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Medtronic Xomed manufactures the M4 Microdebrider, which is a precision surgical tool designed to remove tissue and bone during head and neck surgeries. The previous model was constructed out of different types of stainless steel. Modifications to the device added weight, so the housing was redesigned out of light weight aluminum to compensate. Individually, the components were not likely to corrode on their own, but they experienced a rapid corrosion rate when they were combined together. However, this was not discovered until after the product went into production and was released onto the market. Medtronic subsequently ran product life cycle tests by using the device several hundred times on pieces of chicken breast.

Corrosave was tasked with designing a quick testing procedure that could predict the occurrence of corrosion over an extended period of time. Linear polarization resistance was used to determine the corrosion current, which was then related to the corrosion rate. A change in the corrosion rate was established by running subsequent tests before, during, and after one metal was coupled with another.

The prevailing problem inside the M4 Microdebrider was that parts constructed out of 304 stainless steel were corroding. These components had galvanic and/or crevice connections with the 6061-T6 aluminum outer housing. To verify their procedure, Corrosave tested different area ratio combinations of stainless steel and aluminum. They found a drastic increase in the corrosion rate when the area of aluminum was six times that of stainless steel. Furthermore, the corrosion rate decreased when different types of stainless steel were coupled together. These results matched the findings from Medtronic’s field tests.

Contents
Volume 1: Final Report (Page )
Volume 2: Product and Process Documentation (Page )
The Product and Process Documentation contains all the research material and theoretical background that was used to design the testing procedures and experimental setups needed to apply the method of Linear Polarization Resistance. It initially discusses the theory behind corrosion of metals, in particular, the behavior of stainless steel and aluminum alloy. Then it progresses to a discussion of Linear Polarization Resistance and how this electrochemical process was used to determine the interaction between stainless steel and aluminum. Since Medtronic’s requirements were unique in which they called for a series of protocols that can be implemented quickly and were time-efficient, this section will further go into detail on how the LPR procedure was modified to meet the requirements of the project.

Volume 3: Acceptance Test Results and Report (Page )
The Acceptance Test Results and Report describes the testing requirements and procedure, which fulfills the customer needs set forth by Medtronic. It discusses the testing environment, along with all controls and variables in the experiments. It goes on to discuss the results obtained through this testing procedure and how these results can be interpreted to analyze how the coupling of two different metals affects the corrosion rate of the metal of interest. It explains the methods for interpreting the data and discusses the results obtained by Corrosave.
Volume 4: Product Manual (Page )
The Product Manual provides detailed instructions on how to carry out the testing procedure, along with figures to aid in demonstration of the procedure. It includes an overview of the testing procedure and all important steps. It describes the configuration of the apparatus and all relevant equipment, as well as the electrical connections required. It clearly explains all steps needed to obtain the relevant data through the developed testing procedure. 
Volume 5: Deliverables (Page )
The Deliverables include all major deliverables associated with the project. These include concept generation and evaluation, conceptual design report, project plan, system level design report, analytical and experimental plan and report, and prototype results and report.
Volume 6: Design Notebooks (Attached Separately)
The Design Notebooks are attached to further document all stages of development of the project. The notebooks were maintained by the members of Corrosave throughout the course of the project.
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Introduction
The Straightshot® M4 Microdebrider is a precision surgical tool manufactured by Medtronic Xomed. Its primary function is to remove tissue and bone during head and neck surgeries. The first generation of the product was built out of stainless steel. Weight issues led to the development of the second generation, in which the main housing was replaced with aluminum. After its launch into the market, the M4 Microdebrider experienced corrosion at an unexpected rate. Stainless steel and aluminum should not corrode at a high rate individually. However, a unique combination or configuration of the two caused a problem. Devices were returned with severe galvanic and crevice corrosion inside the hand piece, and some were even corroded to a point where the tool could not be opened. 
The task given to Corrosave was to design a testing procedure to predict if corrosion would be accelerated, given the combination of materials used in the surgical hand piece. The task can be divided into two phases. The first involved engineering a testing procedure to determine if galvanic or crevice corrosion will occur over an extended period of time. The second phase was the performance of a set of experiments to validate the testing concepts. The results of these experiments agree with the results of field tests currently being performed by Medtronic personnel.
Medtronic has defined numerous parameters that characterize the project. The desired lifetime of the M4 Microdebrider is three years, and it is estimated that hospitals will use the product 100 times per year. Through time consuming and labor intensive field tests, Medtronic has found a trend in corrosion for the parts inside the M4. Corrosave was asked to develop a relatively quick experimental procedure that will predict the same corrosion results. The testing procedure should be designed for laboratory technicians, and the test equipment should be of a reasonable size.
The conditions under which metals are tested should mimic those which the corresponding metals experience inside the M4 Microdebrider. Medtronic has reported that failures in certain seals create an undesirable flow of saline solution through sections of the M4. Therefore, all metals that are in contact with saline must be tested in saline. Materials inside the device come in contact with other materials in two ways: a physical connection and a connection bridged by solution. Accordingly, the measurement and acceleration procedures should address both galvanic and crevice corrosion.
The customer requirements can be matched with metrics that characterize them. The M4 Microdebrider has a safety ground with a resistance less than one tenth of an ohm that must be maintained. In addition, the weight of the tool must remain under eight ounces. Temperatures exposed to the product can range from 75 to 250 degrees Fahrenheit. Field tests run by Medtronic have determined which parts of the tool corrode. Corrosave’s tests will determine if a part will experience accelerated corrosion or not, and these results must concur with the field tests. The size of the testing apparatus should be reasonable and not exceed one table top (approximately 18 square feet). The tests should be conducted in a manner that is safe for a trained technician.
Corrosion Testing
The prevailing problem with the M4 Microdebrider was the excessive corrosion rate of its internal components. In particular, pieces of 304 and 17-4 stainless steel in contact with 6061-T6 aluminum corroded at an unexpected rate. To further worsen the situation, the M4 Microdebrider used saline to irrigate its cutting area, and once dispensed the saline was pumped back through the body of the tool. Small leaks were common and exposed metal components to the electrolyte.

The testing procedure was developed around the above problems. The electrochemical approach of linear polarization resistance (LPR) was used to determine if a metal’s property would change if it were to be combined with a dissimilar metal. Conducting materials in an electrolytic solution have an electric potential, which can be measured with respect to a reference electrode. The corrosion potentials of different materials are listed in the galvanic series, which can be found in Table 1. The LPR procedure worked by changing the corrosion potential. An adjustable voltage supply was connected to the metal samples and it was tuned to create a shift from the original corrosion potential for a short period of time. The current that was required to create the shift in potential, on the order of 10 to 15 mV in magnitude, was measured simultaneously. An application of Ohm’s law could be used to derive the polarization resistance from the corrosion current and potential. The testing environment was held as close as possible to that of which the metals inside the M4 were exposed to. Therefore, the test samples were submerged in a solution with a comparable concentration of sodium chloride used with the device while operating in the field.

Once the procedure was developed, Corrosave focused particularly on testing combinations of stainless steel and aluminum. In order to verify that the experiment succeeded and produced meaningful data, it was important for the data to show that the properties of stainless steel samples changed after being combined with the aluminum samples. Each LPR experiment involved shifting the corrosion potential of a sample numerous times, alternating the shift above and below the normal corrosion potential, and progressing from 10 mV to 15 mV. For each shift, the potential and current was plotted, and polarization resistance was found upon completion of the experiment by finding the line of best fit through the datum points. The product manual in Volume 4 contains details the procedure for conducting LPR experiments. Furthermore, it includes specific instructions which outline how to properly use the testing prototype that was delivered to Medtronic.

Changes in the polarization resistance were directly related to those in corrosion rate. In order to compare resistances between experiments, it was essential to maintain consistency. The amount of over and under potentials applied had to remain the same throughout all tests. During initial experiments it was discovered that stainless steel was easily polarized. After a potential was applied, the current would gradually decay until none flowed at all. The procedure was modified to record the starting potential (where there was no current flow) and apply the potential over or under the starting potential. Figure 1 below shows the results for an LPR experiment on a stainless steel sample.
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Figure 1: Polarization resistance graph of 304 stainless steel
Several tests were needed to determine the effect of coupling one material with another. A single metal sample was immersed in the solution, and LPR was performed to determine the polarization resistance. Two metals could then be combined in the solution, and LPR was performed on the metals coupled together. Finally, the metal that was added in the previous step was removed and LPR proceeded. This set of tests yielded the polarization resistance before and after the couple. The procedure is summarized below:

1. Perform LPR on metal in question. The result is the initial polarization resistance.

2. Perform LPR on metal couple.

3. Perform LPR on metal in question. The result is the final polarization resistance.

The above procedure only determined the changes in one metal. For example, what happened to Metal A when it was connected with Metal B? The changes in both of the metals could be determined by adding two LPR experiments: one before and after the couple. As detailed in Volume 2, the polarization resistance was linearly related to the corrosion rate. An increase in the resistance resulted in a decreased corrosion rate and vice versa.

The metal combinations used in the experiments conducted by Corrosave were determined by analyzing the structure of the M4 Microdebrider, in which some components were smaller is size than others. The most common metal combination was stainless steel and aluminum, and the area ratio between different parts ranged between one to one and one to six. Corrosave conducted LPR experiments on over 12 different groups of samples. The majority of which contained couples between stainless steel and aluminum. A key objective was not only to determine the effects of combining the two metals, but also to search for the critical area ratio which would result in the greatest change in corrosion rate. Once it was proven that the combination resulted in an increased corrosion rate for stainless steel, it was necessary to conduct more tests to hone in on the area ratio that would cause a drastic change in corrosion rate. Figure 2 contains a chart which shows the various polarization resistance values obtained for each area ratio of 304 stainless steel to 6061-T6 aluminum. The Acceptance Tests Results and Report  document (Volume 3) contains data from all the experiments that were conducted during the course of the project.
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Figure 2: Changes in 304 stainless steel corrosion potential before and after being coupled with 6061-T6 aluminum
For each area ratio tested, the chart shows the resistance before and after the stainless steel sample was coupled with the aluminum sample. An increase in the resistance corresponds to a lower corrosion rate while a decrease corresponds to a higher corrosion rate. When the metals were coupled at a 1:1 area ratio, the stainless steel’s corrosion rate decreased. However, it slightly increased as the ratio increased up to 1:5. The resistance dropped more than 50 percent at the 1:6 area ratio. The dramatic change indicated that a critical area ratio was reached in which the stainless steel started corroding and could not stop. Based on the test results, it was concluded that when stainless steel and aluminum were coupled together at similar area ratios the stainless steel would slowly corrode. However, it the surface area of the aluminum was six times larger than the stainless steel, the stainless steel would corrode at a much higher rate.

In addition to the LPR tests conducted on the stainless steel and aluminum, another set of tests were conducted in order to verify the success of the overall design. The first version of the M4 was constructed out of different types of stainless steel, and it was on the market for quite some time without experiencing any corrosion problems. Different types of stainless steel had different corrosion potentials, which meant that coupling them could result in corrosion. LPR experiments were performed on 304 stainless steel and 17-4 stainless steel in the same fashion as previously described. Figure 3 below depicts the results of the test.
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Figure 3: Changes in 304 stainless steel corrosion potential before and after being coupled with 17-4 stainless steel
Recall that an increase in the polarization resistance was linearly related to a decrease in the corrosion rate. After coupling 304 and 17-4 stainless steel, the polarization resistance increased indicating that couple actually caused the 304 stainless steel to corrode slower. Corrosave’s results matched Medtronic’s field test in both scenarios: first the corroding case when stainless steel was coupled with relatively large pieces of aluminum, and second the non-corroding case when different types of stainless steel were coupled together.

The linear polarization resistance method was the basis for the design experiment, but another important aspect of the project was how the method was implemented. A schematic of the LPR circuit is shown in the Figure 4. A testing apparatus had to be created to maintain a consistent environment throughout all of the tests; this involved maintaining sample spacing, solution velocity, and temperature. It was also desirable to minimize the hassle of changing samples and using different measurement tools during the testing process. Constant solution flow was established through the use of a magnetic stir plate and stir bar. 

The electrodes and metal samples were immersed in agitated saline solution and were kept in place by being suspended from a nylon lid, which was designed by Corrosave and manufactured by Medtronic. The lid had holes in it that served as receptacles for pieces of PVC pipe. At the end of the pipes were rubber stoppers with a slot cut out of them, in which samples and electrodes could be loaded. The amount of surface area of samples exposed could be adjusted by varying how far the samples were pushed into the stopper. The rubber stoppers also served to keep metal above the solution from being exposed, which would be important while heating or agitating the solution. Alligator clips and wires, which were run through the pipes, were used to create electrical connections with the samples and electrodes. A three dimensional model of the lid is shown in Figure 5.
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Figure 4:  LPR setup schematic
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Figure 5:  3-D model of the lid

Conclusion
Medtronic Xomed manufactures the M4 Microdebrider, which is a precision surgical tool designed to remove tissue and bone during head and neck surgeries. The previous model was constructed out of different types of stainless steel. Modifications to the device added weight, so the housing was redesigned out of light weight aluminum to compensate. Individually, the components were not likely to corrode on their own, but they experienced a rapid corrosion rate when they were combined together. However, this was not discovered until after the product went into production and was released onto the market. Medtronic subsequently ran product life cycle tests by using the device several hundred times on pieces of chicken breast.

Corrosave was tasked with designing a quick testing procedure that could predict the occurrence of corrosion over an extended period of time. Linear polarization resistance was used to determine the corrosion current, which was then related to the corrosion rate. A change in the corrosion rate was established by running subsequent tests before, during, and after one metal was coupled with another.

The prevailing problem inside the M4 Microdebrider was that parts constructed out of 304 stainless steel were corroding. These components had galvanic and/or crevice connections with the 6061-T6 aluminum outer housing. To verify their procedure, Corrosave tested different area ratio combinations of stainless steel and aluminum. They found a drastic increase in the corrosion rate when the area of aluminum was six times that of stainless steel. Furthermore, the corrosion rate decreased when different types of stainless steel were coupled together. These results matched the findings from Medtronic’s field tests.

Corrosave was presented with the task of predicting if corrosion will be accelerated by a particular combination of different metals. The procedure developed by Corrosave adheres to Medtronic’s customer needs. It requires a short amount of time to perform testing, with one particular test taking only about one hour to complete. The entire apparatus is small in physical size and can easily fit on a laboratory table top. The testing procedure is simple enough for laboratory technicians to perform, and it does not require any extensive background in corrosion theory and testing to be able to understand and carry out. Corrosave performed testing in a saline solution to mimic the environment of the M4 Microdebrider. Tests were performed on the coupling of stainless steel with aluminum, and the area ratios were varied. The method of linear polarization was used to produce useable data. The results of these tests match results obtained by Medtronic technicians during time-intensive field tests.

Results of the linear polarization provide information about the polarization resistance of a given metal. The testing procedure developed by Corrosave measures the polarization resistance of a metal before and after coupling that metal with a dissimilar metal. The values of the polarization resistance before and after coupling are then compared in order to observe any change. Area ratios are also varied in order to determine the affect of increased area ratio on accelerated corrosion rate. In the coupling of stainless steel to aluminum at various area ratios, the polarization resistance of stainless steel was monitored in order to record any changes, indicating results complying with the results of Medtronic’s field tests.

