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Abstract:

The analysis of microbial ecology and surface chemistry at a microscale level requires that
ion-sensitive microelectrodes, such as pH, Sulfide, and Dissolved Oxygen, be non-destructively
positioned within one to five micrometers of a metal surface/coupon. Because microelectrodes measure
profiles through a biofilm the distance between the electrode tip and the metal coupon must be known
at all times. This is needed so that the biofilm structure can be accurately analyzed and to ensure that
the electrode and metal surface do not destructively come into contact with one another.

Three methods were developed to solve this problem: 1) the electrode capacitance 2) the disk
capacitance 3) the short circuit resistance. The first two procedures use theoretical models to relate
capacitance to distance, while the third method uses the short circuit phenomenon that occurs between
two metal objects that come into contact.

Both the capacitance techniques produced electrode distance to surface measurements that had
deviations of 50 to 150 micrometers from the approximated distance. These deviations were caused by
electrical parasitic effects as well as fluctuations in the thickness of the electric double layer with
temperature. The short circuit resistance method, however, does not suffer from these effects and
allows the distance to be measured to within five micrometers.

Of the three methods, the short circuit resistance method has the highest accuracy and is the easiest to
use. This is because it does not suffer from the parasitic effects and temperature fluctuations apparent
in the capacitance techniques.
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ABSTRACT

The analysis of microbial ecology and surface chemistry at a microscale level
requires that ion-sensitive microelectrodes, such as pH, Sulfide, and Dissolved
Oxygen, be non-destructively positioned within one to five micrometers of a metal
surface/coupon. Because microelectrodes measure profiles through a biofilm the
distance between the electrode tip and the metal coupon must be known at all times.
This is needed so that the biofilm structure can be accurately analyzed and to ensure
that the electrode and metal surface do not destructively come into contact with one
another.

Three methods were developed to solve this problem: 1) the electrode
capacitance 2) the disk capacitance 3) the short circuit resistance. The first two
procedures use theoretical models to relate capacitance to distance, while the third
method uses the short circuit phenomenon that occurs between two metal objects
that come into contact.

Both the capacitance techniques produced electrode distance to surface
measurements that had deviations of 50 to 150 micrometers from the approximated
distance. These deviations were caused by electrical parasitic effects as well as
fluctuations in the thickness of the electric double layer with temperature. The short
circuit resistance method, however, does not suffer from these effects and allows the
distance to be measured to within five micrometers.

Of the three methods, the short circuit resistance method has the highest
accuracy and is the easiest to use. This is because it does not suffer from the
parasitic effects and temperature fluctuations apparent in the capacitance techniques.




Chapter 1

INTRODUCTION

‘The analysis of microbial ecology and surface chemistry at a microscale level
requires that ion-sensitive microelectrodes be non-destructively positioned within 1
to 5 micrometers (um) in all three dimensions (X,Y,Z) above a metal coupon.
These electrode types include pH, Sulfide, Chloride and Dissolved Oxygen (DO).'?

Because microelectrodes measure chemical profiles perpendicu_larly to the metal
surface the distance between the electrode tip and the metal-water interface must be
known at each measurement sife. An example of this is the dissolved oxygen profile
shown in Figure 1. This figure clearly shows the aerobic (high oxygen concentration)
conditions at distances greater than 400 um above the surface and the anaerobic
(oxygen depleted) conditions at the metal surface. To accurately model such
distributions, the distance to the surface must be known at every measurement site.
Positioning an electrode in the two dimensions tha'e are parallel to the metal coupon
is trivial and can be accomplished with a large number of X-Y positioning tables.
The determination of the perpendicular distance, however, is very complex in nature,
particularly within a natural environment such as a biofilm reactor. These
complexities stem from -the fact that the electrode tip diameter is usually very small

(. <30 pm), submerged in a water based solution, and concealed by biofilm growth
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Figure I DISSOLVED OXYGEN PROFILE IN A BIOFILM - as measured by a
Dissolved Oxygen Microelectrode, courtesy of the Center for Interfacial
Microbial Processes Engineering

and/or corrosion near the interface.

This thesis discusses three methods to measure the distance between an
electrode and a metal-water interface: 1) the electrode capacitance 2) the disk
capacitance 3) the short circuit resistance. The first two procedures for distance
determination use capacitance measurements, which relate theoretical capacitance
models to the measured capacitance and the distance to the interface. The third
method is based on the short circuit resistance that occurs between two metal objects
when they contact one another. The accuracies, limitations, and tradeoffs between

the three methods are discussed as well as possible applications and future work.



Chapter 2

ELECTRODE CAPACITANCE

The microelectrodes which are constructed to perform surface chemistry
experiments consist of a thin metal wire encased in a glass capillary with the

excess glass at the tip ground away to expose the metal wire (Figure 2).1

Side View

Tip View

Figure 2 Microelectrode Construction

The basic microelectrode construction lent itself to two general theories to
explain the relationship between distance and capacitance. The first theory
approximated the capacitance as a quasi-point charge at a height h above an infinite

conducting plane. A quasi-point is defined as a distinct volume of radius r with a



4

uniform charge distribution throughout.3 It can be shown that if r < 5h the quasi-
point charge can be replaced by an ideal point charge.3 The calculation of
capacitance between a point charge and the conducting plane is determined using the
method of images and replacing the plane with a second point charge of opposite
polarity at a distance -2/z from the first point charge.4 The capacitance model as well

as the image transformation is shown in Figure 3.

Figure 3 (a) Point Charge and Conduction Plane (b) Image Configuration

Calculating the electric field and potential function shown in 2b provides a

relationship between distance and capacitance by:3

C - %neCeji (1
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where C is the capacitance, €, is the permittivity of free space, ¢, is the relative
dielectric constant, and h is the height of the charge above the metal plane.
Equation 1 shows that the capacitance in the point charge model is directly related

to the distance between the point and the surface.

Electrode Experimental

The hypothesis for the quasi-point charge was analyzed by using an
experiment which measured the actual capacitance between the electrode tip'and the
-metal surface. A standard platinum electrode with tip diameter of # 30 micrometers
(um) was placed over a stainless steel coupon wjth a 1.6 centimeter (cm) diameter.
The coupon was held in a rectangular reactor containing approximately three cm. of
tap water at room temperature. The electrode and the coupon were then connected
to a Hewlett Packard (HP) 4800A Vector Impedance Meter so that the capacitance
could be measured as the electrode was positioned at various distances relative to
the coupon using a Micro Kinetics (see Appendix A) computer controlled' XYZ
positioning system. The setup, including the electrode, reactor, positioner, and
impedance meter, is displayed in Figure 4.

