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Abstract

Effect of Carbon Overcoat on Corrosion of Thin Film Magnetic Media
By Valérie Vivares

Corrosion in thin film magnetic media represents a problem resulting in a
potential loss of data for users of hard drives. Typically, the purpose of the carbon

overcoat is to reduce wear of the magnetic layer, and possibly to limit corrosion.

The objective of this investigation was to determine the effect the carbon overcoat
has on the corrosion behavior of the magnetic layer. Carbon overcoats of different
hydrogen and nitrogen content were sputtered on, and the effect of this compositional
difference was determined by measuring the corrosion current. Two electrolytes were
used: chloride solutions at O and 7.5 ppm concentrations. The carbon films were

characterized for thickness, k-value, and mechanical wear resistance.

The results indicate that disks with carbon overcoat have better corrosion
resistance than disks without overcoat. Disks overcoated with nitrogenated carbon
overcoats were found to have better corrosion resistancewhen they were compared to

those with hydrogenated carbon overcoats.
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Chapter 1. Introduction.

Personal computers are in almost every home. In each of them, there is a hard
drive to store data. Based on current technology, magnetic storage offers the best
compromise in terms of speed, reliability, capacity and price. Today, it is possible to
purchase a 2 Gbit drive for about $0.05/Mbit. In such a drive, the areal density (number
of bits per square inch of magnetic media) can be up to 1 Gbivin®. IBM and Fujistsu have
already developed areal densities of up to 5 Gbit/in’, thus confirming the on-going
progress of the magnetic disk drive industry. Progress on head characteristics,
communication channels and media are responsible for a good part of the impressive

increase in areal density of up to 65% per year, as shown in Figure 1.

With such high areal densities, each bit is stored in an increasingly small amount
of space; therefore, the magnetic defects on the media have to be extremely small.
Corrosion can create a patch of surface where the magnetic surface is damaged and is not
able to store magnetic information. Such a patch of surface constitutes a defect that can
grow as corrosion progresses. Defects apparent before the drive is shipped to the
customer can sometimes be overcome by using an appropriate configuration to arrange
the data. Unfortunately, if the defects appear after the drive is in use, or if the defect
grows with time, the end user can experience loss of data. Such “growing” defects can
result in a major reliability issue. With increasing areal densities the control and

minimization of corrosion becomes more important.



In Chapter 2, pertinent background information, including a brief overview of
corrosion, and of thin-film magnetic media is presented. Chapter 3 is a review of past
research on corrosion of thin film magnetic media. The research hypothesis and
objectives are in Chapter 4. In Chapter 5, the research protocol is described, followed by
the results and discussion of the results in Chapter 6 and Chapter 7, respectively. Chapter

8 and Chapter 9 contain the conclusions and recommended future research.

~ Areal Density Perspective
— IBM Products with MR Heads

/!

o Traveistar VP
Traveistar 2XP

10!

Availability Year

Figure 1: Areal Densities reached per year, based on IBM's Laboratory demonstrations and

production product.'!



Chapter 2. Thin film magnetic media and corrosion background

This chapter is a presentation of the background knowledge necessary for full
comprehension of the study. The first part is a description of thin film magnetic media,

followed by a brief overview of corrosion mechanisms.

2.1 Thin film magnetic media

Thin film magnetic disks are composed of a set of layers, each being present for a
specific reason. A cross-section of a thin film magnetic disk and head is shown in Figure
2. The substrate is an aluminum alloy or glass. The aluminum substrate is machined to
the proper dimensions and then electroplated with a nickel-phosphorous (Ni-P) alloy.
The Ni-P layer provides a hardened non magnetic surface as a base for the other layers.

The disk is then polished with different grain sizes to form the final substrate.

Texturing is then done on the disk to obtain the desirable surface roughness. The
disk is textured for at least two reasons: to enhance stiction characteristics of the head on

the finished media and to orient the magnetic layer longitudinally.

After texturing, a chrome-based undercoat is sputtered on to enhance adhesion of
the magnetic media, which is sputtered on subsequently. The final sputtered layer is a
carbon overcoat which reduces wear of the media in the assembled hard drive. The
carbon overcoat can be of at least two types: nitrogenated or hydrogenated. Nitrogenated
carbon is used to improve the bonding of the lubricant to the surface of the disk.

Hydrogenated carbon usually offers better protection against wear.

3



A Lubricant layer is the added, often by a dip and slow pull process, to improve

head flight characteristics.

Head

Lube
Carbon overcoat
Magnetic Layer

Chrome Alloy

Ni-P

Aluminum
Substrate

Figure 2: Head and disk Schematic
2.2 Brief overview of corrosion®?

This section contains a brief review of the mechanisms and kinetics of corrosion

that are relevant to this study.

2.2.1 Basis for corrosion

Corrosion is the result of chemical reaction between a metal or a metal alloy and
its environment. In thin film magnetic media, the alloy of interest is the magnetic alloy
which is composed primarily of cobalt, chromium and tantalum. Other additives are
present in the alloy in various concentrations but past research has shown cobalt

compounds at the surface of the disk to be a telltale sign of corrosion.”



Corrosion is electrochemical in nature. In general, metallic corrosion is the
oxidation of the metal in aqueous solution. The oxidation of metallic cobalt in a chloride

containing environment can be represented by the following overall reaction:
Co + 2HC1 — CoCl +H. (1]
This overall reaction can be separated into an oxidation, or anodic, reaction and a
reduction, or cathodic, reaction:

Co — Co*" + 2e- Anodic Reaction (2]
2H" +2e- - H, Cathodic reaction [3]

Most of the anodic reactions are of the form described above. Cathodic reactions
can be of different types, but are often the reduction of oxygen in neutral or acidic

solutions, as shown below:

In neutral or basic solutions: O, + 2H,0 +4e” — 40H [4]
In acidic solutions: O, + 4H" + 4¢” — 2H,0 [5]

Oxidation reactions are present at all times; they can be advantageous as in the
case of the oxidation of aluminum, which forms a protective layer, or deleterious as in the
case of the oxidation of iron under atmospheric conditions, forming rust. The rate at
which oxidation occurs determines the corrosion resistance of the material to the
environment. In some cases, corrosion can be prevented entirely by stopping one of the

three necessary conditions for corrosion, which are illustrated in Figure 3. The driving



force is thermodynamic in nature. The ion and electron paths are the paths by which the
ions reach the reaction surface and the electrons complete the electrochemical cell,

respectively.

Ion Path Driving Force

Electron Path

Figure 3: Three required elements for corrosion to occur
In the event when design cannot prevent corrosion entirely, the kinetics of

corrosion are the designer’s main concemn.

2.2.2 Electrochemical Kinetics of corrosion

In thin film disks, design is driven by performance in the drive. This design
creates several driving forces for corrosion: galvanic corrosion between the magnetic
layer and the carbon overcoat, galvanic corrosion between the Ni-P layer and the
magnetic layer, and cell corrosion via the pores of the carbon overcoat. Since corrosion
cannot be prevented in these cases, the kinetics of the corrosion becomes the main
concern. In this section, the kinetics involved in corrosion are discussed. The physical
laws governing the reaction rate are presented in Section 2.2.2.1, followed by a brief

review of polarization and passivation.



2.2.2.1 Rate of reaction
The rate of production or consumption of electrons can accurately measure the
rate at which a reaction occurs. Electron flow can be measured as current (/) in amps.

Faraday’s law gives the proportionality between the mass reacted and the current

measured, /.
a It
m=—-— 6
' F (6]

where F is Faraday’s constant, n is the number of equivalent weights exchanged, a

the atomic weight, and ¢ the time in seconds.

At equilibrium, the forward reaction rate (ry) is equal to the reverse reaction rate
(rr).

ia
=L =TF 7]

where i, is the exchange current density and has to be measured, i, is a kinetic

constant for the reaction but depends strongly on the surface geometry.

The current density at equilibrium is a measurable quantity that defines the rate of
corrosion in a system. Plotting the equilibrium current density as a function of the
potential in an active system (a Taffel plot), allows one to gather information regarding
the mechanism of corrosion in the system by studying the polarization curves. A

discussion of polarization mechanisms follows in Section 2.2.2.2.



2.2.2.2 Polarization

The availability of electrons at the surface of a metal determines the rate of the
reaction. An excess of electrons at the surface of the metal represents cathodic polarization.
Anodic polarization is the deficiency of electrons at the surface of the metal, and a driving

force for corrosion.

In aqueous solutions the potential at the surface of the metal reaches a steady state
potential, called E,, , which depends on the ability and rate at which electrons can be
exchanged at the surface by the anodic and cathodic reactions. As the potential at the
surface increases above E_; the anodic reaction takes place and corrosion occurs at a

finite rate. Anodic polarization then occurs.

Polarization is the difference of potential between the equilibrium electrode
potential and the potential resulting from the reaction. Cathodic polarization is present
when the electrons are building up at the surface and the surface potential becomes lower
than the equilibrium potential. Polarization can be classified into two main categories:

activation polarization and concentration polarization.

Activation polarization occurs when the reaction rate (represented by the
exchange current) is limited by the reaction itself. Thermodynamics then limits the
reaction rate. In that case the overpotential, 7, is related to the reaction rate (i) by:

n=ﬂlogii 8]

0

The overpotential is related to Ecor as shown below:
8



n=E-E [9]

corr

were E is the applied potential.

The relationship between the overpotential and the logarithm of the current
density (log i) is linear. Also, the anodic Taffel constant (£,) is positive since the
overpotential is positive (E>Ecor) and the cathodic Taffel constant (5,) is negative since

the overpotential is negative (E<Econ).

Concentration polarization occurs when the concentration of the reduced ions
limits the reaction rate. In this case, the solution forms a boundary layer in which the ions
are depleted and the reaction is driven by the availability of the ions. The overpotential is
then related to the current density by:

Meone =ﬂlog[ -f—‘] [10]
nF

I
where i is the minimal current density at which the system shows this behavior.

This limiting current depends on the concentration of the solution, the diffusivity
of the species, and the agitation of the solution. For thin film magnetic media,
concentration polarization could indicate the lack of availability of reacting ions or
electrons at the surface of the magnetic media. This could be due to the presence of the
carbon overcoat. The total polarization is the sum of concentration and activation
polarization. In many systems, at potentials around Econ, the main polarization

mechanism is activation polarization; further away from Ecor the dominant mechanism is



concentration polarization. A typical Taffel plot showing these two behaviors is

presented in Figure 4.

The Polarization resistance (R)) is proportional to the inverse of the corrosion

current density (ic,rr) according to the Stern-Geary equation

— B.B. 1
feorr = [2.303(,6“ ) )] R, (1]

Polarization resistance is the slope of the polarization curve at the origin (Ec,r)
and is independent of the degree of linearity of the curve. The reaction potential E,,,

current i, , and polarization resistance R, are constants for a given system.

Potential
A

— Passivation
e /— Activation

Polarization

\— Concentration
Polarization

4
leor Current
Figure 4: Schematic Taffel Plot
Some metals, such as aluminum and cobalt also exhibit passivation, which is
described in the Section 2.2.2.3.
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2.2.2.3 Passivation

Some metals form a protective oxide that acts as a barrier for the anodic reaction.
In this case, when the potential rises above E.., the corrosion rate first increases.
However, when a certain potential is reached, the corrosion current decreases to reach
very low rates. Active-passive metals can be active in some environments and passive in

others.

The study of Taffel plots for thin film magnetic media would not only allow the
determination of expected corrosion rates, but would also provide information on the

corrosion mechanisms and the effect of carbon overcoats on the corrosion resistance.

11



Chapter 3. Effect of the carbon overcoat on corrosion of magnetic media

Initially magnetic mcdia was composed of metal particulates. As demand for
higher areal density increased thin-film magnetic media, which are easily manufacturable
and customizabie, were developed. However, the magnetic film is less chemically stable
than the older metal particulate media. ® For this reason a number of studies were
dedicated to understanding the mechanism of corrosion of this type of media, with
particular emphasis on the effect of carbon overcoats. Intuitively, the carbon overcoat, if
perfect, should isolate the magnetic media from the environment and protect it from
corrosion. Experimentally, corrosion products composed of cobalt hydroxides have been
found on the surface of disks. ) These results suggest that water is absorbed by
imperfections in the surface. Water oxidizes the cobalt and the cobalt hydroxides migrate
to the surface. Another hypothesis is the existence of galvanic coupling between cobalt
and the carbon. Both hypotheses were formulated using two main experimental
approaches: exposure to controlled environments, and electrochemical methods. In this
chapter the different experimental approaches, and the results obtained from previous

studies are discussed.

3.1 Environmental chamber exposure / Qualitative experimental methods

Environmental chamber exposure and disk testing is often used in industry to
validate disk reliability. Merchant et al. © studied the effect of environmental exposure of
annealed and non-annealed, overcoated and non-overcoated, disks to a gaseous corrosive

environment (10ppb Cl,, 120ppb H.S and 200ppb NO,, at 30°C and 75% relative
12



humidity (RH)). The magnetic media was either a cobalt-chrome alloy or cobalt-chrome-
tantalum alloy. The extent of corrosion was monitored by measuring the change of light
scattering with time. The induction time was defined as the time when the reflectivity of

the media showed a marked increase of more than 0.1 uW. This limit was correlated

with the time at which the disk would most likely cause a head crash. Scanning Electron
Microscope (SEM) observation of non-overcoated disks after environmental exposure
showed that, for aluminum substrates, corrosion products gather preferentially along the
texture lines. Electron micrographs of the texture lines also indicated an increased
porosity of the film. The corrosion products were mainly nickel and chlorine. Annealed
disks, with and without overcoat, showed a longer induction time compared to the non-
annealed samples, and also showed no nickel in the corrosion products. The overcoated
samples showed a shorter induction time compared to non-overcoated samples. A longer
induction time, of about 37 hours, was obtained for the annealed non-overcoated samples
as opposed to 9 hours for non-annealed overcoated samples and 13 hours for non-
annealed non-overcoated samples. On the samples without carbon overcoat Auger depth

profiling suggested the presence of an oxide layer passivating the surface.