Observations show that the polarization resistance of stainless steel decreased after the coupling with aluminum, thus indicating an acceleration of corrosion rate. This decrease became more significant when the area ratio of aluminum to stainless steel was increased, thus indicating the effect of area ratio on acceleration of corrosion rate. The most significant change occurred when the area ratio was increased from 5:1 to 6:1, proving that to be the critical area ratio for excessive corrosion rate acceleration. This ratio produced a changed of over 50% in the polarization resistance of stainless steel, indicating a significant increase in corrosion rate.
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Introduction to Corrosion Electrochemistry

Corrosion will occur when a metal or metal alloy comes into contact with an oxidizing substance [usually dissolved oxygen or hydrogen ions in the environment]. Areas on the metal surface where metal atoms are oxidized [lose electrons] are called anodes; areas where the oxidizing substance is reduced [acquire electrons] are called cathodes. The cathode/anode pair immersed in a conducting solution is essentially an electric circuit just like a battery. The flow of current between the cathodic and the anodic sites is known as the corrosion current. Faraday’s Law of electrolysis yields the corrosion rate by taking into account the corrosion current (icorr), the equivalent weight of the metal (EW), the surface area of the metal (A), and the density of the metal (d):
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where K is some conversion factor and F is Faraday’s constant. Both constants can be obtained from literature.
Linear polarization resistance is a common method available for corrosion measurements. It is convenient in the sense that measurements can be quickly obtained, whereas other methods such as weight loss measurements can take several days. In linear polarization resistance method, a small current is applied to the auxiliary electrode in the same electrolyte solution with the working and reference electrodes. Then the potentiometer measures the open-circuit potential of the working electrode and the ammeter measures the current density. By taking the ratio of the measured potential and the measured current density, polarization resistance, Rp, is obtained. With Rp and the necessary Tafel constants, the corrosion current can then be calculated using the following formula:
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where the betas are Tafel constants and can be obtained from literature. This equation is called the Stern-Geary equation because they performed earlier works on correlating theoretical and experimental observations by this polarization resistance method.

Combining the Stern-Geary equation with the Faraday’s Law equation, it becomes clear that corrosion rate is inversely related to polarization resistance, R​p. This relation allows analysis of the changes in corrosion rate based on the changes in R​p.
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Linear Polarization Resistance

Linear Polarization Resistance (LPR) is an electrochemical method that allows for corrosion monitoring in real time. There are two ways to conduct the LPR process: galvanostatic and potentiostatic. The galvanostatic method involves the application of current steps to a sample electrode, and the corresponding voltage is plotted on a linear scale. The second approach to LPR is the potentiostatic, which is the most common and it is the method that is used to conduct this project. This process involves applying a controlled voltage to an electrode in a conductive solution, and the measured current is used to determine the polarization resistance. The polarization resistance is then used to obtain a value for the electrode’s corrosion rate (mpy). Although this project concerning the M4 Microdebrider is not necessarily focused with obtaining a value for the corrosion rate, the LPR method was used to perturb the metal samples, so that the corrosion potential changes for a given metal combination can be observed.

The basic circuitry to conduct the LPR experiment requires a voltage supply, a current meter, an auxiliary electrode (non-corroding), test samples of two dissimilar metals (corroding), and electrolyte solution (saline). The process involves the application of a small voltage, around +10 mV to the two corroding metals which are immersed in the saline solution and are connected through a single node. The current in the circuit flows through the samples, through the saline, and returns to ground through the auxiliary electrode. The ammeter is used to measure this current in the circuit. Then a reversed polarity voltage of -10 mV is applied and the same measurement is made. For the particular experiment corresponding to the malfunction of the M4 Microdebrider, a sample of stainless steel and aluminum are used as the electrodes. The purpose of applying series of ± 10 mV to the samples is to determine if a change in corrosion potential occurs with the stainless steel, aluminum, or the combination of both metals.

There are numerous LPR meters that are available for commercial use. Most of the meters that are available for lab use are designed to function with microprocessor based electronics. They apply the polarization method on self-fitted probes that are available in a variety of metal types. 

An example of such LPR meters is one released by Metal Samples. The MS1000 is a portable hand held corrosion meter, capable of conducting LPR tests and producing instantaneous corrosion rate measurements. In addition, the MS1000 has a working zero-resistance ammeter, which can measure the current between electrodes, which can assist in determining the effects of galvanic corrosion on the couple. The device functions by following the basic principle of all LPR tests; it applies a low amplitude DC voltage across the electrodes, the resulting current is measured. Immediately after this, the polarity of the applied voltage is reversed, and the same test cycle is repeated. The MS1000 then uses pre-programmed Tafel constants to produce a value for the corrosion rate (mpy).

Product and Subsystems

In order to implement the Linear Polarization Resistance method in our experiment, it was necessary to have a power supply which was adjustable and can produce outputs within the range of the corroding metal’s electric potential. A schematic of the circuit for the LPR is shown below.
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Figure 6: General Layout
The system is composed of the following components:

· Voltage Supply

· Potentiometers

· Operational Amplifiers

· Multimeters

· Saline Solution

· Reference Electrode

· Auxiliary Electrode

· Metal Samples

· Stir / hot plate

· Apparatus

The schematic in Figure 1 shows a power supply, and its positive output is connected to the auxiliary electrode. In series with that connection is a potentiometer and a multimeter. The circuit path is completed by the saline solution and the samples. Another multimeter is connected in parallel to the reference electrode and the metal samples. The positive lead of this meter is attached to the reference electrode, and the negative lead to the sample(s).

LPR was implemented by applying a small over potential, or under potential, to the corroding cell. Before conducting any LPR tests, the cell’s rest potential (reference electrode and freely corroding metal sample) was measured by with a digital multimeter. Most of the potentials measured in the experiments were in the range of 0-1000 mV. A small voltage in the order of 10-15 mV above the rest potential was applied for a few seconds. While observing the multimeter, the potentiometer was used to adjust the output of the voltage supply to above, or below, the current potential of the cell. The meter which is connected in series with the circuit was used to measure the current that flows in the system for every ±10 mV shift. 

Voltage Supply

Initial prototypes used a standard AC to DC regulated converter. This provided two outputs: positive 12 volts and ground. The amplifiers in the circuit required a bipolar voltage supply, so a negative 12 volts was generated by using a capacitive charge pump inverter. A voltage regulator was used to supply a constant 5 volt output. It was later found that there was not a high impedance path between the connection of the samples and the auxiliary, and current flowed through the circuit because the two electrodes had different potentials in a conducting fluid. The problem was solved by using a switching power supply, which has four outputs: positive 12 volts, negative 12 volts, 5 volts, and ground. Opposed to the single transformer circuit of the regular AC to DC converter, the switching power supply has multiple transformers which provided better isolation between the outputs. The main reason that a switching power supply was not implemented in the beginning was because of noise. The switches inside the power supply turned on and off very rapidly and generating high frequency oscillations on the outputs. These oscillations propagate through the circuit and primarily affect the accuracy of analog devices. Most of the noise was eliminated with a low pass filter, which was created by connecting a large capacitor (220 microfarads) to ground. A 14 millihenry inductor was also connected in series with the output to filter out noise.

Potentiometer

Two potentiometers conditioned the 5 volt power supply to the appropriate level for linear polarization. Typically, the starting potential for stainless steel was measured around 90 mV. Thus the power supply needed to change this potential from 70 to 110 mV. The amount of voltage required to achieve this varied between metal types, but it was typically less than 2 volts. Potentiometers are an adjustable voltage divider (Figure 2). The ones used in this project were 10 kΩ single turn potentiometers. The first potentiometer scaled the voltage from any where between five volts to zero volts. The second potentiometer scaled the output of the first one down to zero. Cascading the potentiometers provided a good resolution of the voltage being applied the cell.
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Figure 7: Cascaded Potentiometers

Operational Amplifiers

There were two major parts to our system: the cell and the power supply, and each of these parts had a resistance associated with it. The cell resistance consisted of the resistance of the solution and the resistance of the corroding metal. The theory behind linear polarization resistance was that this resistance would change during the procedure. If the resistance of the power supply was not much, much greater than that of the cell, the cell could load the power supply and change the applied voltage. To make the test useable for all types of metal, the power supply was electrically isolated from the cell by using operational amplifiers (op-amps) to serve as buffers in the circuit. Since the input impedance of an op-amp is very high, no current would flow from the power supply through the chip. When configured as in Figure 3, the output of the buffer is identical to the input signal, with distortion so small that it can be neglected. Essentially, the op-amp looks at the input signal and reproduces it on its output terminal by using the power supplied to the amplifier.
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Figure 8: Voltage Follower
Multimeters

Two multimeters were used to measure and gather the proper data for the LPR experiments. The meters used were capable of measuring voltage and current. The typical requirements were for high-impedance meters that can measure units of millivolts and microamps. Both meters were constantly activated for the duration of an LPR test. Referring to Figure 1, one meter is connected in parallel with the cell (sample and reference electrode). The purpose of this meter is to constantly monitor the potential between the cell. While conducting an LPR test, the reading from this meter can be used to determine if the desired potential shift has been reached. The other multimeter is connected in series with the auxiliary electrode and the output of the power supply. It measures the current that flows through the system. When zero voltage is being applied to the samples, the current reading must also indicate a zero. Current flow is expected once the process of shifting the potential has started.

Saline Solution
Sodium chloride was added to deionized water to form a 0.69% NaCl solution by weight. For the kit provided, the tank held 3250 mL of water, and 22.4 grams of NaCl was added to obtain the desired concentration.

Reference Electrode
A silver-silver chloride reference electrode was used to measure the potential of the metal samples. A digital multimeter was used to measure the diference in potential between the reference electrode and the samples. The product specifications for the electrode provided its potential as 207 mV. Knowing this, the potential of the metal was calculated using the following formula
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Auxiliary Electrode
The three electrode system which was implemented used an auxiliary electrode to supply current to the circuit. In the positive direction, current flowed from the power supply, into the auxiliary electrode, through the solution, into the sample, and back to the power supply’s ground. It flowed in the reverse order for the negative direction.

Metal Samples
The metal samples used were 0.2 inches thick and 0.75 inches wide. The samples in the first batch provided by Medtronic were two inches long. While this was sufficient for testing materials by themselves, questions were raised while coupling two samples together. During the LPR procedure (detailed in Volume 4), a metal would be tested both by itself and in a couple with other materials. To control the experiments, the area ratios between the individual and coupled tests had to remain the same. Using short samples resulted in a very small amount of metal being submerged in the solution, and the validity of the results were questionable. The second batch contained samples that were six inches long, which eliminated the problem. Longer samples could be used, but a different power supply and tank may be necessary to accommodate them.

Stir / Hot Plate

A stir plate was used to agitate the solution and thus promote the flow of electrons. Knowledge of the specific flow rate was not necessary. However, it was extremely important that the flow rate remained consistent throughout all of the experiments. To ensure this, a mark was put on the knob of the stir plate and its position was checked prior to experimenting.

A hot plate was used to increase the temperature of the solution. Initial testing on individual metals from the first batch of samples did not show a change in results due to the increase in temperature. Time did not permit further testing with variations in temperature. Experiments were run at room temperature within a relatively short period of time (no seasonal changes).

Apparatus
The start in the experiment was to fabricate an apparatus in order to hold the samples for reliable and reproducible results. The final design for the apparatus was to be a large beaker with a 9 inch diameter lid. The lid is to hold the auxiliary electrode, the sample, and the reference electrode. Hence, the lid is designed to have four one-inch diameter holes. There is a piece of PVC pipe that is approximately one inch in diameter for each entity entering the beaker.

The lid was first fabricated in a program called Pro-Engineer. This allows one to design a part through computer automated graphics. The parts required in the lid design were the tubing, the lid, and the stoppers. These parts were then assembled in Pro-Engineer to form the final compilation of the project. This includes a lid with four PVC pipes attached to the lid by pres fitting. There was also a small application of plumber’s tape around the top edge of the pipe. This was used to secure the pipe into the lid.

Furthermore, the pipe was then press fitted into the stoppers. The stoppers contain the actual metal samples. The assembly of the final product is attached in the appendix.

The lid is then placed on top of the beaker, securing the all of the elements in the experiment for an increased confidence of a reproducible result. The reason for the PVC pipe for the securing of the stoppers was so that there would be a hollow area inside of the tube. This area is the point to which the samples can be moved up into the hollow spaces, reducing the area of one sample; and, likewise, the reverse can be done to increase the area of the other sample. Overall, the areas are fully adjustable with this PVC pipe. The only condition is that the area of both samples as a total remains constant. 

The overall appearance is different than that which was designed through Pro-E. The final design has approximately 1 1/6” diameter. This allowed for the outer diameter of the PVC pipe, as the inner diameter of the PVC pipe is what is considered as for the chosen measurement. Also, only that size of PVC pipe can be used, and hence only that size of hole must be drilled into the lid. The original ½ in diameter does not accommodate for the sample size. 

Furthermore, the original rectangle to be drilled into the stoppers turned out to be more of a consecutive bout of drilled holes. The edges etched into the stoppers allowed for any kind of thickness of sample to be inserted without any adjustments necessary.

Bill of Materials

1. Metal samples: Fabricated by Medtronic

a. Batch 1: 0.1”x0.75”x2”  Five each of:

i. 304 stainless steel

ii. 17-4 stainless steel

iii. 6061-T6 aluminum alloy

b. Batch 2: 0.2”x0.75”x6” Ten each of:

i. 304 stainless steel

ii. 17-4 stainless steel

iii. 6061-T6 aluminum alloy

2. Nylon lid: Fabricated by Medtronic

3. Hexagonal plastic container:  PetSmart (www.petsmart.com) part # 603853

4. Ag/AgCl Reference electrode*: Fisher (www.fishersci.com) part # 13-620-53

5. Carbon auxiliary electrode*:  Fisher (www.fishersci.com) part # NC9676916

6. Parafilm (10 inches)*: Fisher (www.fishersci.com) part # S37441

7. AC to DC converter: Jameco (www.jameco.com) part # 123481PS

8. Stir plate*: Fisher (www.fishersci.com) part # S66328

9. Magnetic stir bar*: Fisher (www.fishersci.com) part # NC9057961

10. Rubber stoppers: Lowes (www.lowes.com) part # 834837

11. Sodium chloride (NaCl): Fisher (www.fishersci.com) part # S640-500

12. Alligator clips*: Radio Shack (www.radioshack.com) part # 270-356

13. 1.5” PVC pipe*: US Plastic (www.usplastic.com) part # 26326

14. Craftsman Multimeter: Sears (www.sears.com) part # 82400

15. 741 Op-Amp*: Jameco (www.jameco.com) part # 24539

16. 10k Potentiometer: Jameco (www.jameco.com) part # 182836

*Item was borrowed or donated to Corrosave. Part numbers for an equivalent item is provided.
Suggestions for Future Research
On the onsite of the project, attempts were made to automate the system. It was desirable to have an electronic system set the polarization potentials, wait a short period of time, and measure the corrosion current. The design consisted of several components:

· Analog to Digital Converter

· Microprocessor

· Digital to Analog Converter

· Graphical Output Display

The software to support the components is included in the Appendix.

Analog to Digital Converter

The analog to digital converter has an upper and lower reference which is set by the designer. Analog comparators place the input signal in between the upper and lower voltage references. The result is the percentage of the magnitude of the input to that of the difference between the references. The accuracy of the converter is determined by how many bits of data it converts. A 10 bit converter was used, which allowed 210 steps (1024 steps). With an upper reference of 3.3 volts and a lower reference of ground, the resolution was (3.3 / 1024), or 0.003223 volts per step. This means that the smallest step size was 0.003223 volts, and the next step up was 0.006446 volts. If the input signal was 0.004 volts, the converter would automatically round up to 0.006446 volts.