The capacitance of the system was recorded by lowering the probe towards
the coupon in 10 pm increments while measuring the capacitance at each interval.
The distance between the electrode and the metal surfacé was determined at each
interval in the following manner. The computer positioning system allowed the

starting point and step size interval to be recorded while the final point was
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Figure 4 Setup for Electrode Capacitance Measurement

determined by actually touching the probe to the surface. At the point of contact,
the impedance measured decreased sharply, almost to zero, which allowed the
position to be approximated with a +/-5 jam degree of accuracy. Knowing the two
endpoints and the step size allowed the capacitance versus the approximate distance
from the metal surface to be plotted. The results of this experiment are displayed
in Figure 5. Note, all capacitance versus distance plots appearing in this thesis are

representative of the typical response recorded for a minimum of ten experiments.

Results and Capacitance Model

The results, shown in Figure 5, do not coincide with the theory proposed by
Equation 2 for a point charge above a conducting plane. Instead, the results seem

to follow the parallel plate capacitor model:34



Electrode Capacitance Versus Distance

—Measured —Equation |

Distance Is an approximation

Figure 5 Electrode Capacitance Versus Distance Plot

C -

where C is the capacitance, e Qis the permittivity of free space, eris the relative
dielectric constant, A is the cross sectional area, and D is the distance between the
plates. This equation is the basis of the second theory used to explain the
relationship between distance and capacitance. Using the parallel plate capacitor
model, a plot of one over capacitance versus distance should give a positively sloped
straight line passing near the origin because of the inverse relationship between C
and D. As can be seen from Figure 6, the measured data closely follows the model.

After a system model had been determined, the next step was to interactively

measure the distance between the probe and the metal surface. One method for



I/ Capacitance versus Distance

8 600

Distance (pm)

Distance is an approximation

Figure 6 1/Capacitance Plot -- Proportional to Distance --

determining this distance is by using the derivative property of functions with the
form f(x) = 1/x. This operation on the parallel plate capacitor model is shown in
Equation 3.

¢ 4 N C 9))

dD dD D2 D

Factoring out C, collecting like terms, and exchanging the derivative symbol with the

delta symbol, Equation 3 becomes:
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This eqpation allows the surface distance to be determined if the capacitance
is measured at two points, D, and D,, to give a value of C; and C,. Now, a simple
algebraic calculation allows the distance to be calculated interactively.

The theory provided in Equation 4 shows that as D gets smaller for a constant
AD, AC/C gets larger in magnitude thus causiﬁg the accuracy of the system to
increase. Therefore, distances determined close to the metal surface should have a
higher accuracy, which will allow points farther away from the surface to be resolved
using the XYZ positioner. The computer positioning system allowed for electrode
placement at any location in a 25 millimeter (mm) vertical plane with an accuracy
of 4 um. Therefore, the resolution of the entire setup rested on the accuracy of
Equation 4 to predict the distance to the interface.

An experiment was devised to test the accuracy and resolution of the system
using Equation 4. The configuration shown in Figure 4 was used once again to

| execute the measurements; however, the Keithley Model 3322 capacitance meter was
used instead of the HP 4800A Vector Impedance meter because of its superior
accuracy and resolution. To begin, the electrode was positiongd at approximately 200
um above the surface and was then lowered in 5 /.;m increments, with the capacitance
being measured at each interval until the electrode touched the coupon. Note, the
approximate distance was again determined for each step interval using the method
discussed previously and was compared with the calculated distance to analyze
differences between the two. Throughout a series of experiments the distance varied

between 50 and 100 pm, which is not very promising considering the dimensions of




10

the system.

There are three major reasons why the calculation using Equation 4 varied so
dramatically over the series of experiments. The first reason is attributed to the
. magnitude of the system capacitance. This value is small, on the order of 0.01 - 20
picofarads (pf), which is approximately the same size as the stray capacitance. Even
with the Keithley instrument’s option of zeroing out the lead capacitance, the
connection capacitance is still significant which leads to experirﬁental errors. The
second reason deals with the quality factor (Q) of the system. Basically, the quality
factor reveals how lossy a system is, because the lower the Q value the higher the
losses in the system. The electrode system capacitance has a Q less than one, while
a majority of good capacitors have Q’s which are much greater than one. The
accuracy of the capacitance measurement is proportional to the Q of the capacitor,’
and since the Q of the circuit is so low, the accuracy of the measuremeﬁts is also low.
Note, the quality factor is discussed in greater detail in Chapter 5. The third error
'component is due to the electrical double layer which adds capacitance in series with
the electrode capacitance. This concept is also discussgd in greater detail in Chapter
5. Trying to resolve dimensions less than 10 pm is difficult when the size of these
three error componeﬁts is éonsidered. This led to the development of the method

discussed in Chapter 3.
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Chapter 3
DISK CAPACITANCE

The second method in deteﬁm’m’ng the distance to the surface was based on
attaching a metal disk an electrode. The purpose of the disk was to increase the
effective cross sectional area of the condenser plate, which causes an equivalent
increase in capacitance by the direct relationship shown in Equation 2. This
increases the actual plate capacitance so that it is much greater than the stray
capacitance, which made the effects due to the stray capacitance negligible. Figure
7 displays a picture of this electrode-disk configuration.

~ The expected increase in capacitance can be determined by calculating the
approximate gain in surface area between the electrode and the disk configurations.

The circular surface area for both devices can be calculated using this equation:

A=7R?= £4d2 5)

where A is the surface area, R is the radius, and d is the diameter of the disk.
Knowing that the average diameter for an electrode is # 15 pm and the disk
diameter is 1.2 c¢m., yields surface areas of 0.2 square nanometers (nm) and 1.1 um
square nm, respectively. This is a difference of four orders of magnitude, which

means that the disk capacitance should be four orders of magnitude gfeater than the
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Magnified
Electrode

Figure 7 Disk Capacitor with Magnification

electrode capacitance. This was verified by comparing the electrode capacitance,
determined from Figure 8 to the measured value of the disk capacitance at
approximately 50 /xm above the interface. The electrode capacitance was
approximately 0.42 picofarad (pf), which when multiplied by IO4 results in an
expected disk capacitance of 4.2 nanofarad (nf). The measured value of the disk
capacitance, determined by using the reactor setup displayed in Figure 4, was 3.5 nf.
These results show that the disk capacitance values are in the upper nanofarad
ranges, which is much greater than the stray picofarad capacitances. Therefore, the
effects due to stray capacitance will be minimized, particularly at small distances

(high capacitance).
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Basic Disk Experimental

The capacitance versus approximate distance was measured so that the
calculated distance, using Equation 3, could be compared. This was done using the
same setup shown in Figure 4 except that a metal disk, with diameter 1.2 cm., was
attached to a glass tube instead of an electrode. The electrode was not used in this
experiment because the tip extended beyond the disk (Figure 7). A glass tube was
glued to one side of the disk so that the distance could be determined in the same
manner utilized in Chapter 2, with the impedance shorting to zero when the disks
touched. To start, the disk was positioned approximately 50 ~m above the metal
surface to allow a hypothetical distance for the electrode extension beyond the disk.
The results of this experiment are shown in Figure 8 along with the expected

capacitance values using Equation 2.

