068 584.3 15231.1 579 15710.7 573.7 14250.6
594.8 16391.7 589.5 16133.9 584.2 15134.2 578.9 15860.2 573.6 14267 4
594.7 16368.4 589.4 15929.8 584.1 15135 578.8 15940.1 5735 14281.9
594.6 16476.8 589.3 16009.6 584 14993 578.7 16120.6 573 .4 14313 4
594.5 16516.1 589.2 16231.8 583.9 15053.6 578.6 16110.1 573.3 14200.7
594.4 16438.3 589.1 16267 583.8 15265.3 578.5 16224.1 5732 14147 6
594.3 16379.2 589 16179 8597 15081.3 578.4 16246.8 573.1 14045 5
594.2 16428.5 588.9 16011 583.6 15296.6 578.3 16375.8 573 14300 4
594.1 16335.5 588.8 16146.3 583.5 1316818 578.2 16544.7 5729 14326
594 16337.1 588.7 16282 583.4 1502477 578.1 16516.1 5728 14200.8
593.9 16438.7 588.6 16099 583.3 151015 578 16572.9 5727 14298 5
593.8 16218 588.5 16032.8 583.2 14863.8 577.9 16623.9 572.6 14205
593.7 16278.6 588.4 16243.3 583.1 15082.8 577.8 16761.2 5725 142059
593.6 16158 588.3 161802 583 15064.4 B 16769.6 5724 141839
593.5 16184.6 588.2 16108 .6 382.9 15148 577.6 167425 572.3 14236.6
593.4 16306.8 588.1 162048 582.8 15073.5 Sl 16978.2 5722 14163.1
593.3 16350.6 588 164157 382.7 15047 .4 577.4 17066 572.1 14143.7
593.2 16247.8 587.9 16557.9 582.6 14992.9 577.3 17111.1 572 14154.3
593.1 16326.5 587.8 16447 5 582.5 14933.6 577.2 17196.1 5719 14229 3
593 16325.5 587.7 16553.6 582.4 14995.2 577.1 17210.4 571.8 14308.1
592.9 16237.5 587.6 16790.7 582.3 15067.1 577 17236.6 571.7 14339.3
592.8 16068 587.5 16546 7 3822 15062.8 576.9 17177.2 571.6 14234 6
592.7 16013.5 587.4 16441.9 382.1 14888.8 576.8 17152.5 5715 14175 4
592.6 16020.3 587.3 16375.4 582 14850.3 576.7 16969.3 5714 14237 4
592.5 16126.1 587.2 165955 581.9 14949:2 576.6 16959.6 571.3 14320.3
592.4 16073.3 587.1 16611.3 S81.8 150749 576.5 16981.4 571.2 14052 .5
592.3 16091.8 587 16667.8 581.7 15089.5 576.4 169315 571.1 14051.3
592.2 16173.4 586.9 16740.2 581.6 15100 576.3 16745.2 571 14008
592.1 16119.6 586.8 16614.1 581.5 15044.6 576.2 16657.2 570.9 14042 4
592 16067.1 5867 16459.2 581.4 15082 5761 16762.8 570.8 14064.3
591.9 16169.7 586:6 16358.2 581.3 149449 576 16596.1 570.7 14118.2
591.8 16259.8 586.5 164343 581.2 14939 .4 575.9 16214.1 570.6 14059.9
591.7 16075.6 586.4 16473.9 581.1 15124.4 5758 15986.2 5705 14117 .6
591.6 16058.3 586.3 16451 581 15295.3 575.7 16075.9 5704 13962.3
591.5 16158 586,2 16368.9 580.9 15196,7 575.6 15970.5 570.3 14027
591.4 16051.6 586.1 16251.5 580.8 15132 575.5 15810.7 570.2 14124 4
591.3 15899.8 586 16361.8 580.7 15128.6 575.4 15601.3 570.1 142205
591.2 15976.8 585.9 16417 580.6 15215.1 575.3 15394.2 570 14123 .2
591.1 16039 585.8 16090.1 580.5 15230.3 575.2 155272
591 16051.2 583.7 160384 580.4 15073.4 5751 15206.2
590.9 16002 585.6 1587716 580.3 15280 575 15162.2
590.8 15937.3 585.5 15831.4 580.2 15172 574.9 15001.9
590.7 16065.8 585.4 15835.6 580.1 15096.1 574.8 14829.1
590.6 15993 585.3 15704.2 580 15142.1 574.7 14826.2
590.5 16080.4 585.2 15664.2 579.9 15265.7 574.6 14782.1
590.4 16015.3 585.1 15673.7 579.8 15455.2 574.5 14610.1
590.3 15923.1 585 15696.5 579.7 15430.7 574.4 14564.1
590.2 16019.5 584.9 15592.9 579.6 15470 574.3 14460.7
590.1 16033.1 584.8 15466.4 579.5 15535.3 574.2 14420.3
590 16170.6 584.7 15415.4 579.4 15589.9 574.1 14495.3
589.9 16163.3 584.6 15201.6 579.3 15682.3 574 14333.7
589.8 15899.2 584.5 151%90.8 579.2 15797.2 573.9 14400.9