In two studies ' environmental chamber exposure was used in conjunction with
electrochemical measurements in order to correlate the methods, and also to characterize

the porosity of the overcoat.

Novotny and Staud * experimented on coated and uncoated media. The magnetic

layer was a cobalt alloy with various amounts of chromium, nickel, phosphorous,

13



platinum, etc. Films were sputtered on AIMg/Ni-P substrates or silicon wafers.
Environmental tests were conducted in wet and dry conditions. In dry conditions the
higher temperature was 300°C and in wet conditions the maximum temperature and
relative humidity were 90°C and 90%, respectively. Experiments using corrosive gasses
(2 ppbw Cl,, 300 ppbw SO,, 40 ppbw H,S, and 500 ppbw NO;) were done at 25°C and
70% RH. Other exposure conditions were ambient environment with a temperature of
22°C and relative humidity of 40-50%. The samples were analyzed using X-ray
Photoemission Spectroscopy (XPS), Auger Electron Spectroscopy (AES), and Secondary
Ton Mass Spectroscopy (SIMM). XPS analysis of the non-overcoated samples, after
exposure to ambient environment, showed a mixture of chromium and cobalt oxides and
hydroxides on the surface. The analysis at higher temperature showed preferential
oxidation of cobalt and nickel. Overcoated samples showed no cobalt on the surface
prior to exposure. After exposure cobalt and nickel (when nickel was present in the
magnetic layer) hydroxides were found on the surface. AES depth profiles showed that
cobalt and oxygen levels were high at the surface, minimal in the carbon layer and rose
again when the carbon-magnetic layer interface was reached. Samples exposed to 200°C
in dry air showed no migration of cobalt or rickel to the surface. The amount of cobalt
and nickel present on the surface increases with increased humidity and decreased pH of
the gases. These results indicate that cobalt migrates to the surface not due to thermal
diffusion but probably due to thermodynamic forces. The presence of cobalt at the

surface is in disagreement with the results from Merchant,” who did not find any

14



evidence of cobalt on the surface and concluded that the reacting surface was probably
the Ni-P/magnetic interface layer. Novotny and Staud®! complemented this
environmental exposure with electrochemical measurements which are described in
Section 3.2.1.1. Also, the concentration of chromium and cobalt oxides on the surface

was investigated, using AES depth profiling, and correlated to the electrochemical results.

Environmental exposure was also used by Brusic et al® to characterize the carbon
overcoat porosity. Electrochemical methods were used to test samples for corrosion;
environmental exposure (10ppb Clz, 70% RH and 25°C) was used to demonstrate the
existence of pores in the carbon overcoat. The samples were composed of electroless Ni-
P and magnetic alloy plated on the aluminum substrate; the carbon overcoat was then
sputtered on with argon. The magnetic media was pure cobalt or a cobalt-phosphorus
alloy. Some samples were not overcoated with carbon. SEM/Electron Discharge
Spectroscopy (EDS) analysis was done on the surface corrosion products after exposure.
For overcoated samples, the analysis showed that the carbon overcoat was incomplete,
with numerous sites where the underlayer was exposed. This “pore decoration” allowed
the author to count the number of pores per unit surface area and obtain an approximation
of the porosity of the carbon overcoat. Corrosion products were found to be composed of
cobalt oxides and chlorine and were located preferentially along surface scratches or other
discontinuities. Again, the presence of cobalt is in contradiction with the study by
Merchant, but, it is in agreement with the study by Novotny." Brusic also measured the

thickness of corrosion products for the coated and uncoated samples. The uncoated

15



Merchant,” but, it is in agreement with the study by Novotny."! Brusic also measured the
thickness of corrosion products for the coated and uncoated samples. The uncoated
sample showed uniform corrosion of about 3 nm thickness, detected by ellipsometry
measurements. The overcoated samples showed localized corrosion products as thick as

1 um and as large as several um.

The pore decoration technique would seem useful to characterize the porosity of
the overcoat, but it depends on the uniformity of the pore distribution on the surface.
Therefore, the results should be used as an indication more than a means of definitive

characterization.

The electrochemical measurements done by Brusic et al.? are described in Section

3.2.1.1.

3.2 Electrochemical methods

Two main types of polarization measurements have been used to study thin film
magnetic media: linear polarization and impedance measurements. The studies carried
out by Brusic,” Novotny # and Sides ' are explained in detail in Section 3.2.1.1 on linear
polarization measurements. Section 3.2.1.2 contains the description of impedance

measurements by Sides'! and Walmsley. !"!

3.2.1.1 Linear polarization studies
Most polarization studies were done using a standard three-electrode setup, using

standard water based electrolytes. Brusic et al.,"”! however, used a water droplet setup to
16



electrolyte. This setup was intended to replicate atmospheric conditions.
Potentiodynamic curves were plotted after stabilization of the cell for about 15-20 min.
The objective of this study was to define the role of the carbon overcoat in the corrosion
process and evaluate ways to minimize corrosion. The AIMg/Ni-P/magnetic layer/carbon
overcoat samples were described in Section 3.1. The magnetic media was pure cobalt or
a cobalt-phosphorus alloy. The carbon layer was sputtered on using argon. Some other
samples were also made with only the carbon layer on the Si or AIMg substrate. The
reference electrode was mercurous sulfate, and the counter electrode was a platinum
mesh. The setup was designed to mimic atmospheric conditions. The cell was composed
of the working electrode (exposed surface 0.32cm?), covered by a filter paper, followed
by the counter electrode, followed again with another filter paper and finally, the

reference electrode. 20 UL of solution was used to wet the filter paper. Several solutions

were used, including DI water (pH 7.2) and NaOH/NagB4O; (pH 11). This setup allowed
the investigators to limit the effect of the ohmic resistance of the electrolyte.
Electrochemical measurements showed that overcoated and non-overcoated magnetic

layers have similar corrosion currents, between 1.1 and 6.9 nA/cm’.

The corrosion potential of an overcoated sample and a sample with only a carbon
layer showed significant differences. This allowed the author to hypothesize that the
corrosion behavior could be explained by galvanic interaction between the magnetic layer
and the carbon overcoat. Galvanic interaction requires that two, active and dissimilar
materials must be in contact with each other, while they are being exposed to the same

17



environment. The differences in potential between them must also be more than 0.5 V.
Since the carbon is conductive and the carbon and the cobalt alloy have a difference in
potential of more than 0.5 V, galvanic corrosion can occur, given that both layers are
exposed to the same environment. The last condition for galvanic corrosion is fulfilled if
the carbon is porous and the magnetic layer is exposed to the environment. That
condition has been proved by the environmental exposure study described in Section 3.1.
Brusic et al.P also evaluated the ratio between the area covered by the carbon and the area
where the magnetic layer was “visible” through the overcoat. They evaluated this ratio to
be approximately 14:1 for a textured disk. Since the area ratio is so high, the corrosion
rate in those galvanic cells has to be several orders of magnitude higher than the average
corrosion rate. Brusic et al.”! then proceeded to isolate the magnetic media from the
conductive carbon overcoat using a dielectric. They obtained a lower corrosion current
density for relatively thick dielectric layers and relatively smoother surfaces. They
concluded that the main driving force for corrosion in thin film disks is galvanic coupling

between the magnetic layer and the carbon overcoat.

Novotny and Staud ! also carried out electrochemical measurements to
complement their environmental exposure study. The samples described in Section 3.1
were tested by DC polarization and potentiodynamic scanning techniques. The working
electrodes were pie-shaped coupons cut from hard drives or silicon wafers with sputtered
films. The area exposed was 1.35cm’. All potentials were measured using a standard

calomel electrode. No detailed description of the cell was given, including the volume of
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solution used. The electrolyte, 0.1 N Na,SO, (pH=7), was deaerated using a nitrogen
purge. H>SO, or NaOH was added to the solution to vary the pH. The potential was
varied from -10 to +10 mV against Ec,r. The cell was allowed to reach equilibrium for
15-20 min before starting the scan at the rate of 0.1 mV/s. Several scans were taken for
each condition, and the average taken as the actual corrosion current. Polarization
resistance was also measured using a scan from —200 to +800 mV against corrosion

potential, with a scan rate of 1 mV/s.

The corrosion current, for non-overcoated samples, ranged from 0.1 to
0.8 pA/cm?, depending on the amount of chromium in the magnetic layer. The corrosion
potentials ranged from —400 to ~600 mV vs. Standard Calomel Electrode (SCE). The
corrosion current was also dependent on the pH; a higher concentration of protons and
lower pH, translates to a higher corrosion current which varied from 0.8 to 0.4 pA/cm? for

pH varying from 1 to 11, respectively.

Overcoated samples showed lower or similar corrosion current when compared to
non-overcoated samples, with currents varying from 0.5 to 0.03 pA/cm? for samples with
overcoats B, C, and D in a solution of pH = 1. Unfortunately, no description of the three
different types of carbon overcoats (B, C and D) was given by the author. Sample A was

the non-overcoated sample.

The author correlated the chromium oxide concentration at the surface after the

environmental exposure with the inverse of the corrosion current. The integrated
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chromium oxide concentration over the surface was found to vary according to the
inverse of the corrosion current raised to a power 1/x, x being unknown; an increase of
corrosion current equates to a decrease in chromium oxide concentration. The author also
correlated the surface concentration of cobalt and nickel with the corrosion current
density and found a linear relationship. The difference in corrosion current for the
various overcoats was said to be dependent on the conductivity of the carbon overcoat
film (porosity being assumed to be similar for all films). For a non-conductive carbon,
both the anodic reaction and cathodic reaction have to occur at the magnetic
layer/electrolyte interface. Therefore, oxygen has to be available at the magnetic layer
surface and the pores have to be larger. For a conductive overcoat, only the anodic
reaction has to occur at the magnetic layer/solution interface. The cathodic reaction can
occur at the carbon layer/solution interface. According to this reasoning, at equal
porosity, a non-conductive overcoat would offer better corrosion protection to the
magnetic layer. This hypothesis is supported by the measurement of the resistivity of the

best carbon overcoat tested and the worst, around 5 Qcm and 10° Qcm, respectively.

Porosity was not measured and the characterization of the composition of the carbon
overcoat was not reported in the article. The two corrosion mechanisms, for a conductive

carbon overcoat and a non-conductive carbon overcoat, are illustrated in Figure 5.

20



a)

Ionic Solution

Carbon Overcoat

Magnetic Layer

b) Electron Path

Anodic Reaction Cathodic Reaction

Carbon Overcoat

Magnetic Layer

N Electron Path

Figure 5: Schematic diagram of corrosion mechanism for porous overcoat with a) high
electrical conductivity b) low electrical conductivity.m
Sides' carried out a dual study of potentiodynamic linear sweep measurement and

impedance. The samples were sputtered, using a DC magnetron sputter system, with a
magnetic layer of the same composition but under differing conditions which were
designed to test the effect on corrosion characteristics. The electrolyte was 30g of KCl
dissolved in one liter of DI water (pH 5.5). The reference electrode was Ag/AgCl, but the
counter electrode was not identified. The potential was swept from —-50 mV to 250 mV
against the corrosion potential at a scan rate of 0.5 mV/s. The comparison of the average
faradaic resistance was mostly inconclusive since the results were quite scattered.
Overcoated samples showed a resistance larger than the resistance for non-overcoated

samples by about an order of magnitude (50 k€/cm? to about 350 kQ/cm?). This result is

in agreement with the results from Novotny*" and Brusic® but in disagreement with the
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results from Merchant'® who found carbon overcoats detrimental for corrosion resistance.
Sides determined that the carbon overcoat sputtering condition showed no significant
effect. Sides™ also carried out impedance measurements in order to determine the actual

corrosion mechanism in this system. These experiments are described in Section.3.2.1.2.

3.2.1.2 Impedance studies

Sides'® measured the impedance and phase shift for frequencies varying from 0.01
Hz to 25,000 Hz. The samples, setup, and solution were the same as described in Section
3.2.1.1. Amplitude and phase were plotted against frequency. The amplitude was
directly proportional to frequency in the mid-range of frequency indicating that the
system behaved as a capacitor. The phase angle for most samples was between 25°C and
80°C, which indicated that the film was mainly porous and permeable. This was in
agreement with previous studies from Brusic®™ and Novotny."! However, the phase angie
did not change consistently with corrosion susceptibility. The capacitance was lower for
higher faradaic resistance, which is characteristic of a relatively non-porous carbon. The
author suggests that the impedance study did not produce any results that were not already

obtained by linear polarization.

Walmsley et al." studied complete disk structures using AC impedance. The
objective of the study was to determine the corrosion mechanism in the complete disk
structure. The disk structure consisted of an AIMg substrate, with a nickel-phosphorous
underlayer, a 3000 A chromium layer, a 300-1000 A cobalt alloy layer, a 100 A

chromium layer, and a 400 A carbon overcoat. The working electrode had an area of
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lcm?, the counter electrode was platinum, and the reference electrode was a standard
calomel electrode. The electrolytes employed were 0.4N NaCl, 0.4N K;SOq4, 0.IN
KCVHC], and 0.1N H,SO,. The electrolytes were de-aerated by nitrogen purging for 10
min prior to exposure. The system was allowed to reach equilibrium for 10 s prior to the
experiment. (Note that most other studies allowed the system to reach equilibrium for
about 15-20 min before starting the experiment. ) A DC potential, equal to the open
circuit potential, was first applied and an AC current of small amplitude was then
superimposed. The superimposed frequencies were logarithmically distributed from
50mHz to 100mHz. The experimex_lt was repeated after 10 min, and Nyquist plots were
made. The plots corresponded to the graphs obtained for mass transport controlled
systems. The corrosion currents were found to be decreasing with an increasing
concentration of chromium in the cobalt alloy. The corrosion currents for electrolytes
that are more aggressive were higher than for less aggressive electrolytes. This behavior
was found to be true for sulfates or chloride containing electrolytes. Magnetic recording
tests were also conducted to correlate to the electrochemical results. The results
correlated qualitatively, with a higher corrosion current resulting in lower performance in

magnetic recording.

In summary, studies on corrosion of thin film magnetic media showed that the
active layer is the magnetic alloy, with the presence of cobalt and nickel at the surface (if

nickel is present in the magnetic alloy). Only one study'! showed no presence of cobalt at
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the surface. This appears counter intuitive since cobalt is an active metal present in the

magnetic media.