Capacitance versus Distance

— Measured
+ Ideal

50 100 150 200 250 300 350 400 450 500
Distance (“m)

Distance Is an approximation

Figure 8 Disk Capacitance versus Distance
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Although Figure 8 shows that the measured capacitance is close to the theoretical
formula, there is some deviation. This deviation is due to fringing of the electric
field at the edges of the parallel plates.346 The derivation of the ideal parallel plate
capacitor model is based on the assumptions that the electric field is uniformly
distributed between the plates and the effects due to fringing are small and,
therefore, can be ignored.47 Figure 9 shows a graphical field plot of the fringing that

occurs for a parallel plate capacitor.

Figure 9 Parallel Plate Fringing Electric Field

As can be seen, the majority of the field appears uniformly between the plates;
however, there is distortion near the edges. Many papers have dealt with the
derivation of a non-ideal parallel plate condenser model which takes into account the
fringing field. For example, Scott and Curtis7 use works by Goustouv Kirchhoff6 and

J. W. Nicholson9 to account for fringing effects in the determination of dielectric
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constants using the capacitive method. The ideal parallel plate capacitor model in

their paper is:

2 A '
- 1.113d p - 6061_ (6)
165 D

- where C, is the ideal capacitance, d is the diameter disk in centimeters, and b is the
distance between the inner faces of the disks in centimeters. A slight compensation
factor can thén be added to Equation 6 to take into account the fringing field effects
for a condenser consisting of one small disk and a larger disk. This modified

equation is:’

C, = 11134 079 3. 4] oy
4q b

(7

where z = l+l. In 1+_£_ ~_r1n_t_
2b 2bl 2b 2b

where C, is the non-ideal capacitance fringing factor, and t is the thickness of the
disk. The final capacitance value is then calculated by taking the sum of Equations

6 and 7 and multiplying by €.

C = €(C+C) ®)
Scott and Curtis concluded that the use of very thin disks would help decrease their |
errofs due to fringing to less than 1.0 percent. Note, if the disk thickness (t) is much
less than the distance between the disks (b), then the z term in Equation 7 converges

to zero. Because of this, the disks were made as thin as pbssible with nominal
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thicknesses of 5-20 mm. This was accomplished by laying out the circular disks on
a single sided PC-Board with the thinnest film size available. The construction of the
disks in this manner was advantageous because the disk diameter was easily
controlled, was light weight yet sturdy, and the thickness was minimized. The
measured capacitance shown in Figure 8 is plotted again in Figure 10 along with the

calculated value using Equation 8.

Capacitance versus Distance

—Measured
-+. Calculated

50 100 150 200 250 300 350 400 450 500
Distance (pm)

Distance Is an approximation

Figure 10 Edge Corrected Capacitance

At an approximate distance of 75 ~m the measured capacitance had a percent
deviation of 14.2% for the ideal model and 10.8% for the fringing model. Although
the fringing model decreases the error between the calculated and the measured

results, the errors are still too large to resolve distances less than 10 fim.
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The next procedure used to compensate for fringing field was the guard ring

configuration shown by the cross section in Figure 11.

Figure 11 Guard Ring Configuration

The guard ring worked by keeping the sensing disk and the circular guard ring at the
same potential, which decreases the fringing near the edge of the sensing disk.
Because the two disks are at the same potential, the electric field is more uniformly
distributed throughout allowing the system to approach the ideal parallel plate
capacitor.367 The best results are obtained when the distance between the guard and
sensing disk (L) is much, much less than (< <) the distance between the condenser
plates (D), and the width of one side of the guard ring (r) is much, much greater
than (> >) D.36 To correct for the edge effects due to the finite gab L, d was
replaced with d+L in Equation 6, where d and L are in centimeters.7 An operational

amplifier (op amp) connected as a voltage follower allows the guard ring to be kept
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at the same potential as the sensing disk, while keeping the capacitance due to the
guard ring from being measured. The voltage follower acts as a high input
impedance buffer with a nominal capacitance value of » 2 pf that is in parallel with
the sensing disk.”*"' Knowing capacitors add in parallel like resistors in series'®
means that only 2 pf of capacitance will be added to the measured capacitance. This
produces a 0.2% error in a 1 nf measurement. Note, Scott and Curtis reported
errors less than 1% for their experiments ﬁsing the guard ring technique.

An experiment was designed to test the guard ring method. First, a guard ring
electrode was constructed using the PC-Board design discussed previously. The
diameter of the semsing disk was kept at 1.2 cm., with r of the guard ring
approximately 0.3 cm., and a width, L, of approximately 10 um. The width, L, did
not exactly meet the required specifications described in the previous guidelines.
However, this width was allowed becaus'e the disk would have to be placed a
minimum of 50 pm above the metal coupon to allow room f(;r the electrode to
extend past th; disk. A factor of five, between D and L, was considered large
enough in this experiment to allow the concept of the guard ring to be tested.
Because of this, the results of the measured capacitance would be expected to have
a slightly higher value than the ideal capacitance model would predict, particularly
at small distances, D <100 pm. The guarded capacitance was measured using the
same methods described previously. The results of this experiment éppear
graphically in Figure 12. As expected, the measured capacitance is slightly larger

than the theoretically calculated capacitance, particularly at distances close to the L.
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Capacitance versus Distance
Using a Guard Ring

14
12
c-10

@)
O 20 40 60 80 100 120 140 160
Distance (pm)

Distance Is an approximation

Figure 12 Guard Ring - Capacitance versus Distance

The percentage deviation between the theoretical and the measured values at a
distance of 70 “m is 13.0%. Even accounting for the errors introduced by having L
KD, 13.0% is still well beyond the required accuracy needed to resolve distances less
than 10 /im.