The customer requirements included that the procedure must be useable for any material. Therefore, the upper voltage reference was set high enough to accommodate the requirement. However, when dealing with metals such as stainless steel, the potential is really low. Accordingly, only a small part of the available resolution is being used, and the accuracy was decreased. An instrumentation amplifier was built to amplify the input signal up to 3.3 volts. It was possible for some metals that the potential of the metal result in a negative voltage, and analog to digital converters can only accept a positive input. An ideal diode circuit was constructed to take the magnitude of the input signal. Diodes alone were not used because of the voltage drop (approximately 0.7 volts) they create. The operating characteristics of a diode have a non-linear output at small voltages. The ideal diode circuit makes its way around this problem by using op-amps. The sign of the current was simply determined by using an analog comparator, where the input signal was compared to ground.

The biggest concern while designing the converter was noise. Noise could be generated from anything and everything in the circuit, but the biggest contributors were high frequency devices such as the microprocessor. Special care was given while laying out the circuit to keep the high frequency devices as far away from the pure analog devices as possible. The performance of the analog to digital converter can be seen in Figure 4.

[image: image17.emf]
Figure 9:  Analog-to-Digital Converter

Microprocessor
The Microchip PIC 18F2420 (www.microchip.com) was chosen for several reasons. The high pin count chip had an ample amount of ports to interface with the electronics. It was available in a DIP (dual inline package) chip which would facilitate easy prototyping. Furthermore, MeLabs PIC programmers were available in the University of Florida design labs. The PIC 18F2420 had built in 10 bit analog to digital converters, which minimized the chips required. It also had a built in 8 MHz clock, which reduced both space and noise generated from the clock. Source code written for the microprocessor is included in the appendix.

Digital to Analog Converter

The digital to analog converter works much like the analog to digital converter, but in reverse. The PIC microprocessor did not have a built in converter (which is common), so an external eight pin DIP chip was used. The Microchip 12 bit MCP 4921 was used because of its accuracy and cost. It was interfaced with the microprocessor using the industry standard SPI (serial peripheral interface) communication protocol. The accuracy of the digital to analog converter was verified by steadily increasing the output; the linearity can be seen in Figure 5.

[image: image18.emf]
Figure 10: Digital to Analog Converter linear output
Graphical Output Display
The results of the experiments were displayed on a four line, 80 character liquid crystal display (LCD).
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Figure 11: Liquid Crystal Display
Integration
The system would be hooked up and allowed to settle for a set period of time. The analog to digital converter was used to digitize the sample potential and it was recorded in the microprocessor’s memory. The digital to analog converter was turned on and adjusted until the sample returned to its rest potential. It would then increase and decrease the potential to perform the LPR experiment.

Initial experimenting in February provided corrosion currents as high as 700 microamps. However, flaws were later discovered in the experimental procedure. After they were corrected, corrosion currents were typically around 5 microamps. The concept for measuring current was to measure the amplified voltage drop across a very small resistor (.005 Ω) and calculate the current from Ohm’s Law. However, this was unsuccessful at extremely low currents.

Later experiments showed that the natural corrosion potential could shift during LPR experiments, and was necessary to find the potential where no current was flowing.  An ammeter capable of reading down to 0.1 microamps was required to do this. For the system to be automated, it too would have to be capable of reading currents this small. Time did not permit the development of such a system. If the project were to be continued in the future, it would be the recommendation of the designers to hack a commercially made multimeter. This would probably provide the more accuracy and require less time than building a digital ammeter from scratch.

Once the microprocessor has all the data, it must elegantly adjust the digital to analog converter output to control the system to the desired potential. The best approach for this is to implement a PID controller. The transfer function for a PID controller is  C(s) = Kp + Ki/s + sKd, where Kp is the proportional gain, Ki is the integral gain, and Kd is the derivative gain. In general, the output of the controller is a function of the error (proportion), the sum of previous errors (integral), and the change in error (derivative). The PID gains are individually set, and the combination of the three affect system performance. Figure 7 contains an example provided by Microchip (document number AN937).

[image: image20.emf]
Figure 12: PID Output as a Function of Gains

Appendix
/************************************************

 * LPR METER





*

 *







*

 * Written for the PIC18F2420 (Internal Osc)

*

 * Interfaces: Enable on RD0, RS on RD1, DB4:7 on
*

 *   RD4:7






*

 *







*

 * NOTES:






*

 * The followig code is for 8 analog channels, and

*

 *   the remaining pins are set to digital I/O.  If

*

 *   more analog channels are desired, adjust


*

 *   ADCON1 in each function, and follow the 

*

 *   pattern in the functions.




*

 * A delay is required before a subsequent sample.

*

 *   This is the delay before the return statement

*

 *   in each function.  This delay could be moved

*

 *   or eliminated (i.e. you will not be taking


*

 *   samples back to back) to free up processor

*

 *   cycles.






*

 *







*

 * Copyright 2006 Corrosave




*

 *************************************************/

#include <p18f2420.h>

#include <delays.h>

#include <stdio.h>

#define LCD_PORT PORTB

#define LCD_RS PORTBbits.RB2

#define LCD_EN PORTBbits.RB3

#define RS_COMMAND 0

#define RS_WRITE 1

#define PUSH_BUTTON PORTBbits.RB1

#define ADC_POL PORTCbits.RC4

#define DAC_DATA PORTCbits.RC0

#define DAC_CLK PORTCbits.RC1

#define DAC_LDAC PORTCbits.RC2

#define DAC_CS PORTCbits.RC3

#define MIN_VOLT_CONTRIBUTION 682
// 10V / 1023 = 682

#define PID_CONTRIBUTION 341


// 15V / 1023 = 341

#define PWM_RES 0.014648

#define PWM_SIZE 1023

#define ADC_POL = 0 to read positive polarity

#define ADC_POL = 1 to read negative polarity

#define ZERO 3070

#pragma config WDT = OFF

#pragma config LVP = OFF

void LCD_Init(void);

void LCD_En(void);

void LCD_Send(char data, char regSel);

void Update_LCD(void);

void Delay_ms(int msec);

void Delay_us(int usec);

void Poll_AD_Done(void);

int Read_AN0(void);

void SPI_Clock(void);

void DAC_Send(int output);

void Polarize(int voltage);

char line[4][21];

int deriv, integ, prop, a_error = 0, p_error = 0, pidAdd;

int kp, ki, kd, error_lim, a_error_lim;

float  pidOut;

void main(void)

{


int i, j, k;


int potential, goal;


int over_volt = ZERO;


int coeff = 1;


OSCCON |= 0b01110011;
// Configure an 8MHz clock directly from INTOSC


ADCON1 = 0b00001101;
// AN0 analog, rest digital I/O


Delay_ms(500);


DDRA |= 0xFF;


DDRB = 0b00000010;

//Data direction for the LCD display


DDRC = 0b01000000;


DAC_LDAC = 1;


// Get the DAC ready for a transmission


DAC_CS = 1;


DAC_Send(ZERO);


ADC_POL = 0;


// Inititailize for positive polarity


LCD_Init();


Delay_ms(500);


sprintf(line[0], "LPR Meter");


sprintf(line[1], "Corrosave / UF");


sprintf(line[2], " ");


sprintf(line[3], "Push button to start");


Update_LCD();


while (PUSH_BUTTON == 1)


{ }


for (i = 20; i > 0; i--)


{



potential = Read_AN0();



potential *= coeff;



sprintf(line[0], "Reading Vcorr");



sprintf(line[1], "Potential: %d", potential);



sprintf(line[3], "T minus: %d", i);



Update_LCD();



Delay_ms(986);


}


goal = potential + 7;


sprintf(line[0], "Polarizing +10mV");


sprintf(line[1], "Goal: %d", goal);


for (i = 30; i > 0; i--)


{



// updates the LCD every 200ms and stops at 1 sec



for (k = 0; k < 5; k++)



{




// for loop takes 186ms to finish




for (j = 0; j < 19; j++)




{





potential = Read_AN0();





if (potential < goal)





{






over_volt++;





}





else





{






over_volt--;





}





DAC_Send(over_volt);





Delay_ms(10);




}




// 14ms to update LCD




sprintf(line[2], "Current: %d", potential);




sprintf(line[3], "T minus: %d", i);




Update_LCD();



}


}


sprintf(line[0], "Finished");


sprintf(line[1], " ");


sprintf(line[2], " ");


sprintf(line[3], " ");



while(1)


{ }


return;

}

void Polarize(int voltage)

{


int i, potential;


for (i = 30; i > 0; i--)


{



potential = Read_AN0();



// time for LCD write = 14ms



sprintf(line[0], "Polarizing");



sprintf(line[1], "Vcorr: %d", potential);



sprintf(line[2], "Vcorr goal: %d", voltage);



sprintf(line[3], "T minus %d", i);



Update_LCD();



Delay_us(900);



Delay_ms(985);


}

}

/************************************************

 * Poll_AD_Done: Poll until the conversion is

*

 *   complete.






*

 *************************************************/

void Poll_AD_Done(void)

{


for(;;)


{



if (ADCON0 & 0b00000010 == 0b000000010)



{




return;



}


}

}

/************************************************

 * Read_AN0: Select AN0 analog channel and sample
*

 *   it.  Returns the 8 bit value of the analog


*

 *   channel.






*

 *************************************************/

int Read_AN0(void)

{


int reading;


ADCON1 = 0b00001101;
// AN0 analog, rest digital I/O


ADCON0 = 0b00000000;
// AN0 channel


ADCON2 = 0b10010100;
// Set ADC timing, right justified


ADCON0 = 0b00000001;
// Turn on analog module


Delay_ms(1);


ADCON0 = 0b00000011;
// Go


Poll_AD_Done();


reading = ADRESH;


reading = reading << 8;


reading |= ADRESL;



Delay_ms(1);


return reading;

}

/************************************************

 * SPI_Clock: Clock for industry standard SPI 

*

 *   devices. 






*

 *************************************************/

void SPI_Clock(void)

{


DAC_CLK = 0;


Delay_us(1);


DAC_CLK = 1;


Delay_us(1);

}

/*************************************************

 * DAC_Send: For use with Microchip MCP4921 12 bit 
*

 *   digital to analog converter.



*

 *************************************************/

void DAC_Send(int output)

{


char i;


DAC_CS = 0;


Delay_us(1);


DAC_DATA = 0;
// AB = DAC A


SPI_Clock();


DAC_DATA = 0;
// No buffer


SPI_Clock();


DAC_DATA = 1;
// No gain


SPI_Clock();


DAC_DATA = 1;
// Not high impedance


SPI_Clock();


for (i = 11; i >= 0; i--)


{



DAC_DATA = (output >> i) & 0x01;;



SPI_Clock();



}


DAC_CS = 1;


Delay_us(1);


DAC_LDAC = 0;


Delay_us(1);


DAC_LDAC = 1;

}

void Pid_Default(void)

{


kp = 185;


ki = 3;


kd = 100;


error_lim = 5;


a_error_lim = 93;

}

int PidMain(int error)

{


if (error == 0)


{



a_error = 0;



p_error = 0;



return 0;


}


// Constrain the error size


if (error > error_lim)


{



error = error_lim;


}


else if (error < (error_lim * -1) )


{



error = error_lim * -1;


}


// Constrain the comulative error size


a_error += error;


if (a_error > a_error_lim)


{



a_error = a_error_lim;


}


else if (a_error < (a_error_lim * -1) )


{



a_error = a_error_lim * -1;


}


// Calculate gains


prop = kp * error;


integ = ki * a_error;


deriv = kd * (error - p_error);


// pidOut is the % of the output to the highest possible output


pidOut = (prop + deriv + integ) / PWM_SIZE;


if (pidOut < 0)


{



pidOut *= -1;


}


if (pidOut > 1)


{



pidOut = 1;


}


pidAdd = pidOut * PID_CONTRIBUTION;


p_error = error;


return (pidAdd + MIN_VOLT_CONTRIBUTION);

}

/*************************************************

 * HITACHI LCD CONTROLLER



*

 *







*

 * Written for the PIC18F2420 (Internal Osc)

*

 * Interfaces: RS on RB2, Enable on RB3, DB4:7 on
*

 *   RB4:7






*

 * Time for LCD write = 14ms



*

 * Copyright 2005-2006 Albert Chung & Trevor Skipp
*

 *************************************************/

/*************************************************

 * Update_LCD: Sends a string one character at

*

 *    a time to LCD_Write.




*

 *************************************************/

void Update_LCD(void)

{


char i, j , k;


LCD_Send(0x02, RS_COMMAND);


//Return cursor home


Delay_us(1500);





//1.5 msec


for (i = 0; i < 4; i++)


{



for (j=0; j < 20; j++)



{




if (line[i][j] == '\0')




{





do





{






line[i][j++] = ' ';





} while (j < 20);




}



}


}


for (i = 0; i < 20; i++)



LCD_Send(line[0][i], RS_WRITE);


for (i = 0; i < 20; i++)



LCD_Send(line[2][i], RS_WRITE);


for (i = 0; i < 20; i++)



LCD_Send(line[1][i], RS_WRITE);


for (i = 0; i < 20; i++)



LCD_Send(line[3][i], RS_WRITE);


return;

}

/************************************************

 * LCD_En: Clock source to shift in the data.

*

 ************************************************/

void LCD_En(void)

{


Delay_us(25);





//25 usec  


LCD_EN = 1;






//PORTBbits.RB1 = 1


Delay_us(25);





//25 usec


LCD_EN = 0;






//PORTBbits.RB1 = 0


return;

}

/************************************************

 * LCD_Init: Initializes the LCD for 4 bit mode,

*

 *   2 lines, 5x11 dot matrix, display on, cursor

*

 *   off, blink off, clear screen, return cursor


*

 *   home, increment cursor to the right, and don't

*

 *   shift the screen.





*

 ************************************************/

void LCD_Init(void)

{


char i;


char setup[] = {0x33, 0x32, 0x2C, 0x0C, 0x01, 0x06};


Delay_ms(15);





//15 msec power up


for (i = 0; i < 6; i++)


{



LCD_Send(setup[i], RS_COMMAND);



Delay_us(1500);





//1.5 msec


}


return;

}

/*************************************************

 * LCD_Send:
Sends byte data to the LCD. 


*

 * regSel:

1 - Char Mode



*

 * 



0 - Command
Mode

*

 *************************************************/

void LCD_Send(char data, char regSel)

{


char temp;


LCD_RS = regSel;




//Set the LCD to command mode











//or char mode


temp = data & 0xF0;




//Mask off lower nibble


LCD_PORT &= 0x0F;




//Clear upper nibble


LCD_PORT |= temp;


LCD_En();


Delay_us(55);





//55 usec


temp = data << 4;


temp &= 0xF0;





//Clear upper nibble


LCD_PORT &= 0x0F;


LCD_PORT |= temp;


LCD_En();


}

/*************************************************

 * Delay_ms: Delays the specified amount in milli-

*

 * seconds






*

 ****************************************************/

void Delay_ms(int msec)

{


int i;


for (i = 0; i < msec; i++)


{



Delay100TCYx(19);

//Delay for 0.95ms,


}


return;

}

/*************************************************

 * Delay_us: Delays the specified amount in micro-

*

 * seconds






*

 *************************************************/

void Delay_us(int usec)

{


int i;


for (i = 0; i < usec; i++)


{



Delay1TCY();


//Delay for .5us,



Delay1TCY();


//Delay for .5us,


}


return;

}
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Test Requirements

Medtronic Xomed has defined numerous parameters that characterize the requirements of this project. The desired lifetime of the M4 Microdebrider is three years, and it is estimated that hospitals will use the product 100 times per year. Through time-consuming and labor-intensive field tests, Medtronic has found a trend in corrosion for the parts inside the M4. Corrosave must develop a relatively quick experimental procedure that will yield the same corrosion results. The testing procedure should be designed for laboratory technicians, and the test equipment should be of a reasonable size.