The studies involving environmental exposure and electrochemical measurements

showed good qualitative and quantitative correlation.

The effect of the carbon overcoat is still poorly understood, but its presence seems
to increase corrosion resistance in most cases. This appears to be a reasonable result
since the carbon overcoat should limit two of the three main mechanisms of corrosion:
ion and electron transport. However, no study was carried out on nitrogenated carbon. In
the study by Sides™ the sputtering conditions of the carbon overcoat were varied, but not
the sputtering medium, which was argon. Novotny™ does not explain the differences in
the carbon overcoat he tested, therefore yielding little information to compare amorphous,

hydrogenated and nitrogenated carbon in terms of corrosion resistance.
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Chapter 4. Effect of overcoat on corrosion current and research objective
The carbon overcoat plays an important role in protecting the magnetic media.
Protection of wear from the head is usually the main concern, but corrosion protection is
also a concern. Among the types of overcoats used in industry, two are receiving special

interest: hydrogenated and nitrogenated amorphous carbon.

If the carbon overcoat was non-porous and the magnetic layer was not exposed to
an aqueous interface, corrosion would not occur. Unfortunately, carbon overcoats are
porous and can absorb water. Increasing porosity of the overcoat increases the area of the
magnetic layer in contact with the environment. Therefore, 2 more porous overcoat

would be expected to offer lower corrosion resistance to the film.

Hydrogenated and nitrogenated amorphous carbon overcoats have widely different

mechanical characteristics and therefore can be expected to have different porosity.

The main objective of this study was to determine the effect of carbon overcoat
composition on the corrosion characteristics of the magnetic layer. A secondary objective
was to determine the effect of the presence of chloride ions on the corrosion
characteristics of the magnetic layer. The corrosion current density and polarization
resistance were measured in aerated DI water and 7.5 ppm HCI concentration aerated DI

water.
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Chapter 5. Research methodology

The materials, equipment, test matrix and procedure employed in the course of

this investigation are described in this chapter.
5.1 Disks and Solution Preparation

5.1.1 Preparation of disks

AluminunyNi-P substrates were sputtered with the chromium, magnetic and
carbon layer using an Intervac MDP 250 DCTM system. The magnetic layer was an alloy
of cobalt, chrome and tantalum. The sputtering conditions during the deposition of the
chrome and magnetic layer were the same for all samples. During carbon overcoat
deposition, the gas composition was varied as follows: (a) pure argon, (b) 30% methane

balance argon, (c) 20% nitrogen balance argon, and (d) 30% nitrogen balance argon.

Five different disk categories were thus created: no carbon overcoat, argon-carbon
overcoat (no intentional hydrogen), hydrogenated-carbon overcoat, nitrogenated-carbon
overcoat (nominal 20% nitrogen no intentional hydrogen), and nitrogenated-carbon
overcoat (nominal 30% nitrogen, no intentional hydrogen). The samples were then stored

in vacuum-sealed cassettes until testing.

Each disk was partitioned, as shown in Figure 6, into six sections using tape or
scribe marks. Three alternating sections were used for electrochemical measurements.
The other three sections were left untested so that there would be fresh surfaces in case

the measurements had to be repeated.
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Area of testing

Figure 6: Schematic of Disk Partitioning
5.1.2 Solution Preparation

5.1.2.1 Oxygenated DI water
High purity de-ionized water was contained in a glass jar with a narrow opening,
and a pump was installed to bubble air through the water for at least 12 hours before

testing. In this manner, the solution was saturated with oxygen.

5.1.2.2 7.5 ppmw HCI solution
High purity DI water was mixed with concentrated HCl in order to obtain a
concentration of 7.5 ppmw HCl. Air was then bubbled through the solution for an excess

of 12 hours to saturate the solution with oxygen.

5.2 Equipment

An EG&G flat cell was used to expose the samples to the solutions. The active
area was lcm® with a solution volume of 500 ml. The working electrode was the disk
itself. The counter electrode was a platinum mesh. The reference electrode was silver-

silver chloride. A schematic diagram of the flat cell is shown in Figure 7.
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Figure 7: EG&G Flat cell schematic

The potential was varied using an EG&G Potentiostat Model 273, which was
linked to a standard personal computer. The software used was EG&G Softcorr v 1.0 and

v2.1.

The oxygen content, pH and temperature of the solutions were measured using a YSI

Model 57 Dissolved O, Meter.

The wear resistance of the various carbon overcoats was measured using a Selket
HD1000A. The Selket test characterizes how much the reflectivity of the surface varies
with the time the abrasive tape is in contact with the surface. A lower Selket value
indicates a higher wear resistance. The k-value and overcoat thickness were measured
using an ellipsometer. The k-value is an optical parameter that correlate with the inverse

of the hydrogen content of the film®.
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5.3 Test Matrix

Each disk type was tested in aerated DI water and 7.5 ppm HCl solutions. Three
measurements were taken for each condition. Table 1 contains a summary of the
experimental matrix. For each condition, a Taffel plot was created, thus permitting

determination of E . and [ ..

Table 1: Experimental Matrix

Carbon No Carbon  Argon Hydrogenated Nitrogenated
overcoat Carbon carbon carbon
Solution
0> saturated DI water J 4 . v v
O3 saturated 7.5ppmw v v 4 v 4
HCI

5.4 Procedure

The corrosion potential and corrosion current were determined from
potentiodynamic measurements. Taffel plots were plotted and the corrosion potential and
current were inferred by non-linear least square fitting of the Stern-Geary Equation. The
potential was stepped from —250 mV from the open circuit potential to +250 mV at a scan

rate of 0.5mV/s.

The sample was positioned and clamped in the sample holder of the flat cell, after
which the solution was poured through the top opening. The reference electrode was then

positioned in the reference electrode holder. The cell was left for 15 min in order to
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Chapter 6. Material characterization and electrochemical results
The results of the sample and sample characterization are presented first, followed

by the results of the electrochemical measurements.

6.1 Materials characterization

The disk characterization measurements are presented Table 2. The Selket values
are consistent with the general knowledge that nitrogenated carbon is more graphitic, and
therefore less wear resistant, than hydrogenated carbon, which is more diamond like.
Argon carbon was similar to hydrogenated carbon in terms of these measurements. The
k-values were expected to be approximately 0.6 for argon carbon and 0.8 for nitrogenated
overcoats®. However, the measured k values are somewhat different than the expected
values. In particular, the k-value for argon carbon is significantly lower than expected,
and it is thought that this is due to the presence of residual hydrogen in the sputtering
chamber since the same chamber had been previously used for sputtering hydrogenated
carbon. While the k-values for nitrogenated carbon are also lower than expected, the
drop in values isn’t as dramatic. Nevertheless, the nitrogenated carbon overcoat still has
k-values higher than those for hydrogenated carbon overcoats. The solution
characterization measurements are presented Table 3. As expected, the conductivity of
the 7.5 ppmw HCI O, saturated solution was higher, by about 10 times, than O, saturated
DI water. The pH of the HCI solution was one point lower that the pH of the DI water,
which accounts for part of the conductivity difference. The dissolved oxygen content was

the same for both solutions.
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Table 2 : Carbon overcoat characteristics

Carbon type No Argon Hydrogenated Nitrogenated  Nitrogenated
Carbon Carbon carbon (20%) Carbon (30%)
Sputtering gas |{ None Argon 20% Methane  20% Nitrogen  30% Nitrogen
100%  balance Argon balance Argon balance Argon
Thickness 0 ~110A ~120A ~130A ~120A
K value N/A ~0240 -0.200 ~0.500 ~0.600
Selket value NA 13 14 21 24
Table 3: Solution characteristics
Solution DI water 7.5ppmw HCI
Conductivity | 6.1uQ"'  63uQ’
O, Content 8.Img/l 8.3mg/l
pH 43 3.2
Temperature | 22°C 22°C

6.2 Taffel plots

The Taffel plots generated during this study are contained in Appendix A. The

three typical plots types found during this study are presented in Figure 8. All Taffel plots

for non-overcoated samples, in DI water or 7.5 ppm HCI, were similar in terms of the

shape of the plot. For overcoated samples, the plots were similar in shape for all samples

in DI water, and for samples in 7.5ppm HCL.
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Figure 8: Typical results for: a) No carbon overcoat; b) Carbon overcoated samples in DI

water, c) Carbon overcoated Samples in 7.5ppm HCI
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The shapes of the anodic reaction are slightly different for each of these three
cases. In the samples without carbon overcoats the anodic current density increased
continuously and never stabilized at a given value. This is indicative that not only was

passivation not attained but also that no steady state was reached.

For the samples with carbon overcoats, in DI water, the anodic current density
tended to stabilize at higher voltages, suggesting that a steady state current was reached.
This is an indication that the dominant process at higher voltages was concentration
polarization. For overcoated samgles, in HCI, the anodic current does not reach a steady

state and there was no apparent concentration polarization.

6.3 Corrosion current

The corrosion currents reported in this section represent the average value of three
measurements. The average corrosion currents for the different conditions are plotted in

Figure 9 and Figure 10.

The samples with no carbon overcoat showed the highest corrosion current
density, with about 450 nA/cm? in DI water and 4300 nA/cm’ in 7.5 ppm HCI. The
overcoated samples had a much lower corrosion current density, with the values being

less than 50 nA/cm? for both DI water and HCI solution.

The lowest corrosion current was obtained for the two nitrogenated carbon
overcoats, with average values of 5 and 9 nA/cm? in DI water (20% nitrogen and 30%

nitrogen respectively) and 23 nA/cm? in HCl solution. The highest average corrosion
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current, for overcoated samples, was found for argon carbon with 36 nA/cm? in DI water
and 13 nA/cm? in HCI solution. The corrosion current density average for hydrogenated

carbon was 17 nA/cm? in DI water and 32 nA/cm? in HCL

All samples, with the exception of argon-carbon, had a lower corrosion current

density in DI water than in diluted HCL.

10000 T
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S
2 \
E
o
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Carbon Carbon Carbon
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Figure 9: Corrosion Current density for all samples; error bars represent data scattering
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Figure 10: Corrosion Current density for Overcoated samples
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First of all, the results indicate that the presence of a carbon overcoat reduces the
corrosion current. The effect is quite dramatic, with corrosion current for the samples
with overcoats being less than 1/10 of that of the samples without overcoats. This trend

was found for both aerated DI water and aerated HCI solution.

When the hydrogenated and nitrogenated carbon overcoats are compared, the
latter were found to have lower corrosion currents than the former. While this trend is

significant for DI water, the trend for the HCI solution is less significant.

The data for argon-carbon overcoats is somewhat anomalous. While the trend for
DI water is the same as that stated above, the trend for the HCI solution is not the same.

Possible reasons for this anomalous behavior are discussed in Chapter 7.

6.4 Polarization resistance
The polarization resistances around E.. results are presented in Figure 11. The
samples without carbon overcoat had an average polarization resistance of about 22 kQ

for the HCI solution and about 330 k€2 for DI water.

For overcoated samples, the polarization resistance goes up to several MQ. The
highest polarization resistance was found for 30% nitrogenated carbon in DI water with
an average value of 8.2 MQ. In diluted HCI, the polarization resistance drops to 2.6 MQ.
20% carbon showed a polarization resistance of 6.5 MQ and 2.6 MQ for DI water and
diluted HCI, respectively. The lowest polarization resistance, for overcoated samples,

was found for argon carbon with 3.1 MQ in DI water, and 3.7 MQ in diluted HCL
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Hydrogenated carbon had a polarization resistance of 5.1 MQ in DI water and
1.5 MQ in diluted HCl. Most samples had higher polarization resistance in DI water that
in diluted HCI, with the exception of argon carbon.

The polarization resistance measurements are consistent with the corrosion

current measurements, with the argon-carbon overcoated samples showing anomalous

behavior.
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Figure 11: Polarization resistance for all samples; error bars represent data scattering
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Chapter 7. Corrosion mechanisms in thin film magnetic media:
interpretation of results

In this chapter, the results obtained in this study are discussed, starting with a brief
explanation of the Taffel plots and then followed by an explanation of the electrochemical

results.

7.1 Taffel plots

As seen in Figure 8, the Taffel plots for non-overcoated samples show no
concentration polarization and no passivation. This means that the cobalt alloy does not

passivate and that the ion and electron paths are not the controlling factors.

For samples with carbon overcoats in DI water, the Taffel plots show anodic
concentration polarization. This was valid for any of the carbon overcoats and it means
that the controlling factor for the reaction rate was either the electron path or the ion path.
In this case, it was probably due to the restriction in ion path due to the build-up of
corrosion products on the surface. This hypothesis is supported by the fact that the Taffel
plots of overcoated samples in dilute HC] solution shows no concentration polarization.
The corrosion products were probably soluble in the HCl solution but not in DI water
since cations generally have much higher solubilities in chloride-containing solutions.
This theory is consistent with the fact that in most cases the corrosion current was lower

in DI water than that in 7.5 ppm HCI.
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7.2 Current density and polarization resistance

The main parameter extractable from the Taffel plot is the corrosion current

density which indicates the relative corrosion resistance of the system.

For samples without overcoats, the corrosion currents were higher than for
overcoated samples. This result is consistent with intuition: since less surface area is in
contact with the solution we can expect to obtain a lower current density for the samples with
carbon overcoat. These results are in accordance with the results of Sides,”® Novotny™! and

Brusic®™ but in disagreement with the study by Merchant. ©*

The polarization resistance measurements are consistent with the corrosion
current measurement. This is compatible with the Stern-Geary Equation. Since the two
measurements use different computational methods, good correlation is an indication of
the validity of the mathematical model. Polarization resistance results are in fair
agreement with Sides'® who reports a polarization resistance increase by about an order of
magnitude between non-overcoated and overcoated samples. Sides' measured a
polarization resistance of about 50 kQ for non-overcoated samples and 350 k< for
overcoated samples. The polarization resistance measured during this research was on
the order of several hundred kQ for non-overcoated samples and several MQ for
overcoated samples. The differences in the actual values of the resistance between the
two studies can be attributed to differences in the cobalt alloy composition, texture

roughness, carbon overcoat composition and sputtering conditions.
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Both, polarization resistance and corrosion current for the argon carbon sample,
show confusing results. The corrosion current density was actually higher in DI water
than in dilute HCL. This result is counter-intuitive since corrosion rates are usually higher
in chiorinated solutions than in DI water, as has also been demonstrated by the results
obtained for the hydrogenated and nitrogenated carbon overcoat disks. This is due to the
higher solubility of corrosion products in chlorinated solutions than in DI water and the
higher concentration of protons in lower pH solutions. If the argon-carbon samples had
followed the trend of the other samples, the corrosion current density would have been in
the range of 100 nA/cm>. This would be a large corrosion current density since most of
the surface was covered by the argon-carbon overcoat. It' is possible that during the time
the system was allowed to equilibrate the magnetic layer was completely consumed by
corrosion and that the results plotted were actually the corrosion current density of the

chromium undercoat.