Throughout all of the disk capacitance experiments, a drifting phenomenon
was noticed. Placing the disk at a constant distance above the metal surface and
monitoring the capacitance versus time resulted in a slow capacitance increase over
time. The reasons for this drifting are discussed in detail in Chapter 5. Because the
elements associated with the drifting capacitance were so complex the capacitor
methods for determining distances were no longer pursued because of practical

constraints. These constraints will become clear in reading Chapter 5.
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Chapter 4
SHORT CIRCUIT RESISTANCE

The third method is based on the short circuit resistance which occurs when
the metal coupon and a small diameter wire contact each anbther. Recording the
3-D location where the resistance converges to zero at three points on the coupon,
allows the plane 6f the coupon to be defined. The validation of this method rests on
two key assumptions. The first is that the metal coupon is flat within + /- 5 um over
the entire surface, and the second is that the area of chemical interest is 1océted
towards the center of the coupon. Both the assumptions and the methods used to

develop this technique are discussed.

Assumptions

The metal coupons used in the experiments' were Metal Samples Compaﬁy
coupons with the following specificétions: the diameter is 1.6 cm., thickness equals
1.06 mm, and were flat to within.30 pm. The metal coupons used were stainless steel
(SS), mild steel (MS) and copper (Cu), 'each having approximately the same
specifications described above. Each coupon was sanded aﬁd polished using 400 and
600 grit wet/dry sandpaper which helps to delcréase surface deviations to less than

+ /-5 pm and ensure that positive deformities would be eliminated. The elimination
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of all positive deformities was needed to ensure that the electrode would not touch
the metal which might cause damage to the electrode and/or the surface. Positive
and negative distances are defined in relationship to the metal surface as shown in

Figure 13, where the actual coupon plane is defined to be at distance equals zero.

Electrode

Coupon

Plane
Positive
Distance

Negative
Distance

Figure 13 Coupon Plane Sign Convention

Because of the tight specifications and surface polishing, the assumption that the
coupon was flat to +/- 5”m was considered valid.

Accurate studies of biofilms near the water-metal interface dictates that only
the interaction at the interface be analyzed and not the effects due to the physical
edges of the coupon.13 One of the major effects introduced near the edge of the
coupon is crevice corrosion, which appears at the point where the metal and plastic
holder make contact. Crevice corrosion is very dominant and can significantly disrupt

the chemistry at the surface if allowed in the interface region.13 Therefore, it is safe
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to assume that the majority of the biofilm and/or corrosive region_ must lie towards
the center of the coupon. Because of this, the wire making contact at the three
points near the edge of the coupon does not seriously affect the central interface
region. If this assumption holds, the non-destructive requirement of this thesis is

met. Note, the three points are needed to define the metal coupon plane.

Zero Impedance Configuration

The system was designed in the same manner as discussed iﬁ Chapter 2 with
the reactor setup shown in Figure 4 only slightly modified to incorporate the needs
of the new method. First, the HP Véctor Impedance Meter was replaced by a
Keithley model 617 electrometer which was configured to operate in the resistance
mode. This decision was based on the electrometer’s high input impedance, analog
output, and smaller size. Second, the electrode was slightly modified to allow the
platinum wire to extend beyond the glass by approximately one cm.. This distance
was needed to allow the wire to have enough ﬂexibility‘so that it would return to its

’ original shape after the metal surface was touched. Note, at this time the wire was
not attached to the outside of an actual electrode because doing so is only a matter
of mechanics and does not significantly alter the techniques or the results.

The determination of the coupon plane was done using the Micro Kinetics
XYZ positioner controlled by software that allowed the system to be automated.

The procedure is started by having the user input the approximate size of the area

to be analyzed. Note, the scan area is a rectangle with length 1 and width w. The
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user then positions the electrode just outside the upper left hand corner of the
measurement area. This placement defines point one which then allqws the
computer to determine where to optimally place the other two points as related to
the scanning area defined by 1 and w. The electrode is then lowered towards the
metal surface in increments defined by the user. The increment size used in the
majority of these experiments was 5 xm because this size is large enough to be time
effective and small enough so that the wire is not damaged by being forced against
the metal surface. After each step the computer would poll the electrometer to see
if the resistance had decreased enough to show contact had been made. When
contact would occur, the computer then raises the electrode one step size, 5 pm in
the typical case, plus 10 um. The additional upwar(i step of 10 um is used to negate
any possible hysteresis effects in the positioning motor. The computer then lowers
the electrode towards the surface in increments of 1 pm until contact is again
detected. Note, at tﬁis contact point the resistance usually does not converge
completely to zero, but it does change three orders of magnitude which allows for
easy detection. The electrode is then raised 1 pm, and the computer sets this point
as the 3-D origin defined by the point (0,0,0). As a reference point the XYZ
positioning system defines the (0,0,0) point as "home" with all other movements
related to this point. The electrode is raised 1 pm to allow a 1 micron buffer
between the calculated plane and the measured plane fqr better protection of the
electrode tip. The protection of the electrode is much more important than the.

accuracy loss of 1 um. The computer then moves to point number two and performs
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the same operation to determine the contact distance. This X-Y position and the Z-
distance plus the one nm buffer is set to the 3-D point defined by (x2 y2 z2). The
third point is also defined in the same manner with its 3-D location at (x3 y3 z3).
Figure 14 shows how the system looks from a topological viewpoint.

Point Coupon

Area of
Study

Point
(xl.yl.zt)

Figure 14 Topological View of Resistance Determination

The three points can now be manipulated into line segments or vectors which
lie in the coupon plane. The first vectors can be obtained by subtracting the second
contact point from the first to give vector vi. The second vector can be obtained in
the same manner by subtracting the third point from the first to give vector v2
Because the first contact point is defined to be the origin, the two vectors simply
equal the values at points two and three. Taking the cross product of the two
vectors, viand vi, defines the normal vector, which is also the equation of the plane.4

The cross product operation is defined by:
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ij ok
VXV, = Xy Yy % &)
X3 Y3 23

where x,, y,, and z, correspond to point two and xs, y,, and z5 correspond to point

three. The results of the cross product operation is

Mx+ Ny+ Oz=P (10)
where M, N and O are the coefficients defined by the resultant normal vector
determined from Equation.9. The value of P is determiﬁed by picking one of the
three contact points, substituting the values for x,y, and z into Equatibn 10 and
solving for P. Using the first contact point at (0,0,0), it ié easy to see that P must
always be equal to zero for a plane with one point-at the origin. After the equation
of the plane has been defined, the distance to the surface can be calculated at any

positioner defined X-Y coordinate point.