Table 20 relationship between binding energy (eV) and residuals for Fe- Chromium
electroplating oxidized 800°C, 12 hr
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Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy

740 46202.7 734.7 40260.3 729.4 38736.8 724.1 39485.5 718.8 35524 .2
739.9 46101.7 734.6 40132.4 729.3 38628.9 724 38977.9 718.7 35631.7
739.8 45845 734.5 40179.2 729.2 38724.5 723.9 38909.9 718.6 35514 .2
739.7 46280.1 734.4 40657.5 729.1 38115.2 723.8 38768.3 7185 35570.7
739.6 45956.1 734.3 40166.1 729 38031.9 723.7 38446.3 718.4 35658
739.5 45745.2 734.2 40195.9 728.9 38445.8 723.6 38667.7 718.3 35798.6
739.4 44870 734.1 40410.9 728.8 38417.9 7235 38470.1 718.2 35479 .8
739.3 44477 4 734 40314.2 728.7 38215.5 723.4 38512.1 718.1 35542 .6
739.2 44696.3 733.9 40050.5 728.6 38539.7 723.3 38203.2 718 35363 .2
739.1 44539.4 733.8 40261.6 7285 385737 723.2 37837.7 717.9 353402
739 44300.8 733.7 40379.2 728.4 364542 723.1 37972.8 717 .8 34910.1
738.9 43859.8 733.6 40054.7 728.3 333804 723 37559.3 717.7 34898 .2
738.8 43695.8 7335 39802.1 728.2 38228.9 722.9 37543.1 717.6 34787 2
738.7 43615.4 733.4 40095.7 728.1 38471.3 722.8 37846.8 7175 35433 4
738.6 43657.1 733.3 39991.9 728 38361.3 722.7 37645.5 717 4 35313 .4
738.5 43522.2 733.2 39436 4 7.9 38645.4 722.6 37346 717.3 35096.7
738.4 43402.7 733.1 39605.8 727.8 38690.4 7225 36422 717.2 35183 4
738.3 43371 733 39720 7277 38782.3 722.4 36576.3 717.1 35442.1
738.2 43143.1 732.9 39404.6 727.6 38639.3 72233 36564.9 717 34977 .6
738.1 43295.5 732.8 39089 7275 38866.8 722.2 36431 716.9 35222 8
738 42693.5 732.7 39340.5 7274 38704.7 722.1 36247.2 716.8 35461 .8
737.9 42528.6 732.6 39596.8 7N 3 38753.1 722 36571.1 716.7 35383
737.8 42332.7 7325 39171.7 7272 39565.7 721.9 36563.8 716.6 34604 .3
737.7 42452.6 732.4 39818.2 7271 39272.5 721.8 36045.8 7165 34830.7
737.6 42224 4 732.3 25798 727 39363.4 721.7 35848.5 716 .4 35069.3
7375 42712.5 732.2 39322.7 726.9 35043 721.6 36187.5 716.3 34621.6
737.4 42428.2 732.1 39177 .3 726.8 39342.8 721.5 35714.3 716.2 34767 .8
737.3 41796.2 732 38978 726.7 39507.8 721.4 35778.8 716.1 35254 .2
737.2 415874 731.9 38892.1 726.6 39512.5 721.3 36077.1 716 35035.1
737.1 41557.5 731.8 389321 726.5 39159.3 721.2 36050.9 7159 34928.6
737 41899 731.7 38815.4 726.4 39385.6 721.1 35763.7 715.8 35214 .8
736.9 41943 .4 731.6 38743.3 726.3 38983.9 721 36011.6 715.7 353313
736.8 41963.2 731.5 38482.1 726.2 39160.8 720.9 35902.7 715.6 351092
736.7 41439.7 731.4 38745.6 726.1 39068.3 7208 35897.3 7155 351215
736.6 41622.5 731.3 38719.6 726 39603.1 7207 35993 7154 35245 .3
736.5 41600.1 731.2 38764.3 725.9 39587.8 720.6 35917.9 715.3 35497 2
736.4 41756.1 731.1 38793.1 725.8 39742.6 720.5 35976.2 715.2 35389
736.3 41264 731 39023.6 7257 39383.1 7204 35825.7 715.1 35484 2
736.2 41393.2 730.9 38750.2 725.6 39612.8 720.3 35864.4 715 35698.9
736.1 41510.7 730.8 38161.8 7255 39684.2 720.2 35845 714.9 35519.3
736 41031.4 730.7 38445 725.4 39639.8 720.1 35517 714.8 35794.9
735.9 4083818 730.6 38423.7 725:3 39860.7 720 353739 714.7 35200
735.8 410828 730.5 38233.3 725.2 40106.4 719.9 358438 714.6 35867 .3
735.7 40792.2 730.4 38512.2 725.1 39849.8 719.8 35629.7 7145 35969.9
735.6 40916.7 730.3 38912 725 39323.6 719.7 35732.2 7144 35561.8
735.5 40599.4 730.2 38474.4 724.9 39577.6 719.6 35735.7 714.3 35855.1
735.4 40481.7 730.1 38747 4 724.8 39471.6 7195 36043.9 7142 36163.7
735.3 40416.3 730 38545 .4 724.7 39746.8 719.4 35743.7 714.1 36189.7
735.2 40580.7 729.9 38568.9 724.6 39718.3 719.3 35921.2 714 36142.2
735.1 40231.8 729.8 38439.4 7245 39786.9 719.2 35695.8 713.9 367555
735 40111.9 729.7 38592.3 724.4 39881.6 719.1 35493.3 713.8 364403
734.9 40445.5 729.6 38357 .4 724.3 39815.2 719 35761.2 713.7 36717
734.8 40755 7295 38362.2 724.2 39520.6 718.9 35609.3 713.6 37002.7