The corrosion current results for overcoated samples show nitrogenated samples
to have better corrosion resistance than hydrogenated samples. According to the abrasion
test hydrogenated carbon was the overcoat with the highest wear resistance, as was shown
in Table 2. Intuitively, this overcoat should be the less porous and the corrosion current
lower than argon carbon and nitrogenated carbon. The results for these specific carbon
overcoats appear counter intuitive. Also, hydrogenated carbon is relatively more
insulating than nitrogenated carbon, and therefore, according to Novotny’s*! theory

illustrated in Figure S, hydrogenated carbon should have better corrosion resistance.
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However, hydrogenated carbon is also more hydrophilic than nitrogenated
carbon.® Since the carbon layer is hydrophilic, the solution can penetrate deeper into
pores and form an interface with the magnetic layer. In hydrophobic overcoats the pore
needs to be larger in order'for the solution to enter and be in contact with the magnetic
layer. If the magnetic layer is not in contact with the solution, no ions can migrate from
the magnetic layer to the solution and little to no corrosion occurs in that pore. This

mechanism is illustrated in Figure 12.
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a) Pore surface
Carbon Overcoat
Magnetic Media
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Gas

Reaction Surface

Figure 12: Hydrophilic (a), and hydrophobic (b) carbon overcoat-solution contact

comparison
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Chapter 8. Conclusions

The presence of carbon overcoats was found to enhance the corrosion resistance

of the magnetic media by reducing the area exposed to the solution.

For the overcoated samples, nitrogenated carbon has better corrosion resistance
than all other films tested in terms of corrosion current. This could be due to the

relatively low affinity of this carbon film for water.
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Chapter 9. Recommendations for future research
The following studies are recommended to improve the understanding of the effect of

the carbon overcoat on corrosion of thin film magnetic media.

9.1 Waetting angle of water and carbon overcoat

Measure contact angle and corrosion current for various carbon and correlate the
results. A lower contact angle, between the solution and the carbon overcoat, should lead
to a lower corrosion resistance of the overcoated magnetic media. A higher contact angle

should lead to a higher corrosion resistance.

9.2 Carbon overcoat porosity measurements

Measure carbon overcoat porosity in terms of pore size and number of pores and

correlate to corrosion current or polarization resistance.
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ons 1ty QE Q. 3000 a/ml AUX A/D AU no
Owen Circuit oc 278.Q9€E-2 v
Comment: No Carpom Overcoat. 0l water 02 saturated
Rp CALCULATIONS:
Corros.:on Ravte = N.A. Correiation = -109@.0€-3
Re = 527.8 kOnms
E(I=Q) = 299.8 av Icorr(R) = 449.4 nA/ce"2
Berta Anocgic = !.18@ Bera Cathogic = 1.016 V/decade
S8eg:n = 221.@8 mv Ene = 517.3 mv

TAFEL CALCULATIONS:

N.A.

3 sV~
1.100

Corrosion Rat
E(I=Q) = 299,
B8eta Anmcd:ic =
Beg'n = 22:.02

S56e.0

L1

ac:L. T

Chi1°2 = §&.06E-002

Icorr = 4SQ2.3 nA/cm~2 .

Beta Cathogic = 1.018 V/decade
Enag » 519.3 mv

$28.9 —

480.9 —

442.29 —

40@.0 —

J6@.2 —

320.8 —

28.0 —

242.0 —

200.2

-12

-9

-8 -7

Izarea (A/em~2)
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AgCIl (mV)

E ve.

Moae!
Fi:lenane:

IS2/252 Corrosion Analws:s
c:\mIS2\asrta\NoCD2I2

TA TAFEL

Oste Rum: UNKNOKN

Cond. Time cT Pass
Cond. Por. cP pass

Initial Qelay

Scan Rate
Scan Iner.

of Pointse

Line Sync.

Time

uWork ing Zlec.
gl-.lo Ares

Comment:

4"
Circui?

Ic Pass

SR 200.QE-2
z 2.8a@0

S
NP 41
LS na

RT Rign stabi )ty

HE Soi

id

AR 1.000

QE 2.9009
oc 424.9€E-D

Re CALCULATIONS:
Corrosion Rate = N.A,
Rp = 216.2 XOnhms
E(I=0) = 433.2 av

BSerta Ancdic = 288.4E-3
Bagin = 412.8 av

TAFEL CALCULATIONS:
Corrogsion Rate = N.A,
E(!-B) = 432. 7 myv -

Anodic =

Begin = 184.0

702.2

402.2

J09.0

202.9

1¢8.0

288.4E-2
av

NoCD22

No Carbdonm Overcoar.

Sofruare, v. @.0e

File Sratus: NORSAL
Time Run: UNKNOWN
[} Initial Poe. P -250.92E-3
v Finat Par. FP 258.0E-D
]
[ 174 ) Curr. Range CR Aurto
L1Y Ster Time ST 1e.00
GI Time Const. T -2 24
IR Moae IR none
Filrver U be
Ret. Eiec. RE
cm~2 Eauiv. Wt. Eu Q.
es/mli AUX A/0 AU nec
v

water CZ Saturated.

Correiation s -99),

Sampiee2

QE-I

zcarm~(R) = J327.7 mnA/ca"~2
B8erts Cathogic = 37S5.SE-J V/decade

Eng » 452.3 aVv

Chi~2 = 4.71E-Q01

Icorm = 414.8 NnA/cm"2 -
B8era Catheogic = 375.5E-3 V/cecade

Enc = §572.9 mv
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AgCil (mV)

E ve.

Mogei J52/252 Corrosion Analysis Softuare. v.

2.12

Filename: c:\mlS2\agara\NoeBIJ.*
TA TAFEL File Status: NORRMAL
Jate Run: UNKNOWN Time Run: UNKNOUN
Cona. T me cT oass [ ] Initiat Por. P -252.0€-3 v
Cong. Por. cP rass v Finat Por. FP 250.Q0€-3 v
Inirvial Delay ID Pass s
Scan Rate SR S$9@.0€-3 aV/s Curr. Range CR Auro
Scan Inmecr. ST 2.Q00 LY Ster Time ST 4.009 L]
No. of Points NP 2580
GI Ti'me Consr. TC [-X X4
Line Sunc. LS no IR nMoae IR none
Rise T:me RT high sTability Fitrer L I S.JMz
Horking Elec. WE Solig Ref. Elec. RE AQC 197.8€-3V
Sampie Area AR ..000 cm“2 Eauiv. uer. Eu 2. 0208 9
Qensity OE . 39@ gs/ml AUX A/C AU no
Osen Circui? =14 207.05 3 v
Comment: No Carbon Overcoat. O8I water. 02 Saturated, Sammie 3
Rp CALCULATIONS:
Corrosion Rarte = N.A. Correiation = -99g8 4€-3
Rp = 262.4 xOnms
E(I=@) = 321.0 myv Icorm(R) = 82.76 nA/cn‘z
Sers Anodic = 100 @E-2 Bera Cathogic = 139.3E-3 V/decade
Beg:n = 297.3 mv Ena = 335.0 mv
TAFEL CALZULATIONS:
Corros:ion Rate = N.A. Chi*2 = 4.08E~300
E(I=@) = 32:1.7 my Icor~ » 468.5 nA/cm"2
Sers Anoad:c = 1.469 Bera Catnogic = 379.7€E-3 V/cecade
Begin = 119.3 =mv Eng = S31.08 mv
NoeDIJd.
622.92
Sga.¢ — . —_—
/
4083.0 — L _—
300.2 — —
™
.
202.23 — N —_—
N\
N
N,
\l
1¢2.¢ — —
/
2.9
-9 -8 -7 -6 -5
I/ares (Ascm"2) 1"
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AGCl (mv)

€ ve,.

Hode! J152/252 Cor~osiaon Anaius:s Sofruare. v. 2.19
Firisname: C:\mIS2\gareNacdil.
TA TAFEL File Starus: NORMAL
Cate Ruyn: UNKNOWNN Time Run: UNKNOWNN
Cond. T.me cT - Initiai Por. IP -2%@.Q€-) Y]
Cone. Por. cpP v Fina! Por. FP 25@.0E-2 v
Initial Celaw IO s
Scan Rave SR $00.9€-2 aV/s Curr. Range CR Auto
Sean Iner. SI 2.000 LYY Ster Time ST 4.002 [
No. of Pointe NP 259

GI Time Const. TC oFf
Line Swnc. LS no <R nMoce IR none
Rise Time RY Righ etabiiity Filter FL I S.3mH2
Work:ing Elec. wWE Sola Ref. Elec. RE AgC1t 197.0E-JV
Sampie Area AR i.300 em~2 Eauiv. We. EW 9.02000 9
Dens: ry BE 2.0@08 asmi AUX A/D ay no
Omen Circui -1 S$12.Q@€E-2 v
Comment: Argon Carton. DI uwster., 02 saturated. Sampieew}
Re CALCULATIONS:
Cor-os:on Rate = N.A. Correliation = -999 Q-3

Re = 2.835 MOnas

E(I=@) = 539.%5 av
8era Anccic = 100.3E-3
Begin = 438.Q3 av

TAFEL CALCULATZIONS:
Corrosion Rate = N.
ECI=@) = S0G6.4 mu

Serta Anod:ic = 7
Beg:n = 294.3

scgarl.

A,

28.4E-J
v

Icor~(R) = 7.86@ nA/ecm~2
Bera Carnodic = 10@.9E-3 V./gecade
Eng = 592.2 av

Chi“2 = 4.42E-001

Izor= = 3JB.53 nA/=2m~2

Bera Catnogic = 39Q.3E-3 V./decade
Enc = 700.3 mv

79@.8 —

S20.2 —

423.9 —

300.9 —

200.2

-la

-13

-12

-1 -10 -9 -8

IZarea (A/cm-2)
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ARCti (mV)

E ve.

Mode! 352/252 Corrosion Anailus s Software., v. 2.1
Filoname: c: \mIS2\aara\ACDI2. ¢
TA TAFEL File Status: NORMAL
Cate Run: UNKNOWN Time Run: UNKNOWN
Conas. Time cT s Initial Par. IP -2S52.QE-2 V oec
Cong. Por. ce Vv Final Por. FP 2S08.9€E-3 -1
Initial Celaw IO ]
Scan Rate SR S599.0E-3 av/s Curr. Range CR Aurto
Scan Incr. b 2.000@ ay Step Time ST 4,200 )
No. of Points NP 259

GI Time Consrt. TC Qfs
Line Sync. [ no IR mMode IR none
Rise Ti.me RT high stabi |l 1ty Filter FL I S.3IHz
Horking Elec. HE Sela Ref. Elec. RE AgCl 197.3€E-3V
Saasie Area AR 1.000 ca*2 Eeuiv. We. EW 9. 0000 -]
Qens:ity QE 9.0000 e/m! AUX A/0 AU ne
Open Circur ¢ oc 418.0€-23 v

Comament:

Rp CALCULATIONS:
Corrosion Rate =
Re = 3.88S5 MOnms
E(I=Q) = 417.9 av

Argon Carbon,

Bets Ancdic

TAFEL CALCULATIONS:

= 100.0E-3
Begin = J94.0 mav

0 water,

02 saturated, Samp!ee2

Correlation = -993_4E-3
Iecor~(R) = 5.589 nas/ecm-2

Bera Cathodic = 108.R0E-3 V/decsade
Enag = 516.0 mv

Corrosion Rate = N.A. Chi*2 = 2.8QE-Q@:
E(I=Q) = 415.8 mV Icor~ = J1.683 nA/cm"2
S8eta Anocic = (.890 Betas Cathodic = 26!.5E~-J V/decsde
Begin = 276.0 mV Eng = S566.@ mv
ACCZI2.r
7°°.a 1 . I vt
6ee.0 — -_—
!
!
$90.9 — / —_
7
400.2 — —_
\~
300.a — N —
k.
-
200.9 — -. —_
T~
108.0 -
-14 -13 -12 -11 -ie -9 -8 -7 -6 -5
Izarea (A/cm*2) 1™
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AQCH (mV)

€ ve.

Mode! 3I52/252 Corrcsion Anaiys:s Software. v.
c:\mJIS2\aartaNacdil. v

Filename:
TA TAFEL

Oate Run: UNKNOWNN
Cond. Time cT
Cong. Por. cp

Initiai Celay IB

Scan Rate SR

Scan Incr.

S
No. of Points NP

Line Sunc. LS
Rise Time RT
Working Elec. WE
Sample Area aR
Sensi*y QE
Osen Circui? QocC
Comment:

Rp CALCULATIONS:
Corros:on Rate =
Rp = 2.829 nOnms

E(I=@) = 359.6 mVv

Argon Carton,

2.10

File Status: NORMAL
Tima Run: UNKNOUWNN
. Initial Por. IP -250.QE-
v Finat! Pacr. FP 252.9€-~
pass s
5$9@.0E-3 av/e Curr. Range CrR Aurto
gsgoo L1%) Ster Time ST 4.00@
G Time Consr. TC ofe
no IR noae IR none
nRigh STabDiIl 1Ty Filrver FL 2 S.3JMz
Soli:a Ref. Elec. RE AgC! l
1.000 em=2 Eaurv. Wr. EW 2.0
3.2a800 e/ml AUX A/0 AU no
258.09€-3 v

N.A,

8ertas Ancdic = 100.QE-3
v

Begin = 306.0 =

TAFEL CALCULATIONS:
N.A,

Corrosion Rate =

E(I=@) = 356.8 mv
Seta Anocgic = 2.064

Begin = 192.3 mv

asci1d. *

0 water,

02 saturated. Samplieel

Correlation s -987 4E-3

Icorm(R) = 7.876 nA/cm-2
Beta Cathodic = 109.0E-) V/decadgs
Eng = 398.2 mv

Chi~2 = 4, 18E-00!