‘ Experimental

The assumptions and the methods were tested by running an experiment over
a stainless steel coupon. First, the relative accuracy of the experiment was
considered and steps were taken to preserve it. A special table was explicitly
designed to reduce vibration error. The reactor was also secured to the X-Y table
to ensure that it did not move and produce errors once the experiment had started.
Second, the system was setup as if to scan an arbitrary area with dimensions 6,000

pm by 6,000 um. The electrode was then connected to the electrometer and
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positioned at the upper left hand corner of the coupon. During the determination
of the coupon plane it was recorded that the pre-contact resistance was
approximately 1.9 mega-ohms (M) and decreased sharply to roughly 8 kilo-ohms
(Kn) when contact occurred. After the computer had determined the equation of
the plane the electrode was moved to a random point on the coupon. From this
random point, a 1000 pm by 1000 um grid was analyzed to test the resolution and
accuracy of the distance calculation. The XYZ positioning table was then used to
scan the grid in 100 pm increments with the short circuit contact point being
recorded. This measured point (d,,,) was then compared to the expected distance (d,)
determi_ned by using the plane equation and the difference (d,-d,) was recorded.
Note, using 100 ym increments allowed for 121 points to be analyzed (10 points plus

the zero point).
Results

The maximum and minimum deviation (d,-d,) in all 121 points was +2 ym
and -4 pm, respectively. A 3-D surfacé plot of the data obtained from this
experiment appears in Appendix B. This plot allows the assumption stating that the
surface was smooth to within + /-5 pm to be verified. An imaginary plaﬁe is drawn
through this plot at minus 1 pm to indicate where the actual coupon plane occurs
without the 1 ym buffer. This plot shows that the surface has a small valley of

roughly 3 4 m in depth which is surrounded by ridges that extend 2 um high. Because
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the 3 um valley extends gradually over 600 um it would not be readily detectable by

human eye or optical microscope.

Errors and Resolution

Although precautions were taken to eliminate errors due to vibration, there
were still vibration problems. When the probe was placed at a distance 1 xm above
the contact point, it was observed that people walking by or machinery turning on
and off caused contact to be made. This means that the resolution of the system is
at best greater than 1 um. This coupled with errors in the positioning system are
easily enough to raise the value to 2 um."> Assigning the 2 um errors to the plot still
allows the initial assumption of surface flatness to hold, except for one point that was

at-4 +/-2um.
Reactor Construction

The reactor and the coupon holders were professionally machined in hopes
that the coupon would be completely parallel to the positioner X-Y plane. The short
circuit method allowed the results of this extra precaution to be analyzed. In the
1000 x 1000 pm grid discussed previously, the tilt of the coupon was such that the
(0,0) point on the X-Y plane corner was 19 uﬁl lower than the lower right hand
corner at point (1000,1000). The tilt of the entire coupon was measured to be 124
pm across the coupon from the highest to the lowest edges. Other machined

coupons that were tested displayed a tilt which range between a minimum of 73 pm
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and a maximum of 248 pm. These results clearly show that the coupons are
significantly tilted. This means scans using ion-selective electrodes at a level parallel
to the X-Y plane measure ion concentration at distances that may vary as much as
250 pm relative to the actual metal surface which can seriously bias the data taken
in an experiment. This can be easily seen by studying the dissolved oxygen (DO)
profiles through a thick biofilm (see Figure 1). The dissolved oxygen concentration
tends to Ee directly proportional with the distance to the interface. Knowing this, it
can be easily seen how two different points in the X-Y plane might give different DO
readings. However, this variation is based on differences in distancg and not
‘deviations in the biofilm structure itself. This analysis clearly shows the need for an

accurate determination of the distance between the metal surface and the electrode

tip.




Chapter 5

TEMPERATURE VARIATIONS

Temperature fluctuations have a significant effect on the capacitor system.
Slight increases in temperature can cause the measured capacitance value to vary as
much as one percent depending on temperature swings in thé bulk solution.
Measuring capacitance using the disk method of chapter 3 showed that as the
temperature increased? the measured capacitance also increased. This is §ery
unusual because €, for water has a negative temperature coefficient'®'™® which
means as the temperature increases the capacitance should decrease. The reason for |
this discrepancy stems from the electrical double layer formed at the metal
surface, %202 Tﬂe theory behind the negative temperature coefficient of ¢ . and the
electrical double layer as well as how they affect the distance determination methods .

3

is discussed in detail.
‘ Dielectric Constant of Water

The relative dielectric constant for materials is defined by four polarization
properties; electronic, ionic, orientational, and space charge.'5'7%?? The polarization

(P) of a material is related to the dielectric constant by:*
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P e (c,-)E ~ (11)

where E is the electric field. Substituting the four polarization components into

Equation 11 and solving allows ¢, to be determined.

1
Ee,

€ = 1+ [M%},I-Niai}r l-Nppz . [F(l/T,w ,materz'al)J
€ [ € |_3eokT b p

(o]
where N, is the atoms/volume having a dipole moment, «, is the electronic

+ P ionic

P

+ P space charge)

er =1+ orientational+

(+P

electronic

(12)

o

polarizability, N; is the ionic molecules/volume having a induced dipole moment,

a; is the ionic polarizability, N, is the number of polar Ilnolecules/volume, p is the
averége dipole, k is Boltzmann’s constant, and T is temperature. The last term,
space charge polarization, is a function of material, tempefature, and frequency (w).
The third term in Equation 12, which applies only to polar molecules like water, is
the most irﬁportant when considering temperature fluctuations of 'er. This term
clearly shows that as temperature increases, the dielectric constant should decrease
for polar molecules. The actual relationship between temperature and e, for water

is given by Wyman’s Equation:!’

e, = 87.740 - 0.4008T + 9.398(10°)T2 + 1.410(10-6)T? (13)
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where T is the temperature in degrees celsius (°C). This equation shows that at
temperatures near 25 °C, e decreases with increasing temperature. Since the
capacitance is directly related to € » one would expect that as the temperature of the
water incréased, the measured capacitance would decrease accordingly. This,
however, was not the case determined in experiments where the distances between
the plates were on the order of micrometers. The reason for this lies in a

phenomenon known as the electrical double layer.

Electric Double Layer

The electric double layer is broken up into two components, the Helmholtz
region and the Gouy-Chapman region.”®??! The Helmholtz region is based on the
fact that the electrode (disk) is a good conductor, which means at equilibrium any
free charge will distribute itself on the surface in such a manner as to keep the
internal E field equal to zero.**® Helmholtz proposed that the solution’s excess
counter-charge must also build up near the electrode surface so that the net charge
equalled zero and the system remained in equilibrium. The name, double layer,
stems from these two oppositely charged planes which are separated by a distance
in the order of angstroms.