The conditions under which metals are tested should mimic those under which the corresponding metals experience inside the M4 Microdebrider. For example, Medtronic has reported that failures in certain seals create an undesirable flow of saline solution through sections of the M4. Therefore, all metals that are in contact with saline must be tested in saline. Materials inside the device come in contact with other materials in two ways: a physical connection and a connection bridged by solution. Accordingly, the testing procedures should address both galvanic and crevice corrosion.
Field tests run by Medtronic have determined which parts of the tool corrode. Corrosave’s tests will determine if a part will corrode or not, and these results must concur with the field tests. Since change in corrosion rate is of interest, the determination of the exact corrosion rate is not necessary. The change in corrosion rate is the dimensionless ratio between the corrosion rates under one set of conditions to the corrosion rate of the same metal under different conditions. Although a physical size for the testing apparatus is not defined, it should be reasonable and not exceed one table top. The tests should be conducted in a manner that is safe for a trained technician.

In summary, the testing procedure should be able to predict if corrosion will be accelerated by a particular combination of different metals and the results should match Medtronic’s field tests. The testing apparatus and procedure should mimic the conditions inside the M4 Microdebrider including the saline leak and observed galvanic and crevice corrosion. The procedure should be relatively quick as compared to the current testing procedure and reusable for any other material. The testing apparatus should not occupy more than a regular-sized table top. Furthermore, the procedure should be designed such that any laboratory technician can learn how to operate it properly quickly.

Test Vehicle
The testing apparatus is consisted of a container, a lid with drilled holes, a reference electrode, an auxiliary electrode, a high-impedance voltmeter, an ammeter, a stirrer, a stirring magnet, and wires. Below is a picture of the prototype of the testing apparatus:


[image: image22]
Figure 13: LPR testing apparatus

The reference electrode, which has a constant potential at a given temperature, is used to monitor the corrosion potential of the metal or metal combination and the auxiliary electrode is utilized to complete the flow of current when voltage is applied externally. The reference electrode is a silver/silver chloride reference electrode. It was chosen because its internal solution contained the same anion as the saline solution in which the electrodes are immersed. Choosing this reference electrode eliminates the needs of a separate container for the reference electrode and a salt bridge. The auxiliary electrode is simply a piece of graphite. A high-impedance voltmeter is connected between the testing coupons and the reference electrode to avoid current flow between the two. A current flow into the reference electrode would change the potential of the reference electrode and the change could be permanent. The stirrer and the stirring magnet are used to eliminate the transient time in making measurements.

Test Methodology
Stainless steel is well-known for its passivation behavior. When supplied with enough current, stainless steel is passivated, meaning that a thin film of oxide is formed on the surface of the metal and it protects the metal from corroding. Below is a schematic of the active-passive behavior.


[image: image23]
Figure 14: Active-passive behavior of stainless steel
The light grey curve represents the oxygen reduction reaction at the surface of stainless steel. The black curve represents the anodic polarization behavior of stainless steel. The intersection to the right of the figure represents the corrosion potential at which stainless steel is passivated. When current density falls below a critical current requirement, stainless steel becomes active and cannot repassivate. The corrosion potential in the active region is represented by the left intersection. In the figure, the y-axis is in logarithm scale, therefore the corrosion current in the active region is not only two or three times higher, but 100 or 1000 times larger. Through Faraday’s Law, a higher corrosion current corresponds to a higher corrosion rate.
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Prior to actual experiments, it was speculated that by galvanically coupling stainless steel to an aluminum alloy, the aluminum coupon consumed the current that is produced by oxygen reduction reaction. Eventually when combining a piece of stainless steel to a much larger piece of aluminum coupon, the current density going to stainless steel fell below the requirement for passivation. Therefore, in a sense, there is a critical area ratio between stainless steel and aluminum, with aluminum being the larger piece, that would break down the passive layer of stainless steel.

To test this theory, the linear polarization resistance (LPR) method was performed to measure the polarization resistance of stainless steel before and after coupling it with aluminum at different area ratios. Linear polarization resistance method was chosen because it is fast, simple, and reusable for any metal or metal combinations. The LPR method is an application of Ohm’s Law. A power supply is connected to the working electrode, which are the coupons, and an auxiliary electrode. The corrosion potential of the working electrode will be continuously monitored by the silver/silver chloride reference electrode. Current will be applied to the working electrode/auxiliary electrode to perturb the natural corrosion potential of the working electrode by small voltages such as +/- 10 mV and +/- 20 mV. The current that is required to do that is recorded and through Ohm’s Law a polarization resistance can be calculated. The schematic of the test methodology is shown below:
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Figure 15: Schematic of LPR
Through the Stern-Geary equation, an inverse relationship between polarization resistance and corrosion current is observed. Therefore a higher polarization resistance indicates a lower corrosion current. A lower polarization resistance would indicate a higher corrosion current. Since only changes in the corrosion rate is interested, this methodology becomes very powerful. There are many variables that could affect the outcomes of the measurements. However, as long as all the system variables are maintained constant and only one variable is changed at a time then the measurements can give clear indications of change in corrosion rates.

Through results observed in the early phase of experiments, hysteresis was observed. Hysteresis refers to the change in the natural corrosion potential of the working electrode due to a number of environmental conditions the working electrode was subjected under. As a result, it was important to determine the corrosion potential after every since polarization.

Below is the testing procedure of linear polarization:

1) Obtain a piece of stainless steel coupon and immerse it in the saline solution.

2) Immerse the reference electrode and the auxiliary electrode into the saline solution as well. Connect the reference electrode to the positive terminal of the voltmeter and the working electrode (the stainless steel coupon) to the negative terminal.

3) Wait a few seconds for the voltage reading to stabilize. Record the stabilized voltage reading.

4) Connect the working electrode and the auxiliary electrode to the power supply and turn on the power supply. Adjust the current flow until the reading is 10mV higher than the one obtained in step 3. Record the current reading.

5) Determine the corrosion potential of the electrode again by setting the ammeter to read zero current. Record the new voltage reading.

6) Apply current again so that the voltmeter reads 10mV lower than the one obtained in step 5.

7) Repeat the cycle four more times and record the current readings.

8) Repeat the same procedure except changing the magnitude of polarization to +/- 15 mV.

9) Plot the polarizations on the y-axis and the current readings on the x-axis. Use least squares regression to fit a straight line through the origin. The slope of the line is the polarization resistance.

10) Perform the same procedure combining stainless steel to a piece of aluminum. It is important to maintain the total surface area exposed to the saline solution to be constant.

11) Remove the aluminum coupon and perform another LPR on the same piece of stainless steel.

12) Divide the polarization resistance of stainless steel obtained after the coupling to that of before to determine a change in percentage.

Test Environments
As mentioned previously, it was critical to maintain all the system variables to be constant and to adjust only one variable at a time. Below is a summary of the test environments:

· The composition of saline solution, as Medtronic had informed, is 0.9 wt% NaCl in distilled water.

· The distance between the working electrode is equidistant to the reference electrode and the auxiliary electrode. The distance is 1 ½ inches.

· The temperature is at room temperature and therefore the potential of the reference electrode is roughly 207 mV according to literature.

· The stirring speed is maintained at the lowest setting of the stirrer.

· A piece of Parafilm is used as the separator material to avoid current flow between the coupling in the solution. It was used to mimic crevice corrosion.

· Most importantly, the total surface area is 7.275 squared inches. Given coupons with constant width of 3/4 inch and constant thickness of 0.2 inch, below is a table of coupon length immersed in the solution at various area ratios:

Table 1: Length of immersion required to maintain constant total surface area

	Area Ratio (SS:Al)
	Al Length (inches)
	SS Length (inches)

	1:1
	3.03
	3.03

	1:2
	3.25
	1.98

	1:3
	3.37
	1.45

	1:4
	3.43
	1.13

	1:5
	3.48
	0.92

	1:6
	3.51
	0.77


Test Results
A total of twelve sets of experiments were performed to produce results that matched results from Medtronic’s field tests and to verify them. In the early phase of testing, several factors, including hysteresis, were not taken into account and therefore those results can be disregarded. The experiments, however, were crucial in perfecting the testing procedures and techniques in adjusting the power supply.

Below is an example of the results obtained from performing linear polarization behavior:
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All the raw data are attached to the end of this volume and similar plots are seen. The conditions of each experiment are also tabulated above the results for reference purposes. As mentioned in the test methodology section, this testing procedure is repeated for several different area ratios between the aluminum coupon and the stainless steel coupon. Below is a summary plot of the polarization resistances obtained before and after the coupling at a range of area ratios:
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From the bar graph shown above, it is observed that a sharp change occurs when the area ratio shifts from 1:5 to 1:6. This indicates that the critical area ratio is between 1:5 and 1:6. This matches the results from Medtronic’s field tests because in the M4 Microdebrider the area ratio between the aluminum housing and the stainless steel gear is estimated to be 1 to 6, respectively.

In order to verify the test results, a 1:6 ratio of 304 stainless steel and 17-4 stainless steel was tested in a similar fashion. Linear polarizing this combination did not yield the same results as one can observe from below:
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Figure 18: Polarization resistance of 304 stainless steel after combining with 17-4.
The polarization resistance of the 304 stainless steel actually went up after combining it with a much larger piece of 17-4 stainless steel. This once again matched results from Medtronic’s field tests. In the first generation, the stainless steel combination did not corrode. From the plot above, it is also concluded that corrosion rate of the 304 stainless steel is not accelerated by the galvanic couple.

In summary, it is satisfactory to state that this test method was successful and was able to predict if corrosion was accelerated by galvanically coupling stainless steel to aluminum. The results match those from Medtronic’s field tests and also the testing apparatus and procedure met the project requirements.

Appendix A: Figures
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Figure 19: EXP05.1
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Figure 20: EXP05.2
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Figure 21: EXP05.3
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Figure 22: EXP05.4
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Figure 23: EXP06.1
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Figure 24: EXP06.2
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Figure 25: EXP06.3
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Figure 26: EXP07.1
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Figure 27: EXP07.2
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Figure 28: EXP07.3
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Figure 29: EXP07.4
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Figure 30: EXP07.5
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Figure 31: EXP08.1
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Figure 32: EXP08.2
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Figure 33: EXP08.3
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Figure 34: EXP09.1
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Figure 35: EXP09.2
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Figure 36: EXP09.3
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Figure 37: EXP10.1
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Figure 38: EXP10.2
[image: image47.emf]Polarization Resistance EXP10.3



Rp = 10.26 kΩ

-20

0

20

-2 0 2

Current (uA)

Potential (mV)


Figure 39: EXP10.3
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Figure 40: EXP11.1
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Figure 41: EXP11.2
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Figure 42: EXP11.3
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Figure 43: EXP12.1
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Figure 44: EXP12.2
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Figure 45: EXP12.3
Appendix B: Tables
Table 2: EXP01

	Corrosave Engineering Solutions

	Date: 3-26-06
	Time: 20:30

	Experiment Number: EXP01

	Experimentors: TS & CV

	Sample type: 6061-T6 Aluminum

	Area ratios: Large sample

	Soln: 2500 mL distilled water + NaCl (0.9 weight percent)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.665
	(Before testing)
	Vcorr
	-0.458
	(Before testing)

	Vcorr
	0.666
	(after testing)
	Vcorr
	-0.459
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Potential (V)
	Current(uA)

	 
	0.667
	1.5
	 
	-0.46
	1.5

	 
	0.675
	7.2
	 
	-0.468
	7.2

	 
	0.682
	7.6
	 
	-0.475
	7.6

	 
	0.674
	2.2
	 
	-0.467
	2.2

	 
	0.672
	1.4
	 
	-0.465
	1.4

	 
	0.668
	-1.3
	 
	-0.461
	-1.3

	 
	0.664
	-0.9
	 
	-0.457
	-0.9

	 
	0.658
	-4.3
	 
	-0.451
	-4.3

	 
	0.648
	-8.2
	 
	-0.441
	-8.2

	 
	0.646
	-5.9
	 
	-0.439
	-5.9

	 
	0.655
	-1.2
	 
	-0.448
	-1.2

	 
	0.657
	-1.8
	 
	-0.45
	-1.8

	 
	0.659
	-1.5
	 
	-0.452
	-1.5

	 
	0.662
	-0.5
	 
	-0.455
	-0.5

	 
	0.666
	0.7
	 
	-0.459
	0.7

	 
	0.67
	4.4
	 
	-0.463
	4.4

	 
	0.672
	3.5
	 
	-0.465
	3.5

	 
	0.674
	3.4
	 
	-0.467
	3.4

	 
	0.679
	3.9
	 
	-0.472
	3.9

	 
	0.681
	6.2
	 
	-0.474
	6.2

	 
	0.688
	9.9
	 
	-0.481
	9.9

	 
	0.68
	4.8
	 
	-0.473
	4.8

	 
	0.675
	2.5
	 
	-0.468
	2.5

	 
	0.673
	2.5
	 
	-0.466
	2.5

	 
	0.67
	-0.9
	 
	-0.463
	-0.9

	 
	0.665
	-1
	 
	-0.458
	-1

	 
	0.658
	-4.7
	 
	-0.451
	-4.7

	 
	0.648
	-7.9
	 
	-0.441
	-7.9

	 
	0.639
	-10.7
	 
	-0.432
	-10.7

	 
	0.626
	-7
	 
	-0.419
	-7

	 
	0.64
	-3.9
	 
	-0.433
	-3.9

	 
	0.645
	-5.8
	 
	-0.438
	-5.8

	 
	0.652
	-2.8
	 
	-0.445
	-2.8

	 
	0.653
	-2.5
	 
	-0.446
	-2.5

	 
	0.658
	0
	 
	-0.451
	0

	 
	0.663
	0.5
	 
	-0.456
	0.5

	 
	0.667
	4.7
	 
	-0.46
	4.7

	 
	0.68
	7.4
	 
	-0.473
	7.4

	 
	0.682
	6.8
	 
	-0.475
	6.8


Table 3: EXP02

	Corrosave Engineering Solutions

	Date: 3-27-06
	Time: 16:08

	Experiment Number: EXP02

	Experimentors: TS & CV

	Sample type: 304 Stainless

	Area ratios: Llarge sample

	Starting time (s):

	Soln: 2500 mL distilled water + NaCl (0.9 weight percent)

	Temperature: Room
	 

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.0126
	(Before testing)
	Vcorr
	-0.0126
	(Before testing)

	Vcorr
	0.0147
	(after testing)
	Vcorr
	-0.0147
	(after testing)

	 
	 
	 
	 
	 
	 

	Video Time
	Potential (V)
	Current(uA)
	Time(s)
	Potential (V)
	Current(uA)