Icarr = 37.25 mA/cm"2

Se*a Carthod:ic = 280.9E-3 V/decace
Ene = 482.3 mv

3
3

452.9 —

353.0 —

252.8 —

1S0.8 —

-12

-1l -1@ -9 -8

I/area (A/ecm"2)

52
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AuCi (mV)

E ve,

Mode! 152/252 Corrcsion Anal'ysis Softuare, v. 2.:Q

Filaname: c:\ml52\data\hcail.r*

TA TAFEL File Status: NORMAL

Date Run: UNKNOKN Time Run: UNKNOKN

Cona. Time cT rass [ ) Initial Por. P -2%5Q@.0E-3 Vv oe

Cond. Por. cp pass v Final Po<r. FP 25Q.0E-2 vV oc

Initia! Delaw ID Pass 1

Scar Rate SR S8Q.@€E-3 mV/s Curr. Range CR Auto

Scan Incr. s2 2.0080 ayv Step Time ST 4.000 s

No. of Points NP 252 .
GI Time Const. TC [-R &4

Line Sync. LS no IR Moace IR none

Rise Time RT high stabi ! vy Filrer FL I S.3Kz

Horking Eiec. WE Soilia Ref¢. Elec. RE AgCl 197.0€E-JV

Sammsie Area AR 1.000 cm =2 Eauiv. uwr. EW . 2000 [}

OQens vy QE 9.0000 gs/m! AUX A/D AU no

Omen Circur oc 372.0€E~-2 v

Comment: Hudrogenated Carbdon,

Rp CALCULATIONS:
Carras:ion. Rate = N.A.
Rp = S.78S MOnme
E(I=@) = 389.2 mv
Sera Amodic = 109.0E-3
Beg:n = 350.0 wmv

TAFEL CALCULATIONS:

0I water,

02 saturstea.

Correlation s

Tcerr(R)

Sample o}

~99S5.4E-3
= 3.754 nAsem2

Bera Cartnodic = 1Q0@.09E-3 V/cecade

Eng = 452.0 mv

Corros:on Rate = N.A. Sh:*2 = 1.87€-@8:
ECI=@) = J379.3 av Icor~ = 18.40 nA/ecm~2
B8e*a Anodic = !.36S Be~a Cathodic = 25].4E-3 V/dgecade
Begin = 152.38 av Enag = 594.3 mv
nedii. e
6S2.2 - - ol
H
'. .
5$590.0 — h —_—
'I
I}
?
[
‘ .
)’ .
450.¢ — Ve —_
J’
3Se.9 — —_
AN
N\
A
250.9 — N —
. \\\
1Se.@ — \ —
sa.9 . 1 < . teie
~la =13 -12 -12 -12 -9 -8 -7 -8
I/ares (Asem*2) 18"
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AgCil (mV)

€ ve.

Mode) 252,252 Ccrro.:oﬁ Anailys:s Softusre., v. 2.10
Filename: c: \mIS2\gartes\neca 2.

TA TAFEL File Srtatus: NORMAL
Oate Run: UNKNOWNN Time Run: UNXNOWNN
Cond. Time cT rass ) Inivtial Por. IP -2%50.0E-3 v
Cone. Por. cp pass v Final Por. FP 250.2€-2 v
Initia! Delaw Io pass [ ]
Scan Rate SR 50@.Q€-2 aV/s Curr. Range CR Auro
Scanr Inecr. SI . 30@ ny Ster Time ST 4.000 s
Ne. of Points NP 252
GI Time Const. TC 224
Line Sunc. LS no IR mMoae IR none
Rise 7T :me RT negh stabi ity Filtaer FL < S.JHz
Horking Elec. WHE Solia Ref. Elec. RE AgCi 197.0E-3V
Sample Area AR 1.000 cm-2 Eauiv., Wt. EW 9.0200 9
Qens:*y 0E 9.d000 - 7¢ 1 AUX A/0 AU no
Owan Circur ey ocC 404.0E-2 Y]
Comment: Hydrogenatea Cardon. 0I water., 02 saturatec. Sampie 82
Rep CALCULATIONS:
Corrosi10on Rate = N.A. Correliation = -993 SgE-3
Rp = 4.221 MOhms
E(I=Q) = 429.@ mVv Icor~(R) = 5. 144 nA/ca"2
Serts Anocaic = 100.0€-J Bera Cartnodic = 13Q.09E-3 V/uecade
Beg'n = 358.2 wmv Eng = 474.3 mv
TAFEL CALCULATIONS:
Corrosion Rate = N.A. Chi1°2 = (.6l1E-Q00
E(I=Q) = 405.8 av corr s 23.98 nA/cm”2
Sets Anocic = 1.359 Sers Catnocic = 274.2E-2 V/decace
Segin = 154.3 mV Ena = 652.3 mV
hegi2.
72@.2 -
/
599.0 — !
'
;
;
’
'l
$00.0 — /

403.3 — d‘/

300.8 — “\

ron.s — \

120.0 . . . . .-

la -13 -12 -1 -1e -9 -8 -7

I/sarea (A/cm~2)



ARCI (mV)

E ve.

fode! 152/2%2 Corrosion Ansivysis S
Filenase: c:\mdS2\data\ncdid.r

oftuare. v. 2.12

TA TAFEL File Sratus: NORMAL
Date Rum: UNKNOWNN Time Run: UNKNOWNN
Cona. Time cT Pass [ Initial Por. IP -250.09€-2 VvV ee
Cana. Por. cp mass v Fimai Por. FP 253.8E-2 V oc
Init:al Delay ID Pass ]
Scan Rate SR S36.9€E-3 nU/s Curr. Range CR Auto
Scan Inmer. SI 2.Q20@ L 1Y Stes Time ST 4.082 s
No. of Poinrs NP 250
GI Time Consr. TC ofrs
Line Sync. LS no IR Maode IR none
Rise Time RT migh -7nbvluvu Filver FL I S.3nz2
WHorking Elec. WE Soliag Ref. Eleec. RE AgC!? 197.8E-3V
Sample Ares AR 1. 0.0 cm*2 Eeauirv. Wer. EW 9.29000 ]
Dens: vy [+]4 a.9000 e/ni AUX A/D Ay no
Omen Circu:* -] J396.0€E-2 v
Comment: Hydrogenated Carton., 0OI uster. 02 Sarturatec. Sassie w3
fRp CALCULATIONS:
Corrosion Rate ® N.A. Correlation = -99Q.4E-23
Rp = $.281 MOnas
E(I=@) = 411.6 av Icorr(R) = 13.72 mnAsca“2
Beras Anodic = S@81.3E-3 Sera c;9hednc s 29@. 1E-J V/decade
Seg'n = 298.9 av Eng = 439.3 av
TAFEL CALCULATIONS:
Corrosiaon R.?o = N.A. Chi°2 = 1.48E-201
E(I=@) s 415, my Icorm = 9.9987 nA/em”2
Barta Ancaic = Sex JE-D Seta Cathodic = 25@.1E-3 V/decads
Begin = 230.2 mv End = §36.3 av
nedid.t
79e.2
/
6e2.2 — ;-
14
!
{
S / .
290.0 — -_
/ :
v
498.2 — -_
Jeo.a — g -_
,’/////
200.8 — -_—
100.9
~320.2 -280.0 -240.9 -200.9 ~160.2 -i120.@ -09.9 -4Q2.2 e.9

I/area (nAasem-2)
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AQCI (mV)

E ve,

HMogel
Filename:
TA TAFEL

Carte Ruyn: UNKNOWNN

Cond. Time
Cond. Por.
Initial Delay

Scan Rate
Scam Iner.
No. of Points

Line Sunc.
Rise Time
Working Elec.
Sample Ares

Qens:ity
Omen Circur ?
Commen?: 20x

Re CALCULATIO
Corrosion Rat
Rp = 6.Q044 MO
E(I=0) = SE8.

cT sass

cP pass

I0 Pess

SR S09.3€-2
SI 2.000
NP 252

LS

WE Selia
AR 1.000

3527252 Corrosion Anaiys:s
c:\mlIS2\gara\nica:l.?

Softuare,

no
RT nRigh stabil ity

cm*2
' 74 1

v

N:rrogenated Carpon,

NS:

e s N.A,
nas

8 av

Correlartion =

[=b4

v. 2.10

Filea Status: NORRMAL

Time Run: UNKNGOWNN

Inirtial Por. P -2%0.0€-2

Final Por. FP 25@.3€E-3

Curr. Range CR Auto

Stepr T.me ST 4.090

GI Time Consr. TC Oofe

IR Moage IR none

Fitrter FL I S.3nuz

Ref. Elec. RE AgClI 197.8E

Eauiv. KT, EW .

AUX A/D 1Y} no
“ater, 02 saturated. Sampie ®!

Icarr(R) =

-98%.7E-3

68.762 nA/ecm~2

Seta Anodic = 211.4E-) Bera Carrogic » 169.8E~J3 V/decade
Begin = 529.2 av Eng = §80.0 av
TAFEL CALCULATIONS:
Corrosion Rate = N.A. Chi2 = S, S8E-Q@0Q
E(I=@d. = 568.4 mv Icorr = 7.43S nA/em-2
Bets Anodic = 211.4E-3 Berta Cathogic = 169.6E~] V/cecadge
Segin = J14.9 av Eng = 642.3 aVv
nlcarl.*
75@.0
65@.0 — N —
4-/5'/
$5@.0 —
453.0 —
3590.0 —
258.90 —
150.0 - - s Co
~-le -13 -12 -1 -12 -9 -9 -7 -6
I/ares (A/cm-2) 10"
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AGCI (mV)

E ve.

Hodei J52/252 Corrosion Analuys:s
Filensme: c:\mldS2\dats\nlcai2.*
TAa TAFEL

Oare Rum: UNKNOWN

Softuare, v. 2.1@

File Startus: NORMAL

Time Run: UNKNQWN

Coma. T:me cT s Initial Por. IP
Cond. Por. cP Y] Fimal Por. FP
Inttial Qelaw ID s
Scan Rate SR S99.2€E-3 av/s Curr. Range CR
Scan Inecr. Iz 2.000 1Y) Ster Ti:me ST
No. of Points NP 2350

Gl Time Consr. TC
Line Swnc. LS no IR Mode IR
Rise Time RT high stabilirty Filter FL
wWorking Elec. WE Sol:g Re¢. Elec. RE
Sampie Area AR 1.900 cm~2 Equiv. Wt €w
Censiry Q€ 2.0000 osmi AUX A/D AU
Omen Circuit oc 296.9€-2 v
Comment: 20x Nitrogenated Cardon, 0O water., 02 saturstea,

Rp CALIULATIONS:
Corros.:on Rate = N.A.
Rp = 5.4@83 MONhms
E(Ie@) = 272.1 mv

Correlartion = -981.8E-3
Icorr(R) = 3.2391 nA/cm~2

-250.Q@E-3 v
258.0€E-2 v

Auto
4.200 .

ofe

none

I S.2mz

AgC1 197.Q€E-3V
-200Q L]

no

Sample €2

Bera Anocdic = 109Q.9E-3 Bera Catnodic = 100.QE-3 V/decsde
Segin = 212.0 av End = 316.0 mv
TAFEL CALCULATIONS:
Corrocsion Rate = N.A. Chi*2 = S.J3SE+-QaQ
E(I=@) = 269.2 mv Icorr = S._Q295 mna/cm*2
Bera Anodic = 3@7.4E-2 B8ers Carthogrc = 132.3E~) V/decsde
Segin = 22.00 av Ena = 422.23 mv
nlcagi2.
S@e.02
420.3 — s —
4
14
e
’f
e
-~
300.9 — -~ _
1]
20@.8 — —_—
\
\\
180.8 — . —
i
0.9 — —
~
|
-100.2 ~!
-l4 -12 -12 -11 -1 -9 -8 -7 -6
I/sres (A/cm"2) 19"
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AQC) (mV)

E ve.

Rocde! JIS2/252 Cor~o0s:ion Analysis Software. v. 2.1@
Filename: c¢:\mJIS2\dara\nicagild.*
TA TAFEL File 3tatus: NORMAL
Cate Run: UNKNOWNN Time Run: UNKNQUWNN
Cond. Time cT s Imnivias Par. IP -2%0.0E-DQ v e¢
Cona. Por. cp (V] Fimna1 Por. FpP 250.0€-2 vV eec
Int*1al Detaw IO s
Scan Rate SR S0@.0E-2 av/s Curr. Range CR Auto
Scan Inecr. $I 2.009@ [ 1Y) Srer Time ST 4.00Q s
Ne. of Points NP 2359
GI Time Canst. TC -2 X3
Limna Swunc. LS no ZR Moae IR none
Rise Time RY high stabi vy Filrer Fl z
Working Elec. =E Selia Re¢. Elec. RE AgCl! 197.0E-JV
Sampie Area AR 1.000 em-2 Eaurv. WP, Ed a. ]
Qens:ry QE e.0000 o/ml AUX A/0 Ay no
Open Circuir t -1 166.0€-3 v
Comment: 20x Nitrogenated Carbon, OI waTer. 02 saturated. Saaslies®d
Re CALCULATIONS:
Corrosion Rate = N.A. Correlaticon s -942._ 3E-~3
Rp = 7.311 MOhms
E(I=@) = 294.3 av Icorm(R) = 2.97Q mAs/ca"~2
Beta Ancdic = 100.0E-2 Beta Cathodic = 190.0E-3 V/decade
Begin = 154.23 mv Eng = J46.2 mv
TAFEL CALCULATIONS:
Corrosion Rare = N.A, Chi~2 = 1.14€E-001
E(I=3) = 298.3 mv Icorr = 3.214 nA/ca"2
B8eta Anca:c = 99..Q0E-2) Bera Carmocic = :S57.8E-J V/gecade
Seg:n = 48.09 mv Eng = 262.9 av
rled:3. *
4502.2
(— .
3%2.0 — — -_—
252.9 — —_—
_\\\\\
N
N\,
A
15¢.0 — \\\ —
N
N\
se-a — ‘*\ —'
— ‘
—, :
. )
-se_a —— — ——
——...
-152.0 = =
-1 -t ~12 -11 -19 -9 -8 =7 -6 -S
Izares (A/cm"2) 1e”
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AgCl (mV)

E ve.