The Gouy-Chapman model describes how the overall thickness of the double
layer can change with Var‘ying electrolyte concentrations aﬁd applied potential. One
~can readily see that if the electrolyte is relatively low in charge carrier density, the

thickness of the double layer must increase to allow the surface charge to be
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canceled. The thickness is limited due to the electrostatic attraction and repulsion
of charges and the thermal process which tends to randomize the layer.”” Because
-of this, the Gouy-Chapman region is classified as the diffuse layer, where the major
concentration of charge is located near the surface because the electrostatic forces
are large enough to overcome the thermal agitation. As the distance increases, the
charge concentration decreases because the thermal agitation overcomes the lower
electrostatic forces. The average thickness of this layer can be inserted into Equation
2 to approximate the capacitance of the system. Note, the diffuse layer for a water
electrolyte can be on the order of micrometers in thickness.?! A better model of the
capacitance for both the Helmholtz and the diffuse layer is shown in Equation 14.
This model uses the: Stern Modification which takes into account the ion size, where -

the Gouy-Chapman model assumes the ions to be point charges.” The results are:

_ % N 1 (14)
€€, (2e,62%°n"[kT)? cosh(zes ,/2kT)

Al

where A is the cross-sectionalA area, X, is the thickness of the Helmholtz layer, z is the
(signed) number of units of electronic charge on ion i, e is the charge of an electron,
n is the bulk concentration, k is Boltzmann’s constant, T is the absolute temperature,
and ¢, is the electrostatic potential at x,. Equation 14 is shown in its reciprocal form
because the Helmholtz layer and the diffuse layer act as two capacitors in series.
The second term in Equation 14 displays the inverse relationship between
capacitance and temperature of the diffuse layer. Knowing that the capacitance is

inversely proportional to the distance, it can be seen that the thickness of the diffuse
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layer must increase with increasing temperature. This element now allows the

positive temperature coefficient of the disk capacitance to be analyzed.

Positive Temperature Coefficient
The entire system consists of five separate dielectric regions between the
plates of the capacitor. These regions are the two Helmholtz and two diffuse layers,
which occur at the metal plates, and the water between these regions. This total

capacitance model is shown in Figure 15.

Disk
Helmholtz
Diffuse
Water
Helmholtz 3-— Diffuse
Coupon

Figure 15 Total Capacitance Model

When measuring the capacitance between the two plates, the Helmholtz and diffuse
layers usually have capacitance values that are much greater than the solution
capacitance due to the layers’ thicknesses. Because capacitors in series add as one

over their reciprocals,12the Helmholtz and diffuse capacitances can be ignored if the
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solution capacitance is small enough. In the analysis of the positive temperéture
coefficient it will be assumed that the additional capacitance due to the Helmholtz
and diffuse region can be ignored. This assumption is not actually true for this
system because the thickness 6f the water can be of the same order as the thickness
of the diffuse region. However, the assumption does simplify the equations and
allows for a ﬁlore intuitive analysis. This assumption then allows the measured
capacitance to be modelled by Equation 2. Taking the partial derivative of this
equation gives:

A
8C = S ge - Ao (15)
D D?

which assumes that the cross sectional area does not change. Factoring out C and
changing the partials to the delta format gives:

C € - D

r

AC= Aer AD ' (16)

Knowing that AC has been expefimenta-lly determined to increase with temperature
while Ae, decreases with temperature (Equation 13) means that AD must also
decrease to preserve the equality shown in Equation 16. Because A€ /€ . is small for
a +/- 0.5 degree Celsius swing in temperature (~ 0.003),AD can be on the order of
nanometers \and cause the positive swing in AC. This is because D is in the
micrometer range which is like multiplying AD by a value equal to approximately 10°.
The distance between the plates for most capacitor systems is on the’ order of

millimeters which is large enough to cause the second term in Equation 16 to
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become negligible when compared to the deviations in e, In the case where d is
large, Equation 16 is reduced to the more generally known form where fluctuations
in capacitahce are directly caused by changes in €.

Tﬁe next part of the analysis assumes that the net distance (d,) between the
plates remains constant with temperature meaning Ad, = 0. This is a safe
assumption in this derivation because if Ad, were to change with temperature it
would only decrease due to the thermal expansion of the plates. This would only
enhance the positive temperature coefficient discussed previously. As displayed'in

Figure 15, the total distance between the plates can be defined by:

d, = 2dy + d, (17)
where 2d, is the double layer thickness of both metal surfaces and d, is the width
of the water. It has already been determined from Equation 14 that the diffuse
region of the electrical double layer increases with temperature (ady > 0). If ad,
equals zero, then Ad, must decrease with temperature just as predicted by the
analysis following Equation 16. In the actual system the effects due to both the
diffuse layer and the thermal expansion of the plates cause the effective thickness of

the water to decrease which in turn causes the measured capacitance to increase.

The Quality Factor

Analyzing the temperature variations of the water between the condenser
plates is the next step in explaining the capacitance drift over time. Full

understanding of this phenomenon dictates that the Q or quality factor of the system
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must be addressed. The analysis of a non-idéal capacitor leads to a relationship by
which the dielectric material can be modelled using complex notation in the form of
A-jB. This complex dielectric constant (e,) is attributed to the facts that the
polarization is unable to keep up with the electric field and the dielectric has a
conductivity (o) associated with it.*¢ This leads to Equation 18 which displays the
components that make up e, where ¢ o 1S tﬁe permittivity of free space, and w is the |

radian frequency.

e = -jd; & - P?(materl'al,w ) wqe } : (18)

Knowing the impedance of a capacitor (Z,) is:

Z, = joC=joeC, | (19)
where C, is the vacuum capacitance, substituting Equation 18 into 19 and solving for

the real and imaginary parts leads to

Ze = [¢ C, + jew Gl (20)

Basic circuit theory allows Equation 20 to be modeled as an equivalent parallel
resistor-capacitor (RC) network, with R,y = 1/(¢"»C,) and C,; = €' C,. This RC
network is shown in Figure 16 with a sinusoidal driving source.
The circuit -element R, is referred to as the dielectric loss resistance, while Ceq isa
basic lossless capacitor.

The development of the equivalent RC network allows the Q of the circuit to

be analyzed. Q is defined in Equation 21, where K is a proportionality constant that
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Figure 16 Equivalent RC Network

depends on the system.2 In this case, K equals 2n because the system is in

sinusoidal steady state.

Q- Kf PeakEnm @ (21)
vdverage Power Dissipated] Pag

Under sinusoidal conditions the peak energy stored and the average power dissipated

are easily calculated using Equations 22 and 23.

Peak Energy Stored - Rgesk - (22)

Average Power Dissipated - Pag (23)

Substituting these equations into 21 produces a value of Q that is only a function of

the relative dielectric constant.

e-f NN -7 2
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This equation clearly displays the inverse relationship between Q and " which plays
a key role in analyzing temperature fluctuations be‘tween the condenser plates. The
dielectric constant (¢ ') for a water based electrolyte is approximately equal to 80.
This allows €" to be calculated if the Q of the system is measured using a capacitance
or vector impedance meter. Table 1 displays a listing on how Q varied with
frequency applied and also presents a calculated value for €". These values were
obtained by placing the condenser disk at a constant distance above the metal surface

and measuring Q at discrete frequencies from 10 KHz to 90 KHz.