Table 20(continued) relationship between binding energy (eV) and residuals for Fe-
Chromium electroplating oxidized 800°C, 12 hr.

Binding Residuals Binding Residuals Binding Residuals
energy energy energy
7135 367587 708.2 304512 702.9 29743.6
713.4 373088 708.1 304618 702.8 298115
713.3 37161 708 30436.2 702.7 29664.5
713.2 375656 707.9 302257 702.6 29616.6
713.1 37274 707.8 30318.6 702.5 30100.3
713 374099 707.7 30079.9 702.4 30075.9
712.9 380088 707.6 302338 702.3 297429
712.8 376147 707.5 29960.9 702.2 29727.2
712.7 37486 .8 707.4 29918 702.1 30037.6
712.6 380809 707.3 29644 702 30017.2
7125 38158 707.2 297878 701.9 29677 .4
712.4 384033 707.1 295645 701.8 29750.3
712.3 384392 707 2975592 701.7 29757.9
712.2 387189 706.9 298146 701.6 30207 .4
712.1 38496.1 706.8 29839 701.5 30015.6
712 38489 706.7 29810.3 701.4 297422
711.9 385084 706.6 29716.1 701.3 29715.2
711.8 38773 .6 706.5 29705.7 701.2 29432.3
711.7 385956 706.4 30087 .4 701.1 296245
711.6 387396 706.3 29771.6 701 29772
7115 38574 706:2 29887.1 700.9 29377
711.4 38319 .9 706.1 29840.9 700.8 29166.4
7113 392298 706 29967.1 700.7 29286.7
711.2 38969.6 705.9 29833.9 700.6 29498.3
711.1 38881.9 7058 297258 700.5 29168.4
711 38886.1 205.7 300213 700.4 29158.6
710.9 38756.8 705.6 29614 700.3 291425
710.8 386454 7055 29806.6 700.2 29119.7
710.7 385433 705.4 30020.6 700.1 29112.3
710.6 38753.2 705.3 296052 700 29139.4
710.5 383917 705.2 29437
710.4 38287.6 705.1 29879.7
710.3 378423 705 29749 8
710.2 374749 704.9 29976.7
710.1 370782 704.8 29798.9
710 37104.6 704.7 29683.4
709.9 364492 704.6 299329
709 .8 359146 7045 29968.9
709.7 355932 704.4 299793
709.6 35581.6 704.3 295492
709.5 346802 704.2 298252
709 .4 33900 6 7041 208579
709.3 33789.3 704 29641
709.2 335159 703.9 29500.4
709.1 330287 703.8 29589.5
709 325028 703.7 29533.2
708.9 321168 703.6 29621.1
708.8 317798 703.5 29903.6
708.7 31525.1 703.4 30042.6
708.6 31392 703.3 30016.8
708.5 311156 703.2 29795.1
708.4 309219 703.1 29833.3
708.3 307693 703 29561.3
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Table 21 relationship between binding energy (eV) and residuals for Cr-CrIN sputtering