	3
	0.0077
	-10
	3
	-0.0077
	-10

	4
	0.01
	0
	4
	-0.01
	0

	5
	0.0035
	-8.7
	5
	-0.0035
	-8.7

	6
	0.002
	-8.1
	6
	-0.002
	-8.1

	7
	0.0005
	-5.8
	7
	-0.0005
	-5.8

	8
	-0.0005
	-4.7
	8
	0.0005
	-4.7

	9
	0.0014
	0.7
	9
	-0.0014
	0.7

	10
	0.0149
	9.4
	10
	-0.0149
	9.4

	11
	0.0131
	5
	11
	-0.0131
	5

	12
	0.0174
	-1.4
	12
	-0.0174
	-1.4

	13
	0.0111
	-2.1
	13
	-0.0111
	-2.1

	14
	0.0099
	-1.9
	11
	-0.0099
	-1.9

	15
	0.0077
	-2.3
	15
	-0.0077
	-2.3

	16
	0.0065
	-2.4
	16
	-0.0065
	-2.4

	17
	0.0055
	-0.7
	17
	-0.0055
	-0.7

	18
	0.0084
	0
	18
	-0.0084
	0

	19
	0.0089
	0.6
	19
	-0.0089
	0.6

	20
	0.0098
	0.7
	20
	-0.0098
	0.7

	21
	0.0112
	1.3
	21
	-0.0112
	1.3

	22
	0.0125
	1.7
	22
	-0.0125
	1.7

	23
	0.0096
	-2.3
	23
	-0.0096
	-2.3

	24
	0.0071
	-2.8
	24
	-0.0071
	-2.8

	25
	0.006
	-2.3
	25
	-0.006
	-2.3

	26
	0.0055
	-1.8
	26
	-0.0055
	-1.8

	27
	0.0054
	-1.7
	27
	-0.0054
	-1.7

	28
	0.0046
	-2
	28
	-0.0046
	-2

	29
	0.0037
	-2.1
	29
	-0.0037
	-2.1

	30
	0.0028
	-2.5
	30
	-0.0028
	-2.5

	31
	0.0039
	0.5
	31
	-0.0039
	0.5

	32
	0.0063
	0.9
	32
	-0.0063
	0.9

	33
	0.0081
	1.5
	33
	-0.0081
	1.5

	34
	0.0085
	1.1
	34
	-0.0085
	1.1

	35
	0.0089
	0.9
	35
	-0.0089
	0.9

	36
	0.0094
	0.9
	36
	-0.0094
	0.9

	37
	0.663
	1.9
	37
	-0.663
	1.9

	38
	0.0088
	-1
	38
	-0.0088
	-1

	39
	0.0078
	-1.3
	39
	-0.0078
	-1.3

	40
	0.0067
	-1.4
	40
	-0.0067
	-1.4

	41
	0.0064
	-1.2
	41
	-0.0064
	-1.2

	42
	0.0051
	-1.8
	42
	-0.0051
	-1.8

	43
	0.0087
	1.7
	43
	-0.0087
	1.7

	44
	0.0091
	1.3
	44
	-0.0091
	1.3

	45
	0.0092
	0.7
	45
	-0.0092
	0.7

	46
	0.0105
	1
	46
	-0.0105
	1

	47
	0.0117
	1.8
	47
	-0.0117
	1.8

	48
	0.0131
	2.2
	48
	-0.0131
	2.2

	49
	0.0144
	2.7
	49
	-0.0144
	2.7

	50
	0.0163
	3.1
	50
	-0.0163
	3.1

	51
	0.0174
	3.4
	51
	-0.0174
	3.4

	52
	0.0188
	3.5
	52
	-0.0188
	3.5

	53
	0.0193
	3.1
	53
	-0.0193
	3.1

	54
	0.0192
	2.5
	54
	-0.0192
	2.5

	55
	0.0193
	2.2
	55
	-0.0193
	2.2


Table 4: EXP03.1

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 1:50

	Experiment Number: EXP03.1

	Experimentors: TS

	Sample type: 6061-T6 Aluminum

	Area ratios: NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.965
	(Before testing)
	Vcorr
	-0.965
	(Before testing)

	Vcorr
	0.935
	(after testing)
	Vcorr
	-0.935
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	Delta V (mV)
	Current(uA)
	 

	 
	0.957
	-5.3
	8.0
	5.3
	 

	 
	0.798
	-23.1
	 
	 
	 

	 
	0.798
	-21.2
	 
	 
	 

	 
	0.829
	19.4
	 
	 
	 

	 
	0.971
	31.7
	 
	 
	 

	 
	1.025
	11.9
	-60.0
	-11.9
	 

	 
	1.002
	-0.2
	-37.0
	0.2
	 

	 
	0.985
	4
	-20.0
	-4
	 

	 
	0.985
	3.3
	-20.0
	-3.3
	 

	 
	0.986
	3.3
	-21.0
	-3.3
	 

	 
	0.985
	3.4
	-20.0
	-3.4
	 

	 
	0.985
	3.5
	-20.0
	-3.5
	 

	 
	0.969
	-5.2
	-4.0
	5.2
	 

	 
	0.940
	-3.6
	25.0
	3.6
	 

	 
	0.932
	-4
	33.0
	4
	 

	 
	0.927
	-4.3
	38.0
	4.3
	 

	 
	0.934
	10.2
	31.0
	-10.2
	 

	 
	0.979
	5.8
	-14.0
	-5.8
	 

	 
	0.973
	-0.1
	-8.0
	0.1
	 

	 
	0.981
	-1.5
	-16.0
	1.5
	 

	 
	0.974
	-8.6
	-9.0
	8.6
	 

	 
	0.935
	-4.5
	30.0
	4.5
	 

	 
	0.944
	4.7
	21.0
	-4.7
	 

	 
	0.950
	2.7
	15.0
	-2.7
	 

	 
	0.954
	1
	11.0
	-1
	 

	 
	0.957
	7.5
	8.0
	-7.5
	 

	 
	0.964
	5.5
	1.0
	-5.5
	 

	 
	0.971
	4.8
	-6.0
	-4.8
	 

	 
	0.973
	4
	-8.0
	-4
	 

	 
	0.980
	7.2
	-15.0
	-7.2
	 

	 
	0.983
	0.7
	-18.0
	-0.7
	 

	 
	0.973
	1.5
	-8.0
	-1.5
	 

	 
	0.972
	2.8
	-7.0
	-2.8
	 

	 
	0.972
	3
	-7.0
	-3
	 

	 
	0.663
	3
	302.0
	-3
	 

	 
	0.970
	3.1
	-5.0
	-3.1
	 

	 
	0.970
	2.9
	-5.0
	-2.9
	 

	 
	0.969
	2.8
	-4.0
	-2.8
	 

	 
	0.969
	2.9
	-4.0
	-2.9
	 

	 
	0.967
	0.5
	-2.0
	-0.5
	 

	 
	0.959
	1
	6.0
	-1
	 

	 
	0.958
	2
	7.0
	-2
	 

	 
	0.956
	0.4
	9.0
	-0.4
	 

	 
	0.948
	0
	17.0
	0
	 

	 
	0.947
	0.5
	18.0
	-0.5
	 

	 
	0.947
	1.2
	18.0
	-1.2
	 

	 
	0.947
	0.9
	18.0
	-0.9
	 

	 
	0.946
	1
	19.0
	-1
	 

	 
	0.947
	0.9
	18.0
	-0.9
	 

	 
	0.947
	0.9
	18.0
	-0.9
	 

	 
	0.946
	0.9
	19.0
	-0.9
	 


Table 5: EXP03.2

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 2:00

	Experiment Number: EXP03.2

	Experimentors: TS

	Sample type: 304 Stainless Steel

	Area ratios: NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.079
	(Before testing)
	Vcorr
	0.128
	(Before testing)

	Vcorr
	0.074
	(after testing)
	Vcorr
	0.133
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	 
	0.088
	3
	-9.0
	-3
	 

	 
	0.094
	2.3
	-15.0
	-2.3
	 

	 
	0.095
	1.9
	-16.0
	-1.9
	 

	 
	0.079
	-1.1
	0.0
	1.1
	 

	 
	0.077
	0.9
	2.0
	-0.9
	 

	 
	0.084
	0.9
	-5.0
	-0.9
	 

	 
	0.093
	3
	-14.0
	-3
	 

	 
	0.099
	2
	-20.0
	-2
	 

	 
	0.093
	1.7
	-14.0
	-1.7
	 

	 
	0.090
	1.1
	-11.0
	-1.1
	 

	 
	0.089
	0.8
	-10.0
	-0.8
	 

	 
	0.088
	0.6
	-9.0
	-0.6
	 

	 
	0.085
	0.4
	-6.0
	-0.4
	 

	 
	0.084
	0
	-5.0
	0
	 

	 
	0.079
	-0.8
	0.0
	0.8
	 

	 
	0.078
	-0.6
	1.0
	0.6
	 

	 
	0.075
	-0.8
	4.0
	0.8
	 

	 
	0.073
	-0.9
	6.0
	0.9
	 

	 
	0.072
	-0.9
	7.0
	0.9
	 

	 
	0.069
	-1.3
	10.0
	1.3
	 

	 
	0.067
	-1.4
	12.0
	1.4
	 

	 
	0.066
	-1.1
	13.0
	1.1
	 

	 
	0.069
	-0.4
	10.0
	0.4
	 

	 
	0.070
	-0.2
	9.0
	0.2
	 

	 
	0.071
	-0.5
	8.0
	0.5
	 

	 
	0.073
	0
	6.0
	0
	 

	 
	0.074
	0
	5.0
	0
	 

	 
	0.075
	0
	4.0
	0
	 

	 
	0.080
	0.3
	-1.0
	-0.3
	 

	 
	0.082
	0.2
	-3.0
	-0.2
	 

	 
	0.083
	0.3
	-4.0
	-0.3
	 

	 
	0.086
	0.9
	-7.0
	-0.9
	 

	 
	0.084
	0.4
	-5.0
	-0.4
	 

	 
	0.082
	0
	-3.0
	0
	 

	 
	0.079
	0
	0.0
	0
	 

	 
	0.663
	0
	-584.0
	0
	 

	 
	0.077
	0
	2.0
	0
	 

	 
	0.074
	-0.2
	5.0
	0.2
	 

	 
	0.073
	-0.8
	6.0
	0.8
	 

	 
	0.074
	-0.6
	5.0
	0.6
	 

	 
	0.085
	1.2
	-6.0
	-1.2
	 

	 
	0.089
	1.8
	-10.0
	-1.8
	 

	 
	0.086
	0.9
	-7.0
	-0.9
	 

	 
	0.088
	0.3
	-9.0
	-0.3
	 

	 
	0.081
	0
	-2.0
	0
	 

	 
	0.080
	-0.6
	-1.0
	0.6
	 

	 
	0.078
	-0.1
	1.0
	0.1
	 

	 
	0.074
	-0.7
	5.0
	0.7
	 

	 
	0.074
	-1.1
	5.0
	1.1
	 

	 
	0.071
	-1.5
	8.0
	1.5
	 

	 
	0.069
	-1.1
	10.0
	1.1
	 


Table 6: EXP03.3

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 2:10

	Experiment Number: EXP03.3

	Experimentors: TS

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 1:1

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.605
	(Before testing)
	Vcorr
	-0.398
	(Before testing)

	Vcorr
	0.596
	(after testing)
	Vcorr
	-0.389
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.636
	587
	 
	-31
	-587

	 
	0.639
	578
	 
	-34
	-578

	 
	0.638
	615
	 
	-33
	-615

	 
	0.63
	442
	 
	-25
	-442

	 
	0.619
	339.4
	 
	-14
	-339.4

	 
	0.617
	297
	 
	-12
	-297

	 
	0.614
	261.7
	 
	-9
	-261.7

	 
	0.612
	236
	 
	-7
	-236

	 
	0.61
	210.3
	 
	-5
	-210.3

	 
	0.61
	203.4
	 
	-5
	-203.4

	 
	0.607
	146.4
	 
	-2
	-146.4

	 
	0.605
	138.2
	 
	0
	-138.2

	 
	0.605
	122.5
	 
	0
	-122.5

	 
	0.603
	89.6
	 
	2
	-89.6

	 
	0.601
	73.6
	 
	4
	-73.6

	 
	0.599
	46.6
	 
	6
	-46.6

	 
	0.6
	39.9
	 
	5
	-39.9

	 
	0.599
	25.4
	 
	6
	-25.4

	 
	0.598
	6.4
	 
	7
	-6.4

	 
	0.598
	-5
	 
	7
	5

	 
	0.597
	-18.8
	 
	8
	18.8

	 
	0.597
	-52.1
	 
	8
	52.1

	 
	0.599
	-85.3
	 
	6
	85.3

	 
	0.593
	-104
	 
	12
	104

	 
	0.592
	-113.3
	 
	13
	113.3

	 
	0.591
	-120.5
	 
	14
	120.5

	 
	0.594
	-71
	 
	11
	71

	 
	0.595
	-45.1
	 
	10
	45.1

	 
	0.598
	-23.5
	 
	7
	23.5

	 
	0.6
	17.7
	 
	5
	-17.7

	 
	0.6
	22.1
	 
	5
	-22.1

	 
	0.601
	33
	 
	4
	-33

	 
	0.601
	35
	 
	4
	-35

	 
	0.602
	55.8
	 
	3
	-55.8

	 
	0.603
	62
	 
	2
	-62

	 
	0.663
	80.5
	 
	-58
	-80.5

	 
	0.605
	95
	 
	0
	-95

	 
	0.605
	115.3
	 
	0
	-115.3

	 
	0.606
	148.1
	 
	-1
	-148.1

	 
	0.607
	183.1
	 
	-2
	-183.1

	 
	0.608
	200
	 
	-3
	-200

	 
	0.606
	144.5
	 
	-1
	-144.5

	 
	0.604
	121.9
	 
	1
	-121.9

	 
	0.6
	75.6
	 
	5
	-75.6

	 
	0.599
	55.2
	 
	6
	-55.2

	 
	0.599
	39.8
	 
	6
	-39.8

	 
	0.598
	22.3
	 
	7
	-22.3

	 
	0.595
	13.5
	 
	10
	-13.5

	 
	0.595
	4.5
	 
	10
	-4.5

	 
	0.594
	-16.8
	 
	11
	16.8

	 
	0.599
	-24.3
	 
	6
	24.3


Table 7: EXP03.4

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 2:20

	Experiment Number: EXP03.4

	Experimentors: TS

	Sample type: 6061-T6 Aluminum

	Area ratios: NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.790
	(Before testing)
	Vcorr
	-0.583
	(Before testing)

	Vcorr
	0.798
	(after testing)
	Vcorr
	-0.591
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.819
	1.5
	 