Mocel J52/2%52 Corrosion Analys:is Sofrtuare. v. 2.1@
Filiename: ¢c:\mlS2\gdara\n2a:l.
TA TAFEL File Status: NORMAL
Date Run: UNKNOWNN Time Run: UNKNGOWNN
Cong. Time cv ] Initial Por. P -252.0€-2 vV oc
Cond. Por. cP v Final Pot. 4 258.9€-2 vV ee
Init:al Detlay IO s
Scan Rate SR S0a.0€-3 mJ/s Curr. Range CcR Auto
Scan lncr. sz 2.900 my Ster Time ST 4.200 [
No. of Points NP 2589
GI Ti:me Const. TC ors
Line Swnc. LS no IR Moage IR none
Rise Time nigh srtapbs 1ty Filrer FL I S.0M2
working Elec. HE Solig Ref. Elec. RE AgCl! 197.0€E-JV
Sampie Ares AR 1.000 em~2 Eauiv. We. cu . 2e00 [ ]
Oens: ry Q€ a.0e00 e/mi AUX A/D AU no
Open Circuit ocC 48S.Q€-2 v
Comament?: 3@ x Nirrogen, DI water, 02 Saturated. Sampies]
Rp CALCULATIONS:
Corrosi10on Rate = N.A, Correlation s -989. 7€-]
Rp = §.31S MONnms
E(I=0) = $86.3 aV Icorr(R) = 2.611 nmA/cm"-2
Bera Ancdic = 130.QE-2 Beta Carthodic = 100.0€-J V/decade
Beg'n = 529.0 av Eng = 627.0 mav
TAFEL CALCULATIONS:
Corrosion ﬂ.?o = N.A. Chn‘z = |.46E-201!
E(I=d) = $586.3 av lecorr = 7.274 nA/ea”
Beta Anodic - 343 9E-2 Serta Ca?nod-c = 227. 15 3 V/gecace
Beg:n s J37.0 mV Ena = 733.0 mVv
n2cil.*
822.9 — -
"
Y4
790.9 — V4 _
J
4
7
7
§20.2 — / _
—_——
.,
580.2 — \\\\ -
N
N
420.2 — —_—
\\
k.8 — -~ —_—
“—
200.92 ~
-la -13 -12 -1 -10 -* -8 -7 -6
I/7ares (A/cm*2) 1e”
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AeCi (aV)

E ve,

focde! 352,252 Corrosion Analuwsis Softuare. v. 2.1@
@: ¢c:\mIS2\darta\N20I2.T

Filenam

TA TAFEL File Starus: NORRMAL
Oate Run: UNKXNOWN Time Run: UNKNOUWN
Cond. Time cTY [ ] Initial Por. IP -2%0.0E-2 vV oe
Cona. Pot. ce v Final Pacr. FP 25Q@.0E-2 vV ee
Imni?t1al Oelaw ID ]
Scan Rarte SR $00.09E-J [ 1"P4 Curr. Range CR Auto
Scan Iner. SI 2.000 LY Step Tinme ST 4.000 [ ]
Ne. of Points NP 258
GI Time Const. TC -2 24
Line Synec. LS no IR Moae IR mone
Rise Time RT hign stab:r ity Friver FL I S.3Mz
Working Elec. WE Seilig Ret. Elec. RE AgClt 197.0€-3V
Sampie Area R 1.000 em-2 Eauiv. uWr, EW . 3088 [*]
Dens:ity CE 2.3000 o/mi AUX as0 Ay no
Ospen Circui? QC 499.8E-2 Y]
Comment: 39x Nirtrogenatec Cardon, DI weter, 02 Saturated, Samples2
Re CALCULATIONS:
Corrosion Rate = N.A. Correlation = -994 4E-3
Rp = 8,421 MONms
E(I=@) = S§2.9 mV Icorr(R) = 2.579 nA/cm"2
Beta Anodgic = 100 2€-3 Bera Cathodic » 1(230.0E-3 V/gecade
Seg'n = 545.0 Ena = £39.3 mv
TAFEL CALCULATIONS:
Corrosion Q.?o = N.A. Chi1°2 = 7.86E-002
E(I=@) = S63.3 mvV lcorr = 9 9837 nA/ca~2
Seta Ancd:c = SS68.0E-D Beras Carhogic = 225.J€E-) V/decadae
Begin = J179.8 av Eng = 2713.8 mv
N2CI2.7T
800.0 - - .
.
709.0 — / —
/
o’ ‘
v" ‘
-
. 7
T —z;'/ B
%00.0 — \\\ —
AN
AN
\.
420.23 — AN —_—
\ '
380.0 — N _;
N~
tey . ] v sel ey
20@.9 - -
~la -13 -i2 -12 -12 -9 -8 -7 -6
IZ7area (A/ca"2) 1e®
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AgCil (m\V)

€ ve,

Mode! 352/252 Corrosion Analysis Softuare. v. 2.1@
Filiename: c:\mJS2\daTa\N2C0BI3. T
TA TAFEL File Startus: NORMAL
Oate Rum: UNKNOUWN Time Rur: JNKNOWN
Cona. Time <T . Initial Por. IP -25Q.0E-3 vV eec
Cona. Por. cP v Final Por. FP 230.0€-2 V ee
Initial Detsw IO [
Scesn Rate SR $00.03E-3 mU/s Curr. Range CR Auto
Scan Iner. pY 2.800 my Stee Time ST 4.098 s
Ne. of Poinvs NP 258
Gl Time Coner. TC o¢s
Line Swne. LS no IR Mode IR none
Rise Vime RT hNigh sTad:! 1ty Filrter FL I S.JHz
HorKking Elec. uWHE Sol:g Ref. Eilec. RE AgCl! 197.0€-3v
Sameie Area AR .98 ca~2 Equiv. Wt EW . 2090 9
Cens . ry QE 9.0090 osmi AUX A/D AU no
Owen Circu:re oc 499 .0€-2 v
Commant: 39x Nitrogenatec Cardon, 0OI water, 02 sarturated, Sasmiesl
Re CALCULATIONS:
Carrosion Rate = N.A. Correlation = -992 9¢€-3
Rp = 7.88. MOnms
E(I=0) = 553.7 av Icorr(R) = 2.7%% nasem~2
Berts Angod:ic = 108.0€-3 Beta Cathodic = 1323.3E-3 V-/decade
Begin = $33.8 mv Eng = §27.9 mv
TAFEL CALCULATIONS:
Corrosion Rate = N.A. Chi1°2 = 9 _68E-202
E(I=@) = 5G64.2 mv Icor~ = 9,393 nA/cm"2
Bera Anca.c = 489.G6E-3 Sers Cathedic = 220.3E-3 V/gecade
8e9'n = 333.0 av End = 747.0 av
N22D13. T
890.9 ™
4
/ .
I
798.9 — / —
/
14
_I
7
P
600.2 — -;—’—/ —
%
=~ '
see.a — \ —_
420.0 — —
\, :
i .
300.0 — —
S—
20e.0 -
-14 -3 -12 -1 -1@ -9 -8 -7 -6
I/area (Asem~2) 18"
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ABCl (mV)

E ve,

z
197.9€E-JV
[

Mode! J152/252 Corrosion Analiys's Software. v. 2.19
Filename: c:\alS2\dsra\@CHCL.*
TA TAFEL File Srtatus: NORMAL
Dste Run: UNXNOUWNN Time Run: UNKNOUWNN
Cond. Time cT s Initia!l Por. P -250.Q0E-3
Cona. Paor. cP v Final Po<r. FP 250.0€-3
Inivtiat Deiaw IO sasse s
Scan Rate SR S80.0E-2 [ 174} Curr. Range CR Auto
Scan Incr. S 2.0800 mv Srer Time ST 4.009
No. of Points NP 259

GI Time Const. TC ofs
Line Swnc. LS no IR mNMoage IR none
Rise T.me migh stability Filter FlL 2 S.IH
WorkRing Elec. HE Sal:g Ref. Elec. RE AgCl
Sampie Area AR 1.000 cm-2 Eauiv. WT. EX 2.3%08
Densirtw 0 @.0000 o/m) AUX A/O Ay no
Owen Circurt oc 253.8E-) v

Commen<t:

Re CALCULATIONS:
Corrosion Rate =
Rp = 15.84 KOnms
E(I=@) = 294.6

Beg:n = 28S5.3 mv

TAFEL CALCULAT:ONS; -

Bera Anogic = 369.7E-J

Corrosion Rate =
E(I=3) = 294.6

Beg:'!n = 45.20 av

No Cardon,

ayv
Bets Anodic * 130.0€E-J

ayv

7.5 eopmu HCI,

Icarr(R)

Beta Cathaod:c = 18@.9€E-3 V/decade
Eng = 13379.0

92 Saturated.

Correlation =

Chi~2 =

= 1.372
ayv

1.S5S@E~Q33

Sampie e}

-998. 1E-)

uA/ca2

Icorr = 4.1232 uA/cm~2
a Carhnogic = 4J4.6E-] V/gecace
Eng = 439.2 av

Ser

SCHCL .. *
ss2.9
J—
450.0 — — -
!
t
=
3s52e.¢ — i A _—
vd
T eee——
AN :
2s0.9 — > —
—
—
150.2 — - —
—
—
\
sa.a — -_— _
_sa.9 TN oy e . Teleh. o : " vyt -1t
~-ia -13 -12 -11 -19 -9 -8 -7 -8 -5 -4
I/ares (As/ecm-2) 1e”
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AGCI1 (mV)

E ve.

Mode! 152/252 Corros:on Anaiysis Softuare. v. 2.1
Filanaae: c:\mJdS2\gsra\nochcl2.*

TA TAFEL File Srtarus: NORNAL
Dare Run: UNKNOWNN Time Run: UNKNOHNN
Cond. Time cT pass s Iniriatl Por. P -25@.0€E-2 v
Cond. Par. cp passe v Fimai Por. FP 252.23€-2 v
Initia: Je.aw 2I° sass s
Scan Rate SR $90.9€E-2 mV/s Curr. Range CR Auto
Scan Incr. 34 2.200 L 1% Srtes Time ST 4.200 s
No. of Painte NP 258
GI Time Consr. TC Of¢
Line Sunc. LS no IR Moge IR none
Rise Time v nigh sTabili vy Filrver FL I S.3M2
Working Elec. WWE Solia Ref¢. Elec. RE Agl i 197.0E-2V
Saspie Ares AR 1.0Q@@ em*2 Eau:tv. HWr. [ 7] 3.90000@ ]
Dens ity DE 9.2000 ae/mi AUX A/D AU no
Osen Circu: oc 482.9E-2 v
Comment: No Csrdon. 7.5 peau HCI, 02 saturated. Samples2
Rp CALCULATIONS:
Carrosion Rate = N.A. Correiation = -88%5.0€E-2
Re = 28.%4 kOhms
E(I=2) = $33.6 aV Icorm(RY = J.S592 uAsca~2
Beta Ancaic = 307.8€E-2 Berta Cathodic = [.21J V/decade
B8eg:in » 476.3 av Eng = 518.3 mv
TAFEL CALCULATIONS:
Corrosion Rate = N.A. Chi“2 = 9.9GE-Q02
E(l=0) = $23.8 mv icorr = 3.721 uA/cm°2
Bera Anod:ic = 307.8E-~-J Beta Carthoc:c = 1.Q213 V/decade
Begin » 254.Q2 mv Ena = 732.0 av
necheti2. *
8@R.92
72e.2 — a
630.9 — .)/
See.¢ —
\
~
=
4290.9 —
. ‘v
-
-,
Jee.a — -
<.
~—
200.0
-9 -8 -2 -8 -S

Z/7area (A/cm“2)
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ARCt (mW)

E ve.

Mode! 352/252 Corrosion Analys:s Softuare, v. 2.19
Filenane: c:\ml)S52\dara\NoCHCLI.*
TAa TAFEL File Status: NORMAL
ODarte Run: UNKNOWN Time Run: UNKNOUWN
Cona. Time cT s Initial Por. P -2%59.Q9€-2 vV eaec
Cona. Por. cpP v Final Por. Fp 258.0E-3 vV ee
Intv:a! Oelaw IO [ ]
Scan Rarte SR S80.0€E-2 aV/s Curr. Range CR Auto
Scan Iner. ST 2.000 av Ster Time ST 4.000Q 1)
Noc. of Pointe NP 25e
GI Time Const. TC Q¢¢
L+'ne Sync. LS no IR Moge IR naone
Rise Time RT Nigh stadi ity Filrer FL I Ss. z
HorKking Eilec. WE Soi:d Ref. Elec. RE AgC1t 197.0€E-2V
Sammile Ares AR 1.300 cm-2 Eauiv. Wr. Ed -9 [}
Cens:ty 0€ ?.2000 osml AUX A/D AU no
Ompen Circu: ? oC 254.0€-3 v
Comment: No Cardon. 7.5 peeu HCI, 02 saturated., Sampie 83
Rp CALCULATIONS:
Corrosion Rate = N.A. Correlation s -999.8E-)
Rp s 22.36 KOhms
E(I=@) = 278.6 aV Icor~(R) = 971.3 nA/ecm~2
S8ets Ancdic = 100.9E-2 8era Cathodic = 136.0E-) V/dgecads
Seg:n = 254.3 av End = 294.23 av
TAFEL CALCULATIONS:
Corros:on Rate = N.A. Chi=2 = {.28E-0@3
E(I=@) = 273.3 mV Icor~ = &4.9J04 yAscm*~2
S8erta Ancgic = 1.328E27 Bers Cathogic = 292.4E-] V/decade
Ses'n = 78.08 av Ena = 294.3 av
NeCHCL3. *
55@.9
——CETT
452.9 — —
—
—
——
35e.9 — . J—
——
//’
250.9 — J—
.
NS
. N,
158.9¢ — - —_—
—d.\ '
==,
—t
$0.¢ — —i
o :
-%2.9
-1 -9 -8 -7 -8 -5 -4
I/7ares (A/cm*2) 19"



ARCI (mV)

E ve,

Mode!
Filename:
TA TAFEL
Date Run:

Conag. Time

Cond. Por. ce
Inirtia! Qelaw ID
Scan Rarte SR

Secan Iner.