Binding | Residuals Binding | Residuals Binding | Residuals Binding Residuals Binding Residuals
energy energy energy energy energy
595 214954 589.7 19936.1 584.4 22472 579.1 19408.1 5738 15346.2
594.9 21313.1 589.6 19851.7 584.3 22217.1 579 19804.7 5737 14755 4
594.8 21097.9 589.5 20400.7 584.2 21784.7 578.9 20451.2 573.6 142457
594.7 21088.3 589.4 20496 584.1 21451.2 578.8 20499.8 5735 13968.2
594.6 21041.1 589.3 20697.3 584 21093 578.7 20854.5 5734 132753
594.5 20900.4 589.2 20893.1 583.9 20675.2 578.6 21150.6 573.3 13011
594.4 20521.2 589.1 20926.7 583.8 20101.1 578.5 21290.6 5732 12645 .2
594.3 20411.9 589 20923.1 583.7 19660 578.4 21676.7 573.1 12558 4
594.2 20679.6 588.9 20590.4 583.6 19745.4 578.3 22256.7 573 12456.6
594.1 20549.6 588.8 20832.4 583.5 19339:9 578.2 22570.4 5729 12218.7
594 20532.5 588.7 211035 583.4 18942 4 578.1 22985 572.8 12117.7
593.9 20581.3 588.6 21104.9 583.3 18889.5 578 23201.6 572.7 12158 4
593.8 20287.9 588.5 217559 583.2 18528.8 577.9 23525.7 572.6 12087.6
593.7 20501.4 588.4 212205 583.1 17901.9 577.8 24005.7 5725 11806.7
593.6 20068.4 588.3 21750 583 18113.7 D7 .7 24438.6 5724 11791.1
593.5 20199.6 588.2 22003.2 582.9 17912.6 577.6 25038.6 572.3 11681.6
593.4 20379.8 588.1 2183271 582.8 17877.5 577.5 25404.4 5722 11682.6
593.3 20304.1 588 222588 582.7 17713.5 577.4 26040.3 572.1 117922
593.2 20061.1 587.9 22443 582.6 17707.3 577.3 26527.9 572 11772.1
593.1 19975.1 587.8 22684.1 582.5 17486.3 577.2 26986 571.9 116722
593 19641.1 587.7 22409.5 582.4 17313.9 577.1 27503.8 571.8 11448.6
592.9 19915.3 587.6 2246901 582.3 17245.2 577 277771 5717 11644 4
592.8 19917.2 587.5 22867 4 5822 170725 576.9 28192.1 571.6 11529.6
592.7 19862.5 587.4 23411.5 5821 17315.2 576.8 28718.4 5715 11702.1
592.6 19582.4 587.3 282698 582 17196.2 576.7 28951.4 5714 11665.3
592.5 19913.9 587.2 234918 5819 17036.1 576.6 29492.1 571.3 11534.2
592.4 19841.3 587.1 23690.1 581.8 16842.6 576.5 29663.4 571.2 11534.3
592.3 19734.6 587 23913.5 S581.7 17046.4 576.4 29733.6 571.1 114839
592.2 19500.2 586.9 23883.9 581.6 17063.8 576.3 29720.3 571 11486.3
592.1 19463 586.8 240346 581.5 17084.4 576.2 30026 570.9 11649 .2
592 19729.7 586.7, 24024.8 581.4 17123.7 576. 1 30047.8 570.8 11616.9
591.9 19822.1 586.6 24383.7 581.3 17106.5 576 30024.6 570.7 11640.9
591.8 19590.2 586.5 24576.4 581.2 172325 575.9 29960.6 570.6 11548.1
591.7 19768.5 586.4 24433 .4 581.1 17215.8 5758 29587.4 5705 11665.2
591.6 19758.1 586.3 24763.3 581 17231.4 5759 29439.7 5704 11593
591.5 19625.8 586.2 25284.4 580.9 17238.5 575.6 29086.8 570.3 11616 .4
591.4 19489.4 586.1 25409.7 580.8 17270.1 575.5 28602.7 570.2 11798.7
591.3 19350.9 586 254126 580.7 17626 575.4 28187.7 570.1 11588 4
591.2 19531.8 585.9 24929.1 580.6 17467.6 575.3 27119.6 570 11381 4
591.1 19797.4 585.8 25551.9 580.5 17752.3 575.2 26723.3
591 19637.8 585.7 25635.7 580.4 17677.2 575.1 2588241
590.9 193819 585.6 25322 580:3 17409,9 575 254768
590.8 19876.9 585.5 25429.7 580.2 17640.7 574.9 24678.6
590.7 20025.6 585.4 25306.8 580.1 17923 574.8 23794.9
590.6 19863.2 585.3 25293.4 580 18050.1 574.7 22669.2
590.5 201199 585.2 24999.2 579.9 18235.6 574.6 21824.8
590.4 20144.8 585.1 25191.2 579.8 18115.2 574.5 20999.3
590.3 19688.5 585 24557.5 579.7 18387.6 574.4 19824.8
590.2 19907.9 584.9 24364.7 579.6 18532.5 574.3 18855.7
590.1 20095.8 584.8 23977.6 579.5 18889.4 574.2 18162
590 19909.5 584.7 23751.1 579.4 19212.6 574.1 17615.1
589.9 19809.5 584.6 23487.1 579.3 19132.2 574 16671.3
589.8 201274 584.5 22509 579.2 19488.2 573.9 16228
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Table 21 relationship between binding energy (eV) and residuals for N- CrIN sputtering