	-29
	-1.5

	 
	0.821
	8.7
	 
	-31
	-8.7

	 
	0.829
	8.4
	 
	-39
	-8.4

	 
	0.838
	7.7
	 
	-48
	-7.7

	 
	0.826
	-11.9
	 
	-36
	11.9

	 
	0.784
	-4.9
	 
	6
	4.9

	 
	0.786
	-3.3
	 
	4
	3.3

	 
	0.777
	-4.9
	 
	13
	4.9

	 
	0.789
	1.5
	 
	1
	-1.5

	 
	0.792
	0
	 
	-2
	0

	 
	0.758
	-11.7
	 
	32
	11.7

	 
	0.748
	-7
	 
	42
	7

	 
	0.759
	-1.4
	 
	31
	1.4

	 
	0.776
	1.4
	 
	14
	-1.4

	 
	0.782
	1.2
	 
	8
	-1.2

	 
	0.788
	1.6
	 
	2
	-1.6

	 
	0.806
	6.6
	 
	-16
	-6.6

	 
	0.814
	6.1
	 
	-24
	-6.1

	 
	0.808
	1.2
	 
	-18
	-1.2

	 
	0.806
	0.9
	 
	-16
	-0.9

	 
	0.802
	0
	 
	-12
	0

	 
	0.799
	-0.2
	 
	-9
	0.2

	 
	0.796
	0
	 
	-6
	0

	 
	0.795
	0
	 
	-5
	0

	 
	0.782
	-3.1
	 
	8
	3.1

	 
	0.776
	-4.3
	 
	14
	4.3

	 
	0.774
	-4.1
	 
	16
	4.1

	 
	0.775
	0.4
	 
	15
	-0.4

	 
	0.782
	0.3
	 
	8
	-0.3

	 
	0.785
	-0.3
	 
	5
	0.3

	 
	0.795
	2.3
	 
	-5
	-2.3

	 
	0.798
	1.3
	 
	-8
	-1.3

	 
	0.799
	1.1
	 
	-9
	-1.1

	 
	0.8
	1.2
	 
	-10
	-1.2

	 
	0.803
	1.6
	 
	-13
	-1.6

	 
	0.663
	1.8
	 
	127
	-1.8

	 
	0.805
	2
	 
	-15
	-2

	 
	0.808
	-0.1
	 
	-18
	0.1

	 
	0.806
	0.3
	 
	-16
	-0.3

	 
	0.805
	0.9
	 
	-15
	-0.9

	 
	0.799
	-0.5
	 
	-9
	0.5

	 
	0.798
	-0.5
	 
	-8
	0.5

	 
	0.796
	-0.3
	 
	-6
	0.3

	 
	0.788
	-2.5
	 
	2
	2.5

	 
	0.786
	-1.8
	 
	4
	1.8

	 
	0.783
	-1.4
	 
	7
	1.4

	 
	0.786
	4.2
	 
	4
	-4.2

	 
	0.8
	4.4
	 
	-10
	-4.4

	 
	0.81
	3.2
	 
	-20
	-3.2

	 
	0.8
	0.3
	 
	-10
	-0.3

	 
	0.794
	-0.1
	 
	-4
	0.1


Table 8: EXP03.5

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 2:30

	Experiment Number: EXP03.5

	Experimentors: TS

	Sample type:304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.068
	(Before testing)
	Vcorr
	0.139
	(Before testing)

	Vcorr
	0.056
	(after testing)
	Vcorr
	0.151
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.077
	7.6
	 
	-9.0
	-7.6

	 
	0.083
	5
	 
	-15.0
	-5

	 
	0.084
	4.1
	 
	-16.0
	-4.1

	 
	0.082
	2.2
	 
	-14.0
	-2.2

	 
	0.081
	1.3
	 
	-13.0
	-1.3

	 
	0.080
	1.3
	 
	-12.0
	-1.3

	 
	0.077
	0.6
	 
	-9.0
	-0.6

	 
	0.074
	-0.3
	 
	-6.0
	0.3

	 
	0.068
	-1.6
	 
	0.0
	1.6

	 
	0.066
	-1.6
	 
	2.0
	1.6

	 
	0.065
	-1.4
	 
	3.0
	1.4

	 
	0.064
	-4.7
	 
	4.0
	4.7

	 
	0.054
	-4.6
	 
	14.0
	4.6

	 
	0.050
	-3.9
	 
	18.0
	3.9

	 
	0.048
	-2.9
	 
	20.0
	2.9

	 
	0.051
	-0.8
	 
	17.0
	0.8

	 
	0.054
	-0.1
	 
	14.0
	0.1

	 
	0.087
	-0.5
	 
	-19.0
	0.5

	 
	0.059
	0.8
	 
	9.0
	-0.8

	 
	0.061
	1.1
	 
	7.0
	-1.1

	 
	0.065
	1.6
	 
	3.0
	-1.6

	 
	0.067
	2.2
	 
	1.0
	-2.2

	 
	0.069
	2.2
	 
	-1.0
	-2.2

	 
	0.071
	2.5
	 
	-3.0
	-2.5

	 
	0.073
	2.5
	 
	-5.0
	-2.5

	 
	0.076
	2.9
	 
	-8.0
	-2.9

	 
	0.078
	3.1
	 
	-10.0
	-3.1

	 
	0.080
	3.1
	 
	-12.0
	-3.1

	 
	0.080
	3.1
	 
	-12.0
	-3.1

	 
	0.081
	3.1
	 
	-13.0
	-3.1

	 
	0.082
	2.9
	 
	-14.0
	-2.9

	 
	0.083
	2.9
	 
	-15.0
	-2.9

	 
	0.083
	2
	 
	-15.0
	-2

	 
	0.082
	1.4
	 
	-14.0
	-1.4

	 
	0.078
	-0.1
	 
	-10.0
	0.1

	 
	0.663
	0
	 
	-595.0
	0

	 
	0.075
	0
	 
	-7.0
	0

	 
	0.074
	0
	 
	-6.0
	0

	 
	0.073
	-0.2
	 
	-5.0
	0.2

	 
	0.072
	-0.4
	 
	-4.0
	0.4

	 
	0.069
	-0.5
	 
	-1.0
	0.5

	 
	0.067
	-0.6
	 
	1.0
	0.6

	 
	0.067
	-0.7
	 
	1.0
	0.7

	 
	0.065
	-1
	 
	3.0
	1

	 
	0.063
	-1.2
	 
	5.0
	1.2

	 
	0.060
	-1.5
	 
	8.0
	1.5

	 
	0.058
	-1.7
	 
	10.0
	1.7

	 
	0.056
	-2.1
	 
	12.0
	2.1

	 
	0.056
	-2.4
	 
	12.0
	2.4

	 
	0.051
	-2.7
	 
	17.0
	2.7

	 
	0.047
	-3.1
	 
	21.0
	3.1


Table 9: EXP04.1

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 2:40

	Experiment Number: EXP04.1

	Experimentors: TS

	Sample type: 6061-T6 Aluminum

	Area ratios: NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.790
	(Before testing)
	Vcorr
	-0.583
	(Before testing)

	Vcorr
	0.798
	(after testing)
	Vcorr
	-0.591
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.819
	1.5
	 
	-29
	-1.5

	 
	0.821
	8.7
	 
	-31
	-8.7

	 
	0.829
	8.4
	 
	-39
	-8.4

	 
	0.838
	7.7
	 
	-48
	-7.7

	 
	0.826
	-11.9
	 
	-36
	11.9

	 
	0.784
	-4.9
	 
	6
	4.9

	 
	0.786
	-3.3
	 
	4
	3.3

	 
	0.777
	-4.9
	 
	13
	4.9

	 
	0.789
	1.5
	 
	1
	-1.5

	 
	0.792
	0
	 
	-2
	0

	 
	0.758
	-11.7
	 
	32
	11.7

	 
	0.748
	-7
	 
	42
	7

	 
	0.759
	-1.4
	 
	31
	1.4

	 
	0.776
	1.4
	 
	14
	-1.4

	 
	0.782
	1.2
	 
	8
	-1.2

	 
	0.788
	1.6
	 
	2
	-1.6

	 
	0.806
	6.6
	 
	-16
	-6.6

	 
	0.814
	6.1
	 
	-24
	-6.1

	 
	0.808
	1.2
	 
	-18
	-1.2

	 
	0.806
	0.9
	 
	-16
	-0.9

	 
	0.802
	0
	 
	-12
	0

	 
	0.799
	-0.2
	 
	-9
	0.2

	 
	0.796
	0
	 
	-6
	0

	 
	0.795
	0
	 
	-5
	0

	 
	0.782
	-3.1
	 
	8
	3.1

	 
	0.776
	-4.3
	 
	14
	4.3

	 
	0.774
	-4.1
	 
	16
	4.1

	 
	0.775
	0.4
	 
	15
	-0.4

	 
	0.782
	0.3
	 
	8
	-0.3

	 
	0.785
	-0.3
	 
	5
	0.3

	 
	0.795
	2.3
	 
	-5
	-2.3

	 
	0.798
	1.3
	 
	-8
	-1.3

	 
	0.799
	1.1
	 
	-9
	-1.1

	 
	0.8
	1.2
	 
	-10
	-1.2

	 
	0.803
	1.6
	 
	-13
	-1.6

	 
	0.663
	1.8
	 
	127
	-1.8

	 
	0.805
	2
	 
	-15
	-2

	 
	0.808
	-0.1
	 
	-18
	0.1

	 
	0.806
	0.3
	 
	-16
	-0.3

	 
	0.805
	0.9
	 
	-15
	-0.9

	 
	0.799
	-0.5
	 
	-9
	0.5

	 
	0.798
	-0.5
	 
	-8
	0.5

	 
	0.796
	-0.3
	 
	-6
	0.3

	 
	0.788
	-2.5
	 
	2
	2.5

	 
	0.786
	-1.8
	 
	4
	1.8

	 
	0.783
	-1.4
	 
	7
	1.4

	 
	0.786
	4.2
	 
	4
	-4.2

	 
	0.8
	4.4
	 
	-10
	-4.4

	 
	0.81
	3.2
	 
	-20
	-3.2

	 
	0.8
	0.3
	 
	-10
	-0.3

	 
	0.794
	-0.1
	 
	-4
	0.1


Table 10: EXP04.2

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 2:50

	Experiment Number: EXP04.2

	Experimentors: TS

	Sample type:304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.068
	(Before testing)
	Vcorr
	0.139
	(Before testing)

	Vcorr
	0.056
	(after testing)
	Vcorr
	0.151
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.077
	7.6
	 
	-9
	-7.6

	 
	0.083
	5
	 
	-15
	-5

	 
	0.084
	4.1
	 
	-16
	-4.1

	 
	0.082
	2.2
	 
	-14
	-2.2

	 
	0.081
	1.3
	 
	-13
	-1.3

	 
	0.080
	1.3
	 
	-12
	-1.3

	 
	0.077
	0.6
	 
	-9
	-0.6

	 
	0.074
	-0.3
	 
	-6
	0.3

	 
	0.068
	-1.6
	 
	0
	1.6

	 
	0.066
	-1.6
	 
	2
	1.6

	 
	0.065
	-1.4
	 
	3
	1.4

	 
	0.064
	-4.7
	 
	4
	4.7

	 
	0.054
	-4.6
	 
	14
	4.6

	 
	0.050
	-3.9
	 
	18
	3.9

	 
	0.048
	-2.9
	 
	20
	2.9

	 
	0.051
	-0.8
	 
	17
	0.8

	 
	0.054
	-0.1
	 
	14
	0.1

	 
	0.087
	-0.5
	 
	-19
	0.5

	 
	0.059
	0.8
	 
	9
	-0.8

	 
	0.061
	1.1
	 
	7
	-1.1

	 
	0.065
	1.6
	 
	3
	-1.6

	 
	0.067
	2.2
	 
	1
	-2.2

	 
	0.069
	2.2
	 
	-1
	-2.2

	 
	0.071
	2.5
	 
	-3
	-2.5

	 
	0.073
	2.5
	 
	-5
	-2.5

	 
	0.076
	2.9
	 
	-8
	-2.9

	 
	0.078
	3.1
	 
	-10
	-3.1

	 
	0.080
	3.1
	 
	-12
	-3.1

	 
	0.080
	3.1
	 
	-12
	-3.1

	 
	0.081
	3.1
	 
	-13
	-3.1

	 
	0.082
	2.9
	 
	-14
	-2.9

	 
	0.083
	2.9
	 
	-15
	-2.9

	 
	0.083
	2
	 
	-15
	-2

	 
	0.082
	1.4
	 
	-14
	-1.4

	 
	0.078
	-0.1
	 
	-10
	0.1

	 
	0.663
	0
	 
	-595
	0

	 
	0.075
	0
	 
	-7
	0

	 
	0.074
	0
	 
	-6
	0

	 
	0.073
	-0.2
	 
	-5
	0.2

	 
	0.072
	-0.4
	 
	-4
	0.4

	 
	0.069
	-0.5
	 
	-1
	0.5

	 
	0.067
	-0.6
	 
	1
	0.6

	 
	0.067
	-0.7
	 
	1
	0.7

	 
	0.065
	-1
	 
	3
	1

	 
	0.063
	-1.2
	 
	5
	1.2

	 
	0.060
	-1.5
	 
	8
	1.5

	 
	0.058
	-1.7
	 
	10
	1.7

	 
	0.056
	-2.1
	 
	12
	2.1

	 
	0.056
	-2.4
	 
	12
	2.4

	 
	0.051
	-2.7
	 
	17
	2.7

	 
	0.047
	-3.1
	 
	21
	3.1


Table 11: EXP04.3

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 3:00

	Experiment Number: EXP04.3

	Experimentors: TS

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios:4:1

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.646
	(Before testing)
	Vcorr
	-0.439
	(Before testing)

	Vcorr
	0.641
	(after testing)
	Vcorr
	-0.434
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.652
	-93.4
	 
	-6
	93.4

	 
	0.649
	-116.4
	 
	-3
	116.4

	 
	0.645
	-147
	 
	1
	147

	 
	0.642
	-152.7
	 
	4
	152.7

	 
	0.638
	-172.4
	 
	8
	172.4

	 
	0.638
	-175.1
	 
	8
	175.1

	 
	0.638
	-189.7
	 
	8
	189.7

	 
	0.637
	-217.7
	 
	9
	217.7

	 
	0.637
	-231.1
	 
	9
	231.1

	 
	0.634
	-264.2
	 
	12
	264.2

	 
	0.634
	-264.2
	 
	12
	264.2

	 
	0.633
	-274.5
	 
	13
	274.5

	 
	0.635
	-262
	 
	11
	262

	 
	0.639
	-236
	 
	7
	236

	 
	0.640
	-221.9
	 
	6
	221.9

	 
	0.641
	-206.2
	 
	5
	206.2

	 
	0.642
	-202.9
	 
	4
	202.9

	 
	0.643
	-194
	 
	3
	194

	 
	0.642
	-193.3
	 
	4
	193.3

	 
	0.642
	-191.6
	 
	4
	191.6

	 
	0.642
	-180.7
	 
	4
	180.7

	 
	0.643
	-170.4
	 
	3
	170.4

	 
	0.644
	-155.3
	 
	2
	155.3

	 
	0.646
	-147.4
	 
	0
	147.4

	 
	0.646
	-141.2
	 
	0
	141.2

	 
	0.647
	-110.8
	 
	-1
	110.8

	 
	0.648
	-91.8
	 
	-2
	91.8

	 
	0.649
	-83.1
	 
	-3
	83.1

	 
	0.649
	-72.8
	 
	-3
	72.8

	 
	0.650
	-68
	 
	-4
	68

	 
	0.650
	-68
	 
	-4
	68

	 
	0.653
	-43.3
	 
	-7
	43.3

	 
	0.653
	-36.7
	 
	-7
	36.7

	 
	0.653
	-37
	 
	-7
	37

	 
	0.652
	-37.2
	 
	-6
	37.2

	 
	0.663
	-37.3
	 
	-17
	37.3

	 
	0.650
	-25.2
	 
	-4
	25.2

	 
	0.652
	6.6
	 
	-6
	-6.6

	 
	0.658
	46.7
	 
	-12
	-46.7

	 
	0.659
	81.4
	 
	-13
	-81.4

	 
	0.669
	93.4
	 
	-23
	-93.4

	 
	0.659
	81.4
	 
	-13
	-81.4

	 
	0.658
	78
	 
	-12
	-78

	 
	0.658
	78
	 
	-12
	-78

	 
	0.657
	75.9
	 
	-11
	-75.9

	 
	0.656
	74.4
	 
	-10
	-74.4

	 
	0.656
	73.3
	 
	-10
	-73.3

	 
	0.656
	60.1
	 
	-10
	-60.1

	 
	0.654
	44.5
	 
	-8
	-44.5

	 
	0.652
	35.8
	 
	-6
	-35.8

	 
	0.652
	30.7
	 
	-6
	-30.7


Table 12: EXP04.4

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time: 3:10

	Experiment Number: EXP04.4

	Experimentors: TS

	Sample type: 6061-T6 Aluminum

	Area ratios: NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.838
	(Before testing)
	Vcorr
	-0.631
	(Before testing)