Na. of¢ Points NP

Line Sync. LS
Rise Time RT
Working Eiec. WE
Samaple Area AR
Oensi*ty 0
Open Circu: ocC
Comment:

Rp CALCULATIONS:
Corrosion Rate =
Rp = 2.928 NMOnhas

E(I=@) = 718.9 av
Bera Anodic e IS0.0E-J

Bee'n = G§58.0 =

TAFEL CALCULATIONS:

N.A. Ch
Icorr a 18.73 mA/ecm~2

Berta Zathnogic = 991.3E-3 V/aecade

Corrosion Rate =
E(I=Q)

Begin = S22.0 m

I52/2%52 Corrosiaon Analys:s
e:\aldSZ2\aar*s\ACHCLL. . *

UNKNOKN

Argon Carbon.

N.A.

= 723.6 av
Seta Anodic = :21.4E-3
Vv

[ )

v

s
500.9€-2 av/s
2.Q00 ay
Jee
no
Nigh stad: ity
Solid
1.900 en"2
2. 3200 e/}
476.0E-2 Y]

7.5 mpemu HCI,

seorr (R
Beta Carhodic =

Eng

Emg

ACHCLL.*

?52.9

Correlation =

e 754.0 av

“2 = S.76E-200

= B44.2 mV

Sofrtuare. v. 2.:9

File Srtartus: NORMAL
Time Run: UNKNOWN
Imivial Por. P
Final Por. 4
Cur~. Range CR
Step Time ST
GI T.:me Consr. TC
IR Moce IR
Filrer FL
Re¥. Elec. RE
Eauiv. WT. Eu
AUX A0 AU

02 Saturarted., Sammie

~974.2E~-3

* 7.417 nA/ca~2
1908.09€-~3

J8@.0E-2 v

*92.0E-2 v

Auro

4.2830 s

X X4

nene

 S.

AgC! 197.0E-3V
. 9

no

V/decade

750.0 —

450.0 —

3s8.0 —

25Q@.0

-la4 -13

-12 -11

-19 -9

I/sres (A/ca-2)
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{mV)

AaCI

ve.

Mode) 1JS52/252 Corrosion Anaiws's Softuare. v. 2.1
Filename: c:\mIS2\gara\ACHCL2. *
TA TAFEL File Srarue: NORMAL
Cate Run: UNKNOWN Time Ruyn: UNKNOKN
Cona. Time cT 'Y s Initial Po<t. Ip
Cond. Pgor. cP Y v Finat Por. FP
Initial Delaw I Pass s
Scan Rate SR S80.0E-2J alu/s Curr. Range CR
Scan Incr. 2.0080 1Y Ster T.me ST
No. o Points NP 27S

GI Time Const. TC
Line Swunc. LS no IR fcae IR
Rise Time nigh sTad: ity Filrer FL
Horking Elec. WE Sotig Ref. Elec. RE
Sample Area AR 1.900 cm-2 Eauiv. wer. EN
Oens: ry QE 2. 3000 as/mi AUX A/D Ay
Omen Circui? -1 49S.9E-2 v

Comment:

Rp CALCULATIONS:
Corrosion Rate »
Rp = 2.83) MOnms
E(I=d)

Beg:'n = §74.8 n

TAFEL CALCULATIONS&
A,

Corrags:on Rate =

E(I=@) = 712.7 av
Bets Anodic = 113.3E-3

Segin = S592.3 mv

*Se.2

Argon Cardbon,

N.A.

= 7@9.4 myv
Beta Arnodgic = 13@.0E-3
v

7.5 eemu HWCI,

Icorr(R)

Eng

Ch:

Correlstion =

02 Saturated.

= 748.23 aV

*2 = S$.8J)E-Q@0

-9S1.3€-]

= 7.748 nA/cm~2
Seta Cathodic = 102.Q0€E-) V/decade

lecorr = 12.80 mA/cm 2

Eng

ACHCLZ2. *

Bera Carmodic =

s 796.9 av

J2@.0E-J
852.9E-2

Ayto

<.3@0

-2 24
none

I S.3
Agl |
200

no

Sampie ®2

1869.2E-3 V/decade

Hz
197.8€E-3V
[-] 9

750.3 —

650.0 —

$Se.8 —

453.9 —

353.2 —

252.02

-l4 ~-13

-12 -1

-1Q

I/area (A/cm-2)

66
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AaC) (mV)

E ve.

*0e.2

790.0

622.9

400.0

67

Moge! 152/252 Corras:icnm Anaius:is Softuare. v. 2.1@
Filename: c:\mIS2\agarta\acnhcid. ¢
TA TAFEL File Sratus: NORMAL
Date Run: UNKNOWN Time Run: UNKNOKN
Cond. Time cT sass [} Initial Por. IP -15@.0€-2] vV oe
Cona. Peor. cP msass v Final Por. FP J@202.0£-3 Vv eoc
Init:a! Delaw IO cass [ )
Scan Rare SR 500.0€-2 av/se Curr. Range CR Auto
Scan Inecr. SI 2.0%0 my Step Time ST 4. 008 s
No. of Points NP 22S
GI Time Const. TC oFfes
Lina Sync. LS ne IR Moge IR nane
Rise Time bt high stability Fiilrer FL I S.3Inz
Working Elec. WE Soliac Re¢. Elec. RE Agll 197.0E-V
Samapie Area AR l.388 em=2 Eauiv. Wr. Eu a.20a@0 [ ]
Censiry CE 2.9000 a/nl AUX A/D AU no
Owen Circurt ocC S27.0E-) v
Re CALSULATIONS:
Corrosi:on Rate = N.A. Correlat.cn = -999 §E-3
Rp = S5.474 MONms
ECI=s@) = 716.9 av Icorr(R) = 7.960 nA/cm-2
Bers Anodic » 13@.1E-3 Bera Cathogdic = 438.4E-] v/decade
Segin = §75.2 mv Eng = 749.90 av
TAFEL CALCULATIONS:
Corrosion Rate = N.A. Ch:1-2 = 1. QSE-001
E(I=8) = 718.9 mv Icorr = B8.703@ nA/cm 2
Bera Ancd:ic = 123@8.1E-3 S8era Catrodic = 4J8.4E-3 V/decade
Begin = 497.9 mv Ena = 80S5.0 mv
ache!d. ¢
J— y _7
\ H
~
N
N
N
\~
5 _
- .
A ¢
A
A
‘\ .
{
—
2008 . . . RITL S|
-la -13 -12 -1 -:0 -9 -a -7 -6
I/ares (A/cm"~2) "



AgCi (mV)

€ ve,

Hoogel

Filename:

TA TAFEL

Date Run: UNKNOWN
Cona. Time cT
Cond. Pocr. cp
Inivia) Jelay ID
Scan Rate SR
Scan Iner. s2
No. of Pocints NP
Line Sunc. LS
Rise Time RT
Working Elec. HE
Sample Area AR
Qens ity CE
Owen Circur -1

Coamenct:

Hydrogenated Cardbon,

Rp CALCULATIONS:
Corrcsion Rate =

Rp =
E(I=@)

1.879 MOnms
s 8J3.% av

I52/252 Corrosion Anslysis Sofruare. v.
c: \mIS2\data\HCHCL L. *

2.10

Fiie Srtarus: NORMAL
Time Run: UNKNOWN
Passe s Iniviatl Por. IP S$0Q.09E-3 v
rasse v Final Por. P 1.900 v
pass s
50@. €~ av/s Curr. Range CcR Auro
gsgﬂe av Step Time ST 4.020 [}
GI Time Const. TC [- X244
no IR Moge IR none
nigh stebiliry Filter FL T S.3Hz
Sol:a Ref. Etlesc. RE AgCt 197.8€E-JV
1. 000 cm-2 Eauiv. Wr. Ed e.2000 [ ]
9.0009 o/mi AUX A/D AU no
467. OE 3 v

7.8

N.A.

Sera Ancadic = 100 9E-2

Begin = 7%a.

TAFEL CALCULATIONS:

Corrosion Rate =

E(I=2)

= 839.

3 mv

N.A.

Beta Anod:ic = 14@.S5E-3

Beg:n = §%4.

1950.9

3 mv

HCHCL 1. ¢

spau HCI, C2 saturated., Samplesl

Correiation = -982.0E-3

Icorr(R) = 12.94 nA/cm"2
Serta Cathodic = 139.2€-2
Ena = 882.83 eV

V/decade

Chi*2 = 1.J4E-Q01

scorr s 34.32 nA/ca”

Bera Cathodic = 98, 9256 V/gecace
Eng = 928.0 mv

930.9

750.0

453.0

~la

-13

-12 -11

-1@ -9 -8 -7 -6

Z7area (A/ca"2)
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ARCI (mV)

E ve.

Mode!

Filename:

TA TAFEL

Dare Run: UNKNOWN
Canma. Time cT
Cona. Por. ce
Initia) Delaw IR
Scan Rate SR
Scan Incr. s

No. of Points NP
Line Swync. [
Rise Time RY
Work 1 ng Elec. WHE
Sasple Area AR
Oens 1 vy CE
Omen Circuit oc

Comment:

Rp CALCULATIONS:
Carrcsicn Ravte =
Rp = 1.2368 MOnms
E(I=@) = 756.97 myV

3527252 Corrosicn Anaiys:s
c:\mIS2\dara\HCHCL2. ?

Hudrogensted Cardon,

Sofrtuare, v.

s

v

[}
S00.8E-3 nU/e
2.0082 1Y
27S
no
high sTabilty
Soiig
1.9000 ca*2
e.0000 o/mi
421.Q€-2 v

N.A.

Sera Anodic = 100.0E-)

Beg:n = 714.3 mv

TAFEL CALCULATIONS:
Corrosion Rate =
E(I=@) = 764.3 ay

N.A.

Bera Anodgrc = 115.8SE-3
v

Begin = S36.3 m

HCHCL2. 7

1e52.0

7.5 memu MCH.

Correlation =

Sets

cmi1*2 =
leorr s JR.68 nA/cm"2

Beta Cathooic » 4.99S V/decade
Enad = 844.2

2.:0

File Ststus: NORMAL
Time Run: UNKNOMN
Inicial Po<e. P
Finai Por. FP
Cur~. Range CR
Ster Time ST
GI Time Const. TC
IR noge IR
Filter FuL
Ret¢. Elec. RE
Eayiv. WT. EW
AUX A/D AU

sy

6.99€-00@2

"y

02 Sarturatecd.

-970.9E-2

Igorr(R) = 15.88
Cathogic =
Ema = B8le.0

nA/CR"2
130.2%E~-3 V/cecage

400.3E-2 v

958.0€E~2 v

AutTo

4.0200 s

Q¢

none

I S.2Hz

AgCl 197.2E-JV
. [ T} [}

no

Sample ©2

*52.@

752.0

650.2

S52.@

452.2

35@.0
-1l4 -13

-18

-9

I/ares (A/cm*2)

€9

-5
18"



ARCt (mV)

E ve.

Mode! JIS2/252 Corr~osicn Analysis Softuare. v.
c:\mIS2\gara\HCHCLI. *

UNKNOWN

Fitename:
TA TAFEL

Date Run:

Cona. Time cT
Cond. Por. c

Initial Delaw I

Scan Rarte SR

Scan Ince.

Na. of Pgints NP

Line Sync. LS
Rise Time RT
Werki1ng Elec. WE
Sameie Area AR
Qens:*ty

0
Omen Circuit ocC

Comment:

Re CALCULATIONS:

Corros:ion Rate =

Rp = 1.S19 MOhas

E(I=a) = 819.2 mV
Berta Anocg:ic s 10Q.Q2E-D
Seg:n = 774.0 av

TAFEL CALCULATIONS:
Corrosion Rate =
E(I=@) = 826.2 mv
Beta Anogic = 113.4E-3
Beg:in = S572.0 av

Hudrogenatees Cardon,

N.A.

N.A.

s

v

: ]
S500.Q0€-2 av/s
2.300@ ]
278
no
nhigh stadb: ity
Solia
1.900 cm*2
3.3040 es/mi
437.9%€-J Y]

Ena = 066.3 mv

Chi°2 =

1.39€~Q0!

scorr = 31.6@ nA/cm"2

Eng = 896.0 mv

HCHCLI. *

19058.3

2.1@
File Srtatus: NORRMAL
Time Runm: UNKNOWN
Inttial Por. IP 40Q.0€-3
Fimal Por. FP 9$3.0€-2
Curr. Range CR Auto
Ster Time T 4.200
GI Time Consr. TC of¢
IR Moge IR none
Filrter FL
Ref. Elec. RE
Eauiv. WY, Eud .
AUX A/D 1] no
7.5 peau HC!, C2 saturated. Sampiesd
Sorreiation = -976.7E-3
Icorr(R) = 14.29 nA/cm~2
Bera Cathodic » 1@R.Q9E-J V/aecade

Bera Cathog:ic = 5,335 V/gecace

cC

I S.3Hz
AgC1 197.0€-2V
-1 1]

%58.0 —

859.9 —

75¢.9 —

45@.2 —

359.9

-la4 =12

-12 -1

-1 -9

I/ares (A/em~2)



(mV)

AgCl

ve.

Mode! 31S52/252 Corrosion Analysis Softuare, v. 2.1
Filename: c:\aJdS2\dara\nihclil.?