Binding Residuals Binding Residuals Binding Residuals Binding Residuals
energy energy energy energy
410 6801.15 404.7 6351.1 399.4 7269.4 394.1 5735.05
409.9 6676.4 404.6 6432.35 399.3 7357.8 394 5594 45
409.8 6562.4 404.5 6447.7 399.2 7503.3 393.9 5762
409.7 6742.7 404.4 6277.35 399.1 7374.9 393.8 5762.75
409.6 6739.05 404.3 6170.1 399 7627.25 393.7 5596.8
409.5 6758.15 404.2 6411.2 398.9 7554.05 393.6 5660.15
409.4 6411.35 404.1 6304.3 398.8 7574 393.5 5596.6
409.3 6642.3 404 6263.6 398.7 7911.4 393.4 5547 .85
409.2 6702.8 403.9 6199 45 398.6 7988.7 393.3 5493 .85
409.1 6611.7 403.8 6337.6 398.5 8187.05 393.2 5515.35
409.0 6603.05 403.7 6294.05 398.4 8243.35 393.1 5529.75
408.9 6609.4 403.6 6327.45 398.3 8449.55 393 5504 .9
408.8 6589.8 403.5 6188.25 398.2 8713.05 392.9 5431.3
408.7 6590.35 4034 6200.2 398.1 8909.8 392.8 5540.6
408.6 6554.3 403.3 6317.7 398 9269.2 392.7 5693.3
408.5 6545.35 4032 6305.2 N, 9624.3 392.6 5891.35
408.4 6626.65 403,41 6344 8 397.8 9785.65 3925 5570.9
408.3 6726.6 403 6320.15 B 10074.2 392.4 5487 .3
408.2 6783.6 40249 380,15 397.6 10697.8 392.3 5475.15
408.1 6594 402.8 62871 397.5 10936.5 392.2 5486 4
408 6§14.9 4027 6300:45 397.4 11158.4 392.1 5486.35
407.9 6637.45 402.6 6272.8 B0% 11507 392 5459.7
407.8 6576.2 402.5 63459 R/ 11608.4 391.9 5561
407.7 6599.7 4024 6534.8 39%7.1 11837.6 391.8 5534.75
407.6 6614.7 402.3 62191 397 11852.1 391.7 5549.75
407.5 6635.55 402.2 6342.3 396.9 11985.2 391.6 5625.85
407.4 6724.6 4021 6475.1 396.8 12478.4 391.5 5563.75
407.3 6610.55 402 63221 396.7 12104 391.4 5530.45
407.2 6560.75 401.9 6298.7 396.6 11986.4 391.3 5628.05
407.1 6531.25 401.8 6485.2 396.5 11932.1 391.2 5507 .3
407 6502.95 401.7 6492.6 396.4 11345.7 391.1 5603.9
406.9 6549.35 401.6 6219.05 396.3 11215.9 351 5461.25
406.8 6564.3 401.5 6484.45 396.2 10933.2 390.9 5547 .65
406.7 6580.85 401.4 6617.35 396.1 10632.8 390.8 5682 .8
406.6 6605.3 401.3 6437.5 396 9967.7 390.7 5540 .4
406.5 6565.8 401.2 6358 395.9 9565.3 390.6 5612.65
406.4 6635.1 40171 6287.75 395.8 9236.9 390.5 5573.35
406.3 6507.8 401 648145 3957 8818.35 390.4 5584.55
406.2 63954 4009 6492.6 395.6 8408.9 390.3 5548 .2
406.1 6578.25 400.8 6510.9 395.5 7837.6 390.2 5466.25
406 6354.85 400.7 6546.8 3954 7542.9 390.1 5649 8
405.9 6466715 400.6 68018 39573 73474 390 5671.15
405.8 6598.9 400.5 6864.4 395.2 6925.25
405.7 6481.35 400.4 6853.15 395.1 6708.45
405.6 6396.15 400.3 6890.2 395 6479.65
405.5 6470.45 400.2 6934.95 394.9 6315.4
405.4 6508.4 400.1 7018.85 394.8 6239.1
405.3 6434.6 400 6896.9 394.7 6130.15
405.2 6282.95 399.9 6964.2 394.6 5953.4
405.1 6250.75 399.8 7072.45 3945 5891.55
405 6403.75 399.7 7157.35 394.4 5849.9
404.9 6238.45 399.6 7051.3 394.3 5749.5
404.8 6163.95 399.5 7234.35 394.2 5835.95
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Table 22 Metal distribution in the palladium membrane heated at 450, 500 and 550°C.