	Vcorr
	0.846
	(after testing)
	Vcorr
	-0.639
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.834
	-6.7
	 
	4
	6.7

	 
	0.826
	-6.4
	 
	12
	6.4

	 
	0.835
	0
	 
	3
	0

	 
	0.845
	6.5
	 
	-7
	-6.5

	 
	0.86
	-1.6
	 
	-22
	1.6

	 
	0.846
	-0.3
	 
	-8
	0.3

	 
	0.841
	-7.5
	 
	-3
	7.5

	 
	0.838
	-2.7
	 
	0
	2.7

	 
	0.828
	-3.3
	 
	10
	3.3

	 
	0.821
	-3.6
	 
	17
	3.6

	 
	0.823
	-2.2
	 
	15
	2.2

	 
	0.825
	-1.5
	 
	13
	1.5

	 
	0.826
	-1.6
	 
	12
	1.6

	 
	0.829
	0
	 
	9
	0

	 
	0.835
	0
	 
	3
	0

	 
	0.838
	0.5
	 
	0
	-0.5

	 
	0.837
	-0.1
	 
	1
	0.1

	 
	0.838
	0
	 
	0
	0

	 
	0.842
	-0.5
	 
	-4
	0.5

	 
	0.843
	0.8
	 
	-5
	-0.8

	 
	0.85
	2.9
	 
	-12
	-2.9

	 
	0.853
	2
	 
	-15
	-2

	 
	0.853
	1.3
	 
	-15
	-1.3

	 
	0.847
	-0.1
	 
	-9
	0.1

	 
	0.863
	7.1
	 
	-25
	-7.1

	 
	0.867
	6.2
	 
	-29
	-6.2

	 
	0.874
	4.9
	 
	-36
	-4.9

	 
	0.876
	3.9
	 
	-38
	-3.9

	 
	0.879
	4.1
	 
	-41
	-4.1

	 
	0.886
	6.2
	 
	-48
	-6.2

	 
	0.88
	2.2
	 
	-42
	-2.2

	 
	0.875
	2.1
	 
	-37
	-2.1

	 
	0.875
	2.1
	 
	-37
	-2.1

	 
	0.87
	1.6
	 
	-32
	-1.6

	 
	0.866
	1.5
	 
	-28
	-1.5

	 
	0.663
	0.3
	 
	175
	-0.3

	 
	0.856
	-0.3
	 
	-18
	0.3

	 
	0.852
	0
	 
	-14
	0

	 
	0.852
	0.1
	 
	-14
	-0.1

	 
	0.847
	-2.1
	 
	-9
	2.1

	 
	0.834
	-11
	 
	4
	11

	 
	0.818
	-5.7
	 
	20
	5.7

	 
	0.818
	-5.7
	 
	20
	5.7

	 
	0.812
	-5.4
	 
	26
	5.4

	 
	0.811
	-1.1
	 
	27
	1.1

	 
	0.818
	-2.3
	 
	20
	2.3

	 
	0.82
	-2
	 
	18
	2

	 
	0.828
	-0.9
	 
	10
	0.9

	 
	0.838
	0
	 
	0
	0

	 
	0.839
	1.4
	 
	-1
	-1.4

	 
	0.844
	1.3
	 
	-6
	-1.3


Table 13: EXP04.5

	Corrosave Engineering Solutions

	Date: 3-28-06
	Time:3:20

	Experiment Number: EXP04.5

	Experimentors: TS

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	Reference voltage:
	0.207

	 

	Meter readings
	Real potentials & time

	Vcorr
	0.133
	(Before testing)
	Vcorr
	0.074
	(Before testing)

	Vcorr
	0.077
	(after testing)
	Vcorr
	0.13
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	 
	Over voltage (mV)
	Current(uA)

	 
	0.080
	-5.6
	 
	53
	5.6

	 
	0.072
	-11.2
	 
	61
	11.2

	 
	0.068
	-11.2
	 
	65
	11.2

	 
	0.066
	-10.1
	 
	67
	10.1

	 
	0.066
	-10.1
	 
	67
	10.1

	 
	0.050
	-13.9
	 
	83
	13.9

	 
	0.049
	-15.1
	 
	84
	15.1

	 
	0.058
	-13.8
	 
	75
	13.8

	 
	0.046
	-15.2
	 
	87
	15.2

	 
	0.045
	-17.5
	 
	88
	17.5

	 
	0.037
	-15.1
	 
	96
	15.1

	 
	0.037
	-15.1
	 
	96
	15.1

	 
	0.031
	-18.2
	 
	102
	18.2

	 
	0.031
	-17.1
	 
	102
	17.1

	 
	0.039
	-12.8
	 
	94
	12.8

	 
	0.045
	-11.8
	 
	88
	11.8

	 
	0.046
	-11.5
	 
	87
	11.5

	 
	0.047
	-10.4
	 
	86
	10.4

	 
	0.051
	-9.7
	 
	82
	9.7

	 
	0.053
	-9
	 
	80
	9

	 
	0.057
	-9.3
	 
	76
	9.3

	 
	0.055
	-9.8
	 
	78
	9.8

	 
	0.055
	-9
	 
	78
	9

	 
	0.054
	-8.8
	 
	79
	8.8

	 
	0.054
	-8.6
	 
	79
	8.6

	 
	0.055
	-9.1
	 
	78
	9.1

	 
	0.055
	-9.1
	 
	78
	9.1

	 
	0.054
	-9.9
	 
	79
	9.9

	 
	0.069
	-7.3
	 
	64
	7.3

	 
	0.069
	-7.3
	 
	64
	7.3

	 
	0.070
	-5.1
	 
	63
	5.1

	 
	0.071
	-5.1
	 
	62
	5.1

	 
	0.077
	-4.6
	 
	56
	4.6

	 
	0.077
	-5.8
	 
	56
	5.8

	 
	0.082
	0
	 
	51
	0

	 
	0.663
	-2.9
	 
	-530
	2.9

	 
	0.091
	-1.9
	 
	42
	1.9

	 
	0.092
	-2.2
	 
	41
	2.2

	 
	0.093
	-1.7
	 
	40
	1.7

	 
	0.098
	2.1
	 
	35
	-2.1

	 
	0.116
	2.9
	 
	17
	-2.9

	 
	0.119
	5.4
	 
	14
	-5.4

	 
	0.131
	6.4
	 
	2
	-6.4

	 
	0.177
	4.3
	 
	-44
	-4.3

	 
	0.171
	-0.6
	 
	-38
	0.6

	 
	0.155
	1.4
	 
	-22
	-1.4

	 
	0.161
	14
	 
	-28
	-14

	 
	0.165
	11.2
	 
	-32
	-11.2

	 
	0.168
	8.5
	 
	-35
	-8.5

	 
	0.155
	1.8
	 
	-22
	-1.8

	 
	0.152
	2.2
	 
	-19
	-2.2


Table 14: EXP05.1

	Corrosave Engineering Solutions

	Date: 3-29-06
	Time:

	Experiment Number: EXP05.1

	Experimentors: TS, CV, CC

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	 
	 
	 
	 
	 
	 

	Meter readings
	Real potentials & time

	Vcorr
	0.033
	(Before testing)
	Vcorr (mV)
	-33
	(Before testing)

	Vcorr
	0.025
	(after testing)
	Vcorr (mV)
	-25
	(after testing)

	 
	 
	 
	 
	 
	 

	 
	Potential (V)
	Current(uA)
	Potential (mV)
	Current(uA)
	Over voltage (mV)

	 
	0.054
	1.1
	-54
	-1.1
	-21

	 
	0.021
	-0.9
	-21
	0.9
	12

	 
	0.054
	0.7
	-54
	-0.7
	-21

	 
	0.021
	-0.7
	-21
	0.7
	12

	 
	0.056
	0.7
	-56
	-0.7
	-23

	 
	0.022
	-0.6
	-22
	0.6
	11

	 
	0.055
	0.7
	-55
	-0.7
	-22

	 
	0.022
	-0.6
	-22
	0.6
	11

	 
	0.056
	0.8
	-56
	-0.8
	-23

	 
	0.024
	-0.4
	-24
	0.4
	9


Table 15: EXP05.2

	Corrosave Engineering Solutions

	Date: 3-29-06
	Time:

	Experiment Number: EXP05.2

	Experimentors: TS, CV, CC

	Sample type: 6061-T6 Aluminum

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	767
	(Before testing)
	Vcorr (mV)
	-767
	(Before testing)

	Vcorr (mV)
	754
	(after testing)
	Vcorr (mV)
	-754
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	767
	777
	1.9
	 
	 
	 

	740
	734
	-0.2
	6
	0.2
	 

	740
	750
	0.3
	-10
	-0.3
	 

	746
	737
	-0.3
	9
	0.3
	 

	746
	756
	0.2
	-10
	-0.2
	 

	749
	738
	-0.3
	11
	0.3
	 

	744
	754
	0.1
	-10
	-0.1
	 

	752
	742
	-0.2
	10
	0.2
	 

	744
	753
	0.1
	-9
	-0.1
	 

	752
	741
	-0.2
	11
	0.2
	 

	745
	760
	0.3
	-15
	-0.3
	 

	757
	743
	-0.2
	14
	0.2
	 

	746
	761
	0.3
	-15
	-0.3
	 

	758
	743
	-0.2
	15
	0.2
	 

	746
	761
	0.3
	-15
	-0.3
	 

	759
	743
	-0.2
	16
	0.2
	 

	748
	763
	0.2
	-15
	-0.2
	 

	759
	745
	-0.1
	14
	0.1
	 

	748
	762
	0.2
	-14
	-0.2
	 

	759
	743
	-0.2
	16
	0.2
	 


Table 16: EXP05.3

	Corrosave Engineering Solutions

	Date: 3-29-06
	Time:

	Experiment Number: EXP05.3

	Experimentors: TS, CV, CC

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 6:1

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room 

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	623
	(Before testing)
	Vcorr (mV)
	-623
	(Before testing)

	Vcorr (mV)
	630
	(after testing)
	Vcorr (mV)
	-630
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	625
	632
	203
	-7
	-203
	 

	618
	608
	-73.6
	10
	73.6
	 

	626
	637
	181
	-11
	-181
	 

	619
	609
	-126
	10
	126
	 

	618
	626
	59
	-8
	-59
	 

	620
	609
	-138
	11
	138
	 

	623
	634
	195
	-11
	-195
	 

	616
	606
	-260
	10
	260
	 

	619
	632
	99
	-13
	-99
	 

	623
	614
	-156
	9
	156
	 

	623
	637
	250
	-14
	-250
	 

	615
	602
	-370
	13
	370
	 

	620
	635
	150
	-15
	-150
	 

	626
	611
	-170
	15
	170
	 

	620
	635
	202
	-15
	-202
	 

	630
	615
	-166
	15
	166
	 

	625
	639
	200
	-14
	-200
	 

	624
	610
	-400
	14
	400
	 

	627
	642
	208
	-15
	-208
	 

	626
	610
	-337
	16
	337
	 


Table 17: EXP05.4

	Corrosave Engineering Solutions

	Date: 3-29-06
	Time:

	Experiment Number: EXP05.4

	Experimentors: TS, CV, CC

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room 

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	150
	(Before testing)
	Vcorr (mV)
	-150
	(Before testing)

	Vcorr (mV)
	70
	(after testing)
	Vcorr (mV)
	-70
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	150
	161
	7
	-11
	-7
	 

	130
	121
	-0.5
	9
	0.5
	 

	118
	128
	2.3
	-10
	-2.3
	 

	110
	100
	-0.5
	10
	0.5
	 

	104
	114
	1.7
	-10
	-1.7
	 

	105
	94
	-0.8
	11
	0.8
	 

	94
	104
	1.2
	-10
	-1.2
	 

	98
	88
	-0.1
	10
	0.1
	 

	86
	96
	1.1
	-10
	-1.1
	 

	92
	82
	-0.9
	10
	0.9
	 

	84
	99
	1.6
	-15
	-1.6
	 

	84
	69
	-1.5
	15
	1.5
	 

	72
	86
	0.3
	-14
	-0.3
	 

	83
	68
	-1
	15
	1
	 

	73
	88
	1.2
	-15
	-1.2
	 

	82
	67
	-0.7
	15
	0.7
	 

	73
	89
	1.2
	-16
	-1.2
	 

	85
	70
	-0.2
	15
	0.2
	 

	73
	88
	1.2
	-15
	-1.2
	 

	78
	63
	-1
	15
	1
	 


Table 18: EXP06.1

	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP06.1

	Experimentors: TS CC

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	105
	(Before testing)
	Vcorr (mV)
	-105
	(Before testing)

	Vcorr (mV)
	82
	(after testing)
	Vcorr (mV)
	-82
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	105
	116
	1.7
	-11
	-1.7
	 

	95
	85
	-1.1
	10
	1.1
	 

	86
	96
	1.2
	-10
	-1.2
	 

	92
	82
	-1.5
	10
	1.5
	 

	88
	98
	0.8
	-10
	-0.8
	 

	94
	84
	-0.2
	10
	0.2
	 

	87
	97
	0.9
	-10
	-0.9
	 

	92
	81
	-0.5
	11
	0.5
	 

	83
	92
	0.3
	-9
	-0.3
	 

	88
	78
	-1.2
	10
	1.2
	 

	85
	100
	1.5
	-15
	-1.5
	 

	90
	74
	-1.4
	16
	1.4
	 

	81
	97
	1.3
	-16
	-1.3
	 

	94
	79
	-0.3
	15
	0.3
	 

	82
	97
	0.7
	-15
	-0.7
	 

	92
	76
	-1
	16
	1
	 

	84
	99
	1
	-15
	-1
	 

	91
	76
	-0.8
	15
	0.8
	 

	85
	99
	1.3
	-14
	-1.3
	 

	90
	75
	-0.6
	15
	0.6
	 


Table 19: EXP06.2
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP06.2

	Experimentors: TS CC

	Sample type: 304 Stainless Steel + 17-4 Stainless Steel

	Area ratios: 6:1

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	310
	(Before testing)
	Vcorr (mV)
	-310
	(Before testing)

	Vcorr (mV)
	358
	(after testing)
	Vcorr (mV)
	-358
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	315
	325
	14.2
	-10
	-14.2
	 

	319
	310
	-20
	9
	20
	 

	322
	332
	12.6
	-10
	-12.6
	 

	326
	317
	-21.2
	9
	21.2
	 

	329
	339
	15.6
	-10
	-15.6
	 

	333
	323
	-18.5
	10
	18.5
	 

	333
	342
	13.1
	-9
	-13.1
	 

	338
	329
	-16.2
	9
	16.2
	 

	338
	348
	19
	-10
	-19
	 

	340
	330
	-19.5
	10
	19.5
	 

	341
	356
	28
	-15
	-28
	 

	343
	329
	-30.4
	14
	30.4
	 

	344
	359
	27
	-15
	-27
	 

	348
	333
	-30
	15
	30
	 

	347
	360
	20
	-13
	-20
	 

	350
	335
	-31
	15
	31
	 

	350
	364
	25
	-14
	-25
	 

	354
	340
	-31
	14
	31
	 

	352
	368
	28
	-16
	-28
	 

	356
	341
	-33
	15
	33
	 


Table 20: EXP06.3
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP06.3

	Experimentors: TS CC

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	97
	(Before testing)
	Vcorr (mV)
	-97
	(Before testing)