TA TAFEL . File Status: NORMAL
ODste Run: UNKNOWNN Time Run: UNKNOWNN
Cona. Time cT s Imnitial Por. Ip $00.02€-2 v
Cong. Pacr. cpP v Final Pot. FP 1.000 v
Inirtia! Delaw IO s
Scar Rate SR S20.0€E-3 my/se Curr. Range CR Auto
Scamn Iner. I - (-] L 1Y Ster Time ST 4.200 [}
No. of Points NP 259

GI Time Consr. TC [« X4
Line Swnc. LS no IR Moce IR none
Rise Time RT nigh stabi 1%y Firivter FL Iz . Inz
Horking Elec. HE Solid Ref. Elec. RE AgC! 197.Q8€E-3V
Samplie Area AR 1.900 em~2 Eautv. WT. EW 9.2000 [}
Oens ity OE 9.2000 g/mi AUX A/0 AU no
Open Cirecuit oc 447.8E-2 v

Comment: 28x Nitrogenated Carbon, 7.5 ppmw MCI, 02 Saturatec. Sassieel

RP CALCULATIONS:

Corros:an Rate = N.A. Correlation = -94@.23E-2
Rp = J.628 MOnas
E(I=@) = 721.9 mV Icorr(R) s 13.66 nA/ca"-2
Bera Ancdic = 123.7€-3 Bers Cathocdic = 1.465 V/decade
Begin = 548.9 av Eng = 748.0 mVv
TAFEL CALCULATIONS:
Corrosion Rate = N._A. Chi*2 = 1.4SE~Q21
E(I=d) = 711.8 mV Icerr = 25.233 nA/cm2
SerTa Anggic = 123.7E-2 Beta Tathogic = !.46S5 V/gecade
Beg'n = S532.0 av Eng = 798.0 av
Alhetl.*
i@2S@.2
-
?%0.@¢ — -
<
850.9 — _—
-’.
752.@ — —_—
6590.0 — R _—
‘\
550.¢ — ‘ _—
450.0 . . . . . <o ' oot : [T
~la -13 -12 -1 -1 -9 -8 -7 -6 -5
I/area (Asem=2) te”

71



ABCl (mV)

€ ve.

Node! 152/2%52 Corrcsion Analus:is Softusre. v. 2.18
Fiiename: c:\aJdS2\data\NINCL2.
TA TAFEL File Starus: NORRMAL
Qate Rum: UNKNOHN Time Run: UNKNOKN
Cond. Tine cT Passe Inttial Poer. IP 42Q.2E-2 v
Cona. Por. cpP Psss Final Por. FP ?50.%E-3 v
Inttiatl Deltay ID sass
Scan Rare SR S@8e.0€E-3 V/s Curr. Range CR Aure
Sean Iner. ST 2.000 Ster Time T 4.28e [ ]
No. of Points NP 27S
GI Time Const. TC Qff
L:ine Swnec. 1 no IR Mode IR none
Rise Time RT Righ stability Filrter FL S
Hork ing Elec. WE Sol:d Ref. Elec. RE AgC) 197.0€E-3V
Sampie Area AR 1.000 cm-2 Eauiv. Wer. EW Q. ]
Oens ity Q€ 3.a00@ g/m| AUX a/0 AU no
Omen Cirgui ® ocC 468.0€-3 v
Comment: 20 x Nitrogenated Carbon, 7.Seemu HCI. 02 saturartec. Saamie ®2

Rp CALCULATIONS:

Corrosion Rate =

Re = 1.864 MOMms

E(I=@) = 777.8 mav
Beta Anocdic = 100.QE-3
Begin = 726.0 mv

N. A,

TAFEL CALCULATIONS:

Corralation = -97Q.2€E-3

Icorr(R) a 11.65 nA/ca-2
Bera Cathodic » 100.Q9€-~3 V/decade

Ena = 830.9 mv

Corrosion Rate = N.A. Chi“2 = 1.33E-QQ1
E(I=@) = 785.9 av Zcarre = 2% .47 nA/cm"2
Beta Anogic = 118.9€-3 Bera Cathodic = 2.:28 V/cecade
Segin = 528.2 mV Eng = 862.3 av
NIHCL2. *
1252.0 ot}
?50.9 — Ef- _
8se.a — /’ —
750.0 — \ —
Y, i
A\ .
\
1y
\ 1
6Se.2 — 1 —_—
i .
' .
$%$80.9 — ! _
é .
i
450.8 — -
——
1%0.9 (1] c el 1 o il iy
-l4 -13 -12 -11 -10 -9 -8 -7 -6 -5
Izarea (A/zm"2) 1a"

72



(mV)

AgCI

ve.

Mode!
Fiioename:
TA TAFEL

I52/252 Cor~osion Analys s Sofruare,
c: \mIS2\dsTa\NINCLI]. ¢

v. 2.1

File Stsrtus: NORMAL
Darte Run: UNKNON Time Run: UNKNOWN
Cond. T:me c~ sass s smitial Por. IP 498.9€-2 v
Cana. Poe. cP pass v Final Por. FpP ?50.09€-2 v
Initial Delaw 2D oass [
Scan Rarte SR $00.9€E-2] av/s Curr. Range CR Auro
Scan Ingr. s 2.0@@ -y Stepr Time ST 4.080 [
No. of Paoints NP 27S

GI Time Const. TC ors

Limne Swnc. +S no IR Moae IR none
Rise Time RYT nRigh srability Filter FL I S.JNHz
wHorking Elec. HE Sol i@ Ref. Elec. RE AgClt 197.QE-JV
Samoie Area AR 1.000 em-2 Eauiv. W, EW a.3000 °
Oene:*ty OE 2.00900 g/mi AUX A/D AU no
Open Circui * ocC 468.09E-2 Y]
Comment: 20x Nirtrogenated Carbon. 7.5eemw HC!. 02 saturarted. Samsle®d

Rp CALCULATIONS:
Corres i on Rate =
Rp = 2,420 MOmas
E(I=@) = 767.3 aVv
Sera Anodic = 122.7€E-3
Beg:n = 724.0 mV

TAFEL CALCULATIONS:
Corrasion Rate = N.A.
E(I=Q) = 772.3 may

Bets Anodic = 122.7E-3
Begin = 448.23 aVv

NIHCLI. *
10s2.2

Correlation = -900.7E-D
scorr(R) = 19.8Q@ nA/ca"2

B8era Cathodic = 1.Q393 V/decade
Enc = 810.2 mv

Chi*2 = 2.QJE-00!

Icor~ = 19.26 nA/cm”~2

Bera Cathogic = 1.393 V/cecade
Ena = 884.3 mV

*58.8 —

7%2.0

450.8 —

3s2.a

L~

-

-la -13 -12

-1

-1 -9 -8 -7 -8 -5

I/area (Asecm*2)
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AgCI (mV)

E ve.

Mode!

Filename:

TA TAFEL

Oate Run: UNKNGWN
Cona. Time cT
Cona. Por. cp
Initial Qelaw 20
Scan Rate SR
Scan Incr. ST
NO. af Pointe NP
Line Sync. LS
Rise Time RT
Horking Elec. HE
Sampie Ares AR
Cens ity =14

Omsen Circyi? QoC

Comment:

Re CALCULATIONS:
Corrosion Rarte =
Re = 2.580 MOhas
E<I=@) = 892.9 av

Sertas Anodic = 1@7.Q0E-3

Seg'n = 322.3 mV

TAFEL CALCULATIONS:
Carrosion Rate =
E(I=@) = 895.89 myv

Beg'n = §44.3 =

li100.0

3527252 Corrosion Anailys's Softusre. v.
c:\mIS2\gara\NZHCL].*

J@x Ni*rogenatec Carbon,

N.A.

N.A.
Beta Anodic = 107.0E-3
v

2.12

File Status: NORRAL
Time Run: UNKNOWN
pass s Zn'*.al Por. P 450.QE-2 v
pass v Final Por, FP l.00Q@ v
fass [
$39.0€E-3 av/se Curr. Range CR Auto
%5200 av Ster Time ST 4.200Q s
GI Time Const. TC ofs
ne IR Moce IR none
hRigh stabi ity Filrver FL I S.
Solid Re¢. Eleec. RE AgC! 197.2€-Jv
1.3Q%Q cm=2 Eauiv. =, Eu 3.3900 ]
2.9000 e/ml AUX A/D AU no
S43.9€-2 v

7.5 pemu HC!, 02 saturated., Sampies!

Corraiation = -975, 1€-3

Icorr(R) = 17.51 nA/cm~2
Sers Cathodic = 2.853 V/decade
End = 916.3 av

Chi"2 = B8.65€-002

Icorr = 26.31 mA/ca~2

Bera Carthegic = 2.853 V/decade
Eng = 938.23 av

N2HCLI. *

1900.90 —

?00.0 —

800.9 —

799.9 —

49@.0

o e DN e . K

'2:‘”

-1l4 -13

-2 -11 -2 -9 -8 -7 -8

Izares (Ascm-2)
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AgC! (mV)

€ ve.

Moge! JIS2/252 Corrosion Anaiysis Softuare, v. 2.18

Filename: c:\mlS2\gara\N2MCL2. 7
TA TAFEL
Oste Run: UNKNOWN

Cond. Time -3¢ sass s
Cond. Por. cp rass v
Init:ia! Detltay IO sass s
Scan Rate SR $@@.9€E-2 av/s
Scan Iner. Sz 2.900 mv
No. of Points NP 27S

Line Sync. [ ne

Rise Time RT negh srabrity
wWorking Elec. WE Solia

Sampie Ares AR 1.380 em=2
Cens ity OE 9.9000 g/mi
Omen Circu:* ocC $8S.9€-3 v
Comment: 30x Nitrogenartea Carbdon,

Rp CALCULATIONS:
Corrosi10n Rate = N.A.
Rp = 2.447 MOnms
E(I=@) = 865.3 aV
B8eta Anodic = 108.4E-3
Beg'n = 822.0 av

TAFEL CALCULATIONS:
Corrosion Rate = N.A.
E(I=@) = 867.7 aV
%eta Anocic = 1Q8.4£E-2
Seg:in = §16.3 av

N2HCL2. *

iese.e

7.5 seaw HCI. 02 saturatec, Sampiee2

Fitle Srtartus: NORMAL
Time Run: UNKNOWN

Inttial Poer. P 49Q0.2E-3] v
Finai Por. FP 958.2E-3 v
Cyrr~. Range - Ayre

Ster T ime ST 4.008 )
GI Time Const. TC O¢¢

iR Moae IR nane

Filrar FL = S.mz

Ref. Eilec. RE AgCl 197.9€-Jv
Eauiv. Wt. ER 3.230@2 [
AUX A/0 AU no

Correglation = -986.7€E-23

Icorr(R) = 18.3@ nAa/ca-2
Sets Cathogic = 2.133 vV/decade
Enc = 888.90 mv

Chi1~2 = 6.99E-002

Icorr = 22.83 mA/cm*2

Bera Cathodic = 2.133 v/gecadge
Eng = 948.23 av

950.0 —

750.9 —

$50.0 —

450.0 —

3%9.9

Y e —"

lae -13 -12 -

I

-9 -9 -8

i/7area (A/ca~2)
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AgCil (mV)

E ve,

fode! 3S2/7252 Cor~osion Analys:'s Softuare. v. 2.1
Filename: C: \mIS2\dara\N2HCLI. *
TA TAFEL Fite Status: NORMAL
Oare Run: UNKNOWN Time Run: UNKNOWN
Coma. T ime (<34 rass [ Iniviail Por. P 480.9€-]
Cond. Por. cP sasse v Finai Por. FP 9502.2€-2
Initisil Delaw ID passe [ )
Scan Rate SR S$860.0E-2 nU/s Curr. Range CR Auto
Scan Inecr. SI 2.000 av Ster Time ST 4.000
No. of Points NP 278

GI Time Consr. TC 344
Limne Swnec. LS no IR Moce IR none
Rise Time RY nigh stabi ity Filter FL I s.
Horking Elec. WE Solia Ref. Elec. RE AgC!
Sampile Ares AR 1.9000 cem“2 Eau'rv. Wr. ER .
Cens.:ty Q€ 9.90000 e/mi AUX A/D AU no
Open Circuitr -1 $69.0E-3 v

Comment:

Re CALCULATIONS:
Corrosion Rate =

= 872.3 myv
Bera Anodic = 108.83E-31
Segin = 833.@ av

N.A,

TAFEL CALCULATIONS:
Corrosion Rate = N.A.
E(I2Q) » 874.2 aV
Sera Anpog:c = (Q8.%E-)
Beg:n = §22.3 av

NZHCLD. *

19S0.0

J@x Nirrogenated Carbon.

Correlation =

Icorr(R) =
Sera Jathodic =

7-Seemu HCI, 02

End = 888.2 mv

Chi“2 =

8.S53€E-0022

sarturatec.

-98%.Sg-3

14.79 nA/cm~2
1.338 V/aecade

Icorr = 19.38 nAa/cm2

Bera Ca*hocdic =

Ena = 948.0 mv

1.338 V/gecaae

Sampieeld

ccC

Inz
197.3€E-JV
[ 1} ®

?30.2

7%50.9

452.93 —

359.0 L

-la =13 -12

-1l

Izarea

76

-19 -9

(A/cm*2)

-6
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Vivares, Valerie

From: Vivares, Valerie

Sent: Monday, June 29, 1998 8:31 AM
To: ‘grechwski@almaden.ibm.com’
Subject: Authorization to use Figure in thesis
Sir,

| called you the first week of April to solicit the authorization to use one of your figures in my thesis. You did authorize me
on the phone and | would appreciate if you could confirm your authorization by replying favorably to this email.

| attached the page of my thesis where | used the illustration in order for you to be able to judge of the context in which it is
used.

The thesis this page belong to is my Master's thesis from San Jose State University’s Material Engineering program.

Thanks iou for your help

Pagelthesis.doc

Regards

Valerie Vivares
Package engineer
AMD Inc.
(408) 982-6027



Vivares, Valerie

From: ) grchwski @aimaden.ibm.com

Sent: Monday, June 29, 1998 8:41 AM

To: Vivares, Valerie

Subject: Re: Authorization to use Figure in thesis

Val: You are authorized to use the figure we discussed. Good luck. Ed4
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