Support _ Pd !*_‘1".'_"!3“1 !"‘f"“!’!‘f{_‘!ﬁ‘“}_ . 5'“"1'““‘“”'{"‘9.1 .
Pd Fe | Cr | Ni Pd Fe Cr Mi Pd Fe Cr Mi
1 [ 9690 [ 224 [039 | 0,47 1,72 | 7022 | 17,91 | 10,15
| 2 L9577 ] 295 | 083 | 04s 000 | 7091 | 1924 | 9,76
= % 3 Joser | 203|077 | 0sg 019 | 7101 | 1897 | 984
% Av | w643 | 201 0,67 | 7071 | 18,71 | 992
“ sp | 0359 | 048 091 | 043 | 070 | 021
: 1 [ss18 | 749 0,09 | 70.57 | 1933 | 1001
,':. 2 |e0] 826 000 | 7102 | 1941 | 947
k- | 3 |sra3]| 82
2 @ a |s693 | 703 .
s Av | g742 | 790 0,05 | 70,85 | 19,37 | 974
= SD 0,55 006 | 039 | 006 | 0,38
% 1 | 73.06 [22.58 0,01 | 71,68 | 19,56 | 8,75
E 2 | 8336 [In 0,00 | 7040 | 1937 | 10,23
= o o3 72,80 |21,54
e E 4 | 7572 |02
AV | 7386|2147 0,01 | 71,04 | 1947 | 949
so | 162 | 115 001 | 091 | 013 | 1,08
1 [ 9857 [ 093 017 | 7117 | 1876 | 2.4
"2 |e797 | 02 0,00 | 71.24 | 18,58 | 10,19
g 1 ]99.12 | 0,59
E: % | 4 |92 |06l 1 _ I
§_ 0.09 | 7121 | 18,67 | 10,08
o (LI ] 0,05 0,13 0,20
= = | 0.17 | 061 | 19.26 | 997
g U1 ] 002 | 7044 | 1951 [ 10,02
3 |E
2 |3
g IfF‘g 7053 | 1939 | 1000
g Mot | oaz | eas| on4
= 011 | 2051 | 1852 | 9.36
S |~ : | ‘ sy p18.70 | 965
5 £ 9631 61234 [fo.50 Loby 11 p Eﬂ Y [
R K 9712 | 2,08 | 0,10 | 0,70
Av | 9694 | 2,16 | 0,29 | 0,63 0,01 | 71,83 | 1861 | 976
sp | 059 | 020 021 | 025 001 | 002 0,13 018

Values in shaded cells were not used in caleulation due to high deviation, Note that the Cr203 interlaver formed
via direct oxidation was too thin to be visible under SEM therefore its metal distnbutions were not determined
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Table 23 (continued) Metal distribution in the palladium membrane heated at 450, 500 and

350°C.
Suisport Pd layer (%) Interlayer (%) Stainless steel (%)