~ Table 1 Quality factor Versus Frequency

Frequency 10 20 30 40 50 60 70 | 80| 90
KHz

0.10 | 024 {033 048 | 0.54 | 0.69 | 0.84{ 0.72] 0.58
800 | 333 | 242 166 | 148 | 115 | 95.2| 111} 137

The value of €" displayed in Table 1 allows the equivalent loss resistance for
the disk capacitor to be determined at distances between 10 and 1000 micrometers.
The determined R, values -range between one kilo-ohm (Kn) and one mega-ohm
(Mn). These values, coupled with the knowledge that a one volt sinusoidal input at
50 KHz was applied to the reactor using the Keithley model 3322 capacitance meter,
: allowg Equation 23 to be used to calculate the average power dissipated (P,,).
These c;cllculations show that the dissipated power ranged between 0.5 milliwatts

(mW) and 0.5 microwatts (u W). Under normal operating conditions, this power is
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dispersed into solution in the form of heat which slowly causes the temperature
between the plates to increase.

The physical nature of the system is not conducive to heat dissipation. A
majority of the heat produced by the capacitor occurs in the very small volume
between the two capacitor plates while the bulk water temperature remains constant.
In analyzing the system, the two metal plates are assumed to be at the same
temperature as the bulk solution. This assumption simplifies the analysis without a
significant loss in accuracy. The equivalent thermal system is shown in Figure 17.
The thermal power, K, supplies a volume at temperature T| with heat energy. This
volume is considered to be surrounded by a constant temperature sink at Ts.2Z3 The
equivalent electrical circuit is also shown in Figure 17, where the thermal power
applied is a constant current source of magnitude K. The mass of the volume has the
ability to store energy which can be modelled as an electrical capacitor. The mass

also has a thermal resistance associated with it, modelled by an equivalent resistor.23

Ts K

N7 71711 7717111177 5

Figure 17 Temperature Model
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Both system models displayed in Figure 17, whether it be from an electrical
or physical point of view, show that the reactor must pass through a transient state
before equilibrium is reached. Note, a complete model of the heat transfer system
is not generated because there is a transieﬂt and steady étate which allows the
desired conclusion to be obtained. The transient and steady state portions of the
system are dependent on distance, disk size, solution type, electric double layer, and
temperature. Therefore, the system is qﬁite complex and composed of a large
number of interrelated variables making it difficult to model in real time. Although
all of the above variables can be controlled, the loss in generality is too great thus

defeating a major requirement for determining the distance to the surface.

Controlled Temperature Measurements

A constant temperature flow reactor was used to test the theory on why the
capacitance increases over time at a constant distance above the surface. The system
consisted of a Fisher Scientific. model 9100 temperature controller feeding a flow
reactor that contained a stainless ste;el coupon and the sensing electrode. This
configuration, shown in Figure 18, allows constant temperature water to pass between
the plates prohibiting increases in temperature. Experiments with this system showed
that the capacitance no longer drifted over time. However, the random fluctnations
(noise) caused by water moving between the plates and vibrating the electrode were

significant.
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Reactor

~Electrode

Coupon

Reactor

Temperature
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Figure 18 Flow Reactor

Although the temperature controller allowed the capacitance drift to be
eliminated, the method possesses low feasibility for actual biofilm structures.
Introducing a relatively high velocity flow into a biofilm structure can significantly
modify the chemistry near the interfacial region. The sole purpose of this thesis is
to develop a procedure that allows the biofilm to be analyzed with ion-selective

electrodes without disrupting the system’s natural state.
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Chapter 6
ANALYSIS AND DISCUSSION

The three methods of measuring the distance between the electrode tip and
the metal surface, proposed in this thesis differ considerably in respect to their
configurations, accuracy, and difficulties. Of the three, the simple electrode
capacitance method appears, at first, to be the best option available. The
capacitance between the tip of the electrode and the metal surface can be
continuously measured and analyzed in real time. It would appear to allow the
electrode to be positioned with accuracy without destructively interfering with the
sﬁrface or the interface chemistry. Although, this method appears good in theory,
the practicality is‘ limited. Compensating for the tip size and the non-ideal
capacitance properties dictates that the measurements be taken with the electrode
close to the metal surface. This introduces errors into the system due to two
capacitances, stray and the electric double layer. These two capacitances can usually
be ignored in systems with larger dimensions. However, when the electrode cross
sectional area is small and the spacing is of the same magnitude as the double layer,
the components are no longer negligible. Therefore, the accuracy needed to measure
. the distance between the coupon and the electrode is not available without knowing

the values for the two error capacitances. The determination of these two error
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capacitances is difficult at best, particularly in a natural environment such as a
biofilm system. ‘ -

The disk technique for measuring the distance is definitely the most difficult
of the three methods. The low Q of the system decreases the accuracy at which the
capacitance can be measured and allows heat to be dissipated into solution. The
heat dissipation causes the temperature to increase which in turn causes the .
capacitance to rise due to the expanding double layer and condenser plates (see
Chapter 4). Another problem that is associated with this method is attaching the
disk to the electrode at a known distance from the tip. Not only must the distance
between the tip and the electrode be measured accurately but the disk must be tilted
at an exact angle to match the tilt in the coupon so that the two plates are parallel
to one another. Although all of these components can be controlled with careful
planning and preparation, the cost due to time, equipment, and accuracy is too large
éompared with those of the third method.

The short circuit resistance technique is the easiest and most accurate of the
three methods. Extending a wire 5-10 ym beyoﬁd the tip of the electrode and
Iﬁeasuring the 3-D point where the resistance goes to zero can be done with any
precision c.omputer controlled positioning system. By optically measuring the
distance between the wire and the tip of the electrode, the distance between the tip
and the metal surface can be easily determined using the equation of the plane.
Experiments that were run to test the accuracy of the short circuit resistance

technique showed that the maximum deviation between the expected coupon surface
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and the actual surface were within the specified +/- 5 pm range. This high degree
of precision should allow a biofilm and/or corrosion coupon to be accurately scanned
in all three dimensions. This will allow better corrosion and biofilm models to be

developed as well allowing an aid to test the validity of older models.

Future Developments

Sensing Volume

The major direction of this project will now be to determine the optimum
distance each sensing electrode (pH, DO, sulfide, ...) must be in order to obtain
accurate corrosion scans and biofilm profiles. Ideally, an electrode is assumed to
measure at a single point because only the tip is sensitized and the; size of this tip is
small, as shown in Figure 2. This may be the case in theory, but in pfactice the
electrodes actﬁally analyze a small volume which surrounds the tip. Because of the
electrode nature and this imaginary volﬁme size, the ions under study are assumed
to have a continﬁous distribution throughout the volume. A method that might allow
the size and shape of this volume to be determined is by placing the electrode at
known distances above the surface and measuring the ion concentration as the probe
is moved towards the interface. This will allow the changes in concentration along
with the changes in distance to be recorded. To get the volume shape, this
procedure will most likely have to be done in all three dimensions. Assuming that
the step size is small, less than 5 um, the ion concentration should not change if the

constant sensing volume around the electrode is large compared to the step size.

e pe—
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This will allow the collected data to be analyzed and a model which approximates
the size and shape of the volume to be determined. After the model has been
defined the optimum step size and distance above the interface can be approximated

so that efficient and statistically correct biofilm profiles are obtained.

Thick Biofilms

The short circuit resistance method will have to be tested on biofilm samples
which are in the range of 10 - 20 mm thick. These types of biofilms might present
a problem to this method because the Z positioner will have to move over an
extended range, (10 - 20 mm) which will increase the positioning errors. These types
of biofilms tend to create corrosion pits and other deformities on the metal surface.?®
If, when determining the coupon plane, the metal wire hit one of these deformities,
the plane equation could be seriously affected. This is one reason why the wire
attached to the electrode must be so large in diameter (v~ 100 pm) so that any
deformities might be negated by the sheer size of wire. Future experimental results
in this area will help determine if more than three points need to be taken so that |
an averaging operation can be performed to negate the effects due to deformities on .

the plane equation.

Electrode Tip Size

Measuring the cross sectional area of an electrodes tip is one area of interest
in the construction of jon selective electrodes.”* A method that might allow this cross

sectional area to be determined is through the capacitance method and the use of
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equation 1. A reactor could be constructed that would allow the distance between
an electrode and the metal surface to be optically measured as well as having a
control for temperature fluctuations. The stray capacitance as well as effects due to
the electric double layer could be controlled and measured. While these values can
Be controlled in this reactor system, they cannot be in a biofilm reactor because the
controls would disrupt the natural state of the system. Measuring the capacitance of
the electrode and subtracting out the stray capacitances and double layer capacitance
will allow the approximate cross sectional area to be calculated directly if the
distance is known. The ultimate accuracy of this system resides in how accurate the
distance can be measured, the extent to which stray and double layer capacitance can -
be controlled, and the fluctuations in temperature. Testing of this method would be
done by comparing the results with more conventionél methods for determining the
tip area, such as optical microscope determination, chronopotentiometry, and

chronoamperometry, 252

Major Contribution

The major contribution of this thesis is the development of an effective
method to measure the distance between the electrode tip and the metal surface in
the presence of a biofilm and/or corrosion. The advantageous of this method over
other methods tried is that it is fast, easy to implement, and accurate. The overall
accuracy of the system depends on three main components: 1) Surface flatness 2)

Accuracy of the positioning system 3) The ability of the table to dampen external
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vibrations. If the error components are minimized, the electrode can be placéd at
any nominal 3-D location relative to the metal surface with a mini'mum‘ accuracy of
5 pm, without damage to the surface (\)r tfle electrode. This allows a single electrode
to run more than one profile scan over the metal coupon without breaking because

of surface contact.
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Chapter 7
CONCLUSIONS

The measurement of the distance between the electrode tip and the metal
surface was performed using three methods: 1) Electrode Capacitance 2) Disk
Capacitance 3) Short Circuit Resistance. Of these three méthods, the short circuit
resistance technique was the easiest to use and most accurate. These conclusions, |

as well as a number of more general statements are listed below in tabular format.

1. The model that best fits the electrode and disk configurations is the
parallel plate model where the capacitance is inversely proportional to
the distance.

2. The electrode capacitance is adversely affected by stray capacitance
which is of the same magnitude as the actual capacitance between the
tip of the electrode and the metal surface.

3.  The effects due to stray capacitance can be negéted by using a disk
attached to the electrode.

4.  The fringing effects due to the electrode disk are large and need to be
compensated for using theoretical equations and/or a guard ring

configuration.
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The disk capacitance has a positive temperature coefficient even though
the relative dielectric constant (e,) has a negative temperature
coefficient which usually implies that the capacitor will also have a
negative temperature coefficient.

The thickness of the electric double layer increases with temperature.
'This coupled with the relatively small dimensions causes the positivé
temperature coefficient noticed in experiments.

The quality factor (Q) of the water based dielectric is low which causes
power dissipation into solution. This power dissipation causes the
temperature to increase which, in turn, results in a capacitance increase
with temperature.

Attaching a disk to an electrode and accurately measuring the distance
between the electrode tip and the metal disk is difficult particularly if
the disk must be tilted to match the slope of the metal coupon.

The short circuit resistance method is easier and more accurate in
determining the distance to the metal surface then the two capacitance
methods tried.

The metal coupons are flat to within the specified + /- 5 um over the
range analyzed after being sanded and polished. This allows the short

circuit resistance technique to be used.
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The accuracy of the short circuit ‘resistance method depends mainly on
the accuracy of the positioner and the degree to which the table holding
the positioner can be isolated from external vibrations.

The short circuit resistance method does cause some damage to the
metal interface, but if the area of interest resides towards the center of
the coupon the damage has no effect on the surface chemistry in the

area of study.

The wire used to perform the short circuit should be reasonably large

(=100 m) so that it is rigid enough to return to its original shape once
the metal surface has been touched. |

The capacitance method could be used to approximate the cross
sectional area of an electrode tip if effects due to stray capacitance, .

temperature, electric double layer, and distance can be controlled.

)
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APPENDIX A

MICRO KINETICS XYZ POSITIONING

SYSTEM
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Table 2 Micro Kinetics Positioning System

Quantity Micro Kinetics ,D'escription
Part Number

1 CTC-462-2S . X-Y Positioning Table, 100 mm Travel

1 CTC-160-1 Z Positioning Arm, 25 mm Travél

1 CTC-283-3 | 3 Axis DC Motor Controller, RS-232 with
- LCD and Keypad for manual operation

2 CTC-322-20 22mm diameter encoder DC motors

2 CTC-321-21

24mm diameter gearheads 3088:1 ratio
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APPENDIX B

SURFACE PROFILE OF A STAINLESS

STEEL COUPON!




Figure 19 Surface Profile
of a Stainless Steel Coupon
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