Pd | Fe |Cr | Ni | Pd | Fe | or | Ni [ Pd| Fe | Cr | Ni
T | 9950 | 0,22 | 0.28 | (.00 | 0.00 | 036 | 99.50 | 0,05 | 0.00 | 7032 | 1861 | 1107
B 2 Jov03 Joa6 oar ] oaa] oayf, 007 [ 99727 000 ] 000 70751857 | 1068
g gé 3 | 99.06 | 040 [ 0.55 | 0.004 \& 1!! 23 | 9934 | 017
= % oa Jona| 1ag | 146 WA 1
_é ave [ 9920 [ 026 [ odaf o L 01 0,07 | 000 | 7054 | 1859 | 1088
> sp | o026 [ o2l ; 0,13y S 000 | 000 | 030 | 003 | o028
;,E 1 | 9837 | 1,05 | 025 03¢ | T22w8823 1 046 | 0,00 [ 7183 [ 1692 | 11,25
= 2 [ oas [osros 7123 [ 039 w32 | 004 | 002 | 7221 [ 1582 | 1199
E N D s 063 | D85 | 98,52 |00
£ F| o4 |omss)| o --& h ‘
2 Ave | 98,80 | o807 0 o076 049 | 9859 oan | oo | 7202 [ 1637 | ez
r.; sD | 039 [ 027 o " w;‘z um L oa2s oo | 027 | 078 052
= I EXAD 0 27 | o3sr038 0y N [ 022 | 6709 [ 2335 | 944
% 2 | os6l | 087 L5 ofis] g3s N0 825 |96 | 050 | 70,54 | 1800 | 987
e ;; 3 [ om0 [ nslf o] Bes 3601016 [8s e8] Ui
S FIEREIEEN 3 CTESE T AN
& Avg | 9836 | 1.04 JW308 030 7055 |5 955 0,93 | 036 | 6852 | 2068 | 966
sp | 051 034 |0 [H= S i, o08 | 020 [ 244 | 364 | 030
1| 9799 | 149 | 020 | G3TF 2% 0,4 | 10,15 | 000 [ 7157 | 1827 | 1042
. oY B T B ] 70,92 | 1830 | 10,64
- F 3 |oseo 413 | 70.79 | 1834 | 10.72
&b | ave | 98,30 |- 7,09 | 1830 | 10,59
= s | 036 | 042 | 004 | 006
g L LR 7142 | 1838 | 10,20
&z 2 | 9704 7146 | 1781 | 1046
S § 53) 3 | 9546 7,73 | 17.76 | 1029
E 2 17| aw 1 71,54 | 1798 | 1032
= SD 25 0,17 [ 034 | 0,13
2 ) 44| 0, ; 70,77 | 18.03 | 10,94
cr; 2 3;4@1 0.67 | 069 | 0.05 Jgnaa | 6554 | 23,95 | 10,07 | 0.14 | g1 | 1803 | 1143
' 2 2 o7yl : , o) @es e 0. fors jre.m 11822 | 11,03
< e 95 02 [fogs Fo CEpe | Ere foas o060 (1809 | 1103
sp | 056040 [ o017 ] oo ] B | Eee | Bee | Eer Joos | oas| oan ] 026

Values in shaded cells were not used in caleulation due to high deviation. Err indicates that the mean or 5D is
meaningless due to spotting error. In such cases, the interlayer, clearly although visible under SEM, was very
thin therefore it was nol possible for the probe to spot within it without covering the adjacent layers.
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and

Table 24 (continued) Metal distribution in the palladium membrane heated at 450, 500

550°C.
Support Pd layer (%) Interlayer (%) Stainless steel (%)

Pd Fe | Cr | Ni Pd Fe Cr Ni Pd Fe Cr Ni

1 | 9895|092 |0s6|017]| 076 71,26 | 1736 | 10,62 | 0,00 | 71,65 | 17.83 | 10,52

o2 |9s16 | 104 074|005 ) 8976243 [1928 | 932 ] 000 | 7123 | 1823 | 10.54

S| 3 19904 | 066 030|000 281 | 79.26 | 14,80 | 12,13 | 042 | 71,20 | 18,01 | 1037

Yl aveg | 9872|087 053|007 ) Brr | For poErr | Erer | o014 | 71,36 | 1802 [ 1048

= sp | 048 | 019 | 022 [ 009 | Err | For Err | Err | o24 | 025| o020 ] 009

z 1 [ 9675 | 1,55 | 078 [ 092 | 1412 | ereal 1582 843 | 044 | 70,20 | 1829 | 11,07

= ol 2 9619|213 [09s 05| 268 | 6986|1703 | 1044 | 038 | 7097 | 1805 | 10,60

g 2 3 9729 | 1,78.p00% | Qo0 2,04 | 70,61 | 1792 00,13 | 0,00 | 71,69 | 1812 | 1047

< 'l avg | 96,74 | 1,82 | 088 [ o6l Bre | BEee | Ere | Err | o027 | 70,95 | 1815 | 10,71

Z sp | 0,55 | 029 0,09 o9’} Err || Err | Err | Err | o24 | 075| o012 | 032

© 1 | 97.27 | 1,030 1.474] 023/ 20,78 4425 | 2881 | 616 | 000 | 71,26 | 1806 | 10,67

o |2 | o402 | 234 | 359 |F005 | 2022 | 47,65 | 2482 | 7,30 ] 046 | 7074 | 1812 | 10,68

& 3 19295 | 1000 224 | 291 | 22,52 [ 42,09 | 2040 | 60 | 032 | 71,05 | 1877 | 11,05

O lave | 9475 | 1,76 | 243 [ 196 | Bir | Eoe | Eer | Err | 026 | 71,02 | 1832 [ 10,80

SD | 225|067 107 6o | Er " Erer | Err | Brr | o024 | 026 | o039 | 022

Err indicates that the mean or SD'is meaningless due to spotting error. In such cases, the interlayer, clearly
although visible under SEM, was very thin therefore 1t was not possible for the probe to spot within it without

covering the adjacent layers.
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