	Vcorr (mV)
	66
	(after testing)
	Vcorr (mV)
	-66
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	92
	102
	1
	-10
	-1
	 

	72
	65
	-0.7
	7
	0.7
	 

	73
	83
	0.3
	-10
	-0.3
	 

	80
	70
	-0.5
	10
	0.5
	 

	72
	85
	0.8
	-13
	-0.8
	 

	61
	72
	0.3
	-11
	-0.3
	 

	69
	59
	-0.7
	10
	0.7
	 

	64
	74
	0.7
	-10
	-0.7
	 

	72
	60
	-0.5
	12
	0.5
	 

	63
	73
	0.6
	-10
	-0.6
	 

	70
	60
	-0.7
	10
	0.7
	 

	69
	79
	0.7
	-10
	-0.7
	 

	70
	86
	1.3
	-16
	-1.3
	 

	71
	56
	-0.5
	15
	0.5
	 

	58
	73
	0.7
	-15
	-0.7
	 

	72
	56
	-0.8
	16
	0.8
	 

	60
	75
	0.5
	-15
	-0.5
	 

	71
	56
	-0.7
	15
	0.7
	 

	72
	87
	1.3
	-15
	-1.3
	 

	81
	66
	-0.7
	15
	0.7
	 

	69
	84
	1.1
	-15
	-1.1
	 

	78
	62
	-0.7
	16
	0.7
	 


Table 21: EXP07.1
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP07.1

	Experimentors: TS CC

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	75
	(Before testing)
	Vcorr (mV)
	-75
	(Before testing)

	Vcorr (mV)
	61
	(after testing)
	Vcorr (mV)
	-61
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	85
	95
	1.4
	-10
	-1.4
	 

	73
	62
	-0.8
	11
	0.8
	 

	67
	77
	0.4
	-10
	-0.4
	 

	73
	62
	-0.6
	11
	0.6
	 

	65
	75
	0.5
	-10
	-0.5
	 

	70
	59
	-0.7
	11
	0.7
	 

	63
	73
	0.5
	-10
	-0.5
	 

	70
	58
	-0.8
	12
	0.8
	 

	62
	72
	0.7
	-10
	-0.7
	 

	65
	54
	-0.5
	11
	0.5
	 

	56
	71
	0.7
	-15
	-0.7
	 

	65
	51
	-0.8
	14
	0.8
	 

	55
	70
	0.7
	-15
	-0.7
	 

	66
	50
	-0.8
	16
	0.8
	 

	56
	71
	0.7
	-15
	-0.7
	 

	67
	52
	-0.7
	15
	0.7
	 

	55
	70
	0.8
	-15
	-0.8
	 

	66
	51
	-0.7
	15
	0.7
	 

	54
	70
	0.8
	-16
	-0.8
	 

	64
	48
	-0.6
	16
	0.6
	 


Table 22: EXP07.2
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP07.2

	Experimentors: TS CC

	Sample type: 6061-T6 Aluminum

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	672
	(Before testing)
	Vcorr (mV)
	-672
	(Before testing)

	Vcorr (mV)
	672
	(after testing)
	Vcorr (mV)
	-672
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	665
	676
	16.2
	-11
	-16.2
	 

	663
	655
	-30.8
	8
	30.8
	 

	671
	681
	20.3
	-10
	-20.3
	 

	665
	656
	-36
	9
	36
	 

	674
	684
	24.6
	-10
	-24.6
	 

	667
	657
	-25
	10
	25
	 

	673
	683
	23.2
	-10
	-23.2
	 

	668
	657
	-32.6
	11
	32.6
	 

	674
	684
	26.5
	-10
	-26.5
	 

	665
	655
	-19
	10
	19
	 

	672
	688
	27
	-16
	-27
	 

	666
	652
	-26.7
	14
	26.7
	 

	668
	683
	22.8
	-15
	-22.8
	 

	664
	649
	-43
	15
	43
	 

	675
	690
	32.8
	-15
	-32.8
	 

	660
	647
	-39
	13
	39
	 

	674
	689
	29.8
	-15
	-29.8
	 

	665
	640
	-59
	25
	59
	 

	674
	688
	32.6
	-14
	-32.6
	 

	661
	645
	-41.5
	16
	41.5
	 


Table 23: EXP07.3
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP07.3

	Experimentors: TS CC

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 6:1

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	642
	(Before testing)
	Vcorr (mV)
	-642
	(Before testing)

	Vcorr (mV)
	645
	(after testing)
	Vcorr (mV)
	-645
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	634
	645
	130
	-11
	-130
	 

	631
	621
	-143
	10
	143
	 

	641
	651
	165
	-10
	-165
	 

	636
	626
	-86
	10
	86
	 

	635
	645
	75
	-10
	-75
	 

	635
	628
	-180
	7
	180
	 

	640
	649
	128
	-9
	-128
	 

	632
	623
	-214
	9
	214
	 

	641
	652
	90
	-11
	-90
	 

	645
	635
	-80
	10
	80
	 

	647
	662
	142
	-15
	-142
	 

	643
	628
	-220
	15
	220
	 

	649
	664
	194
	-15
	-194
	 

	645
	630
	-200
	15
	200
	 

	640
	655
	120
	-15
	-120
	 

	650
	635
	-56
	15
	56
	 

	640
	655
	118
	-15
	-118
	 

	647
	632
	-190
	15
	190
	 

	653
	668
	238
	-15
	-238
	 

	654
	640
	-87
	14
	87
	 


Table 24: EXP07.4
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP07.4

	Experimentors: TS CC

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	140
	(Before testing)
	Vcorr (mV)
	-140
	(Before testing)

	Vcorr (mV)
	88
	(after testing)
	Vcorr (mV)
	-88
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	145
	156
	3.7
	-11
	-3.7
	 

	123
	113
	-2.1
	10
	2.1
	 

	120
	130
	1.2
	-10
	-1.2
	 

	125
	116
	-0.3
	9
	0.3
	 

	120
	131
	2.4
	-11
	-2.4
	 

	122
	112
	-0.8
	10
	0.8
	 

	113
	123
	1.2
	-10
	-1.2
	 

	109
	99
	-1.2
	10
	1.2
	 

	102
	112
	1.2
	-10
	-1.2
	 

	108
	98
	-0.8
	10
	0.8
	 

	100
	115
	1.8
	-15
	-1.8
	 

	95
	80
	-1.8
	15
	1.8
	 

	89
	104
	0.9
	-15
	-0.9
	 

	100
	85
	-1.6
	15
	1.6
	 

	88
	103
	0.5
	-15
	-0.5
	 

	87
	73
	-1.4
	14
	1.4
	 

	81
	97
	0.6
	-16
	-0.6
	 

	94
	79
	-0.9
	15
	0.9
	 

	85
	100
	0.9
	-15
	-0.9
	 

	95
	80
	-0.7
	15
	0.7
	 


Table 25: EXP07.5
	Corrosave Engineering Solutions

	Date: 3-30-06
	Time:

	Experiment Number: EXP07.5

	Experimentors: TS CC

	Sample type: 6061-T6 Aluminum

	Area ratios:NA

	Starting time (s):

	Soln: 3250 mL distilled water + NaCl (for 2500mL)

	Temperature: Room

	 

	Meter readings
	Real potentials & time

	Vcorr (mV)
	680
	(Before testing)
	Vcorr (mV)
	-680
	(Before testing)

	Vcorr (mV)
	695
	(after testing)
	Vcorr (mV)
	-695
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	682
	692
	13.3
	-10
	-13.3
	 

	663
	652
	-11.9
	11
	11.9
	 

	680
	690
	8.4
	-10
	-8.4
	 

	672
	662
	-6
	10
	6
	 

	677
	688
	6.7
	-11
	-6.7
	 

	671
	661
	-3.3
	10
	3.3
	 

	672
	682
	2.7
	-10
	-2.7
	 

	675
	664
	-4.3
	11
	4.3
	 

	677
	688
	3
	-11
	-3
	 

	680
	670
	-4.3
	10
	4.3
	 

	681
	696
	5.1
	-15
	-5.1
	 

	684
	668
	-5.8
	16
	5.8
	 

	683
	698
	5.3
	-15
	-5.3
	 

	686
	671
	-4.9
	15
	4.9
	 

	702
	713
	6.7
	-11
	-6.7
	 

	688
	672
	-5.4
	16
	5.4
	 

	686
	702
	4.1
	-16
	-4.1
	 

	690
	673
	-6
	17
	6
	 

	690
	705
	3.6
	-15
	-3.6
	 

	692
	677
	-5.1
	15
	5.1
	 


Table 26: EXP08.1
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP08.1

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	170
	(Before testing)
	Vcorr (mV)
	-170
	(Before testing)

	Vcorr (mV)
	160
	(after testing)
	Vcorr (mV)
	-160
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	149
	158
	1.6
	-9
	-1.6
	 

	148
	138
	-1.5
	10
	1.5
	 

	137
	148
	2
	-11
	-2
	 

	141
	131
	-0.5
	10
	0.5
	 

	139
	149
	3
	-10
	-3
	 

	138
	128
	-1
	10
	1
	 

	129
	139
	2
	-10
	-2
	 

	122
	112
	-1.2
	10
	1.2
	 

	117
	129
	1.5
	-12
	-1.5
	 

	124
	114
	-1
	10
	1
	 

	117
	132
	1.6
	-15
	-1.6
	 

	125
	110
	-2.5
	15
	2.5
	 

	116
	131
	1.6
	-15
	-1.6
	 

	125
	110
	-2.3
	15
	2.3
	 

	117
	132
	1.6
	-15
	-1.6
	 

	127
	112
	-2
	15
	2
	 

	119
	134
	1.7
	-15
	-1.7
	 

	129
	114
	-1.9
	15
	1.9
	 

	128
	145
	2.3
	-17
	-2.3
	 

	135
	120
	-2.4
	15
	2.4
	 


Table 27: EXP08.2
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP08.2

	Experimentors: TS, CV, DE

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 1:1

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	616
	(Before testing)
	Vcorr (mV)
	-616
	(Before testing)

	Vcorr (mV)
	630
	(after testing)
	Vcorr (mV)
	-630
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	619
	629
	300
	-10
	-300
	 

	614
	607
	-470
	7
	470
	 

	619
	630
	176
	-11
	-176
	 

	617
	607
	-445
	10
	445
	 

	624
	635
	300
	-11
	-300
	 

	623
	613
	-330
	10
	330
	 

	620
	631
	260
	-11
	-260
	 

	620
	612
	-320
	8
	320
	 

	621
	632
	280
	-11
	-280
	 

	623
	613
	-230
	10
	230
	 

	625
	640
	466
	-15
	-466
	 

	626
	610
	-550
	16
	550
	 

	631
	645
	710
	-14
	-710
	 

	625
	609
	-580
	16
	580
	 

	626
	640
	450
	-14
	-450
	 

	620
	605
	-375
	15
	375
	 

	626
	640
	610
	-14
	-610
	 

	620
	607
	-850
	13
	850
	 

	630
	644
	760
	-14
	-760
	 

	625
	611
	-530
	14
	530
	 


Table 28: EXP08.3
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP08.3

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	162
	(Before testing)
	Vcorr (mV)
	-162
	(Before testing)

	Vcorr (mV)
	91
	(after testing)
	Vcorr (mV)
	-91
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	129
	140
	5
	-11
	-5
	 

	130
	120
	-4
	10
	4
	 

	124
	135
	6.7
	-11
	-6.7
	 

	124
	114
	-4.6
	10
	4.6
	 

	117
	128
	5.4
	-11
	-5.4
	 

	119
	109
	-3.6
	10
	3.6
	 

	112
	122
	6
	-10
	-6
	 

	111
	100
	-2.5
	11
	2.5
	 

	104
	115
	5.1
	-11
	-5.1
	 

	113
	103
	-4
	10
	4
	 

	100
	114
	2
	-14
	-2
	 

	108
	93
	-3.6
	15
	3.6
	 

	96
	113
	3.3
	-17
	-3.3
	 

	103
	88
	-4.7
	15
	4.7
	 

	93
	109
	2.1
	-16
	-2.1
	 

	101
	86
	-1.7
	15
	1.7
	 

	93
	108
	3.2
	-15
	-3.2
	 

	103
	88
	-3.4
	15
	3.4
	 

	91
	108
	3.6
	-17
	-3.6
	 

	97
	82
	-3.5
	15
	3.5
	 


Table 29: EXP09.1
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP09.1

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	87
	(Before testing)
	Vcorr (mV)
	-87
	(Before testing)

	Vcorr (mV)
	71
	(after testing)
	Vcorr (mV)
	-71
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	83
	92
	0.9
	-9
	-0.9
	 

	92
	82
	-0.8
	10
	0.8
	 

	83
	93
	0.6
	-10
	-0.6
	 

	92
	81
	-0.4
	11
	0.4
	 

	83
	93
	1.2
	-10
	-1.2
	 

	87
	77
	-1.1
	10
	1.1
	 

	80
	90
	0.7
	-10
	-0.7
	 

	86
	74
	-1.1
	12
	1.1
	 

	77
	87
	0.7
	-10
	-0.7
	 

	87
	75
	-0.5
	12
	0.5
	 

	82
	96
	1.4
	-14
	-1.4
	 

	89
	74
	-1.1
	15
	1.1
	 

	78
	94
	1.7
	-16
	-1.7
	 

	86
	70
	-0.8
	16
	0.8
	 

	73
	87
	0.9
	-14
	-0.9
	 

	83
	65
	-0.7
	18
	0.7
	 

	68
	83
	0.8
	-15
	-0.8
	 

	78
	65
	-0.9
	13
	0.9
	 

	68
	82
	1
	-14
	-1
	 

	79
	63
	-1.1
	16
	1.1
	 


Table 30: EXP09.2
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP09.2

	Experimentors: TS, CV, DE

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 3:1

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	628
	(Before testing)
	Vcorr (mV)
	-628
	(Before testing)

	Vcorr (mV)
	640
	(after testing)
	Vcorr (mV)
	-640
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	637
	647
	170
	-10
	-170
	 

	631
	621
	-104
	10
	104
	 

	626
	636
	150
	-10
	-150
	 

	626
	616
	-220
	10
	220
	 

	634
	644
	175
	-10
	-175
	 

	632
	642
	103
	-10
	-103
	 

	630
	622
	-182
	8
	182
	 

	631
	640
	120
	-9
	-120
	 

	640
	630
	-84
	10
	84
	 

	633
	643
	173
	-10
	-173
	 

	632
	617
	-300
	15
	300
	 

	635
	649
	155
	-14
	-155
	 

	632
	617
	-250
	15
	250
	 

	638
	653
	380
	-15
	-380
	 

	631
	617
	-298
	14
	298
	 

	630
	647
	200
	-17
	-200
	 

	640
	625
	-83
	15
	83
	 

	630
	645
	140
	-15
	-140
	 

	633
	617
	-290
	16
	290
	 

	628
	644
	103
	-16
	-103
	 


Table 31: EXP09.3
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP09.3

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	70
	(Before testing)
	Vcorr (mV)
	-70
	(Before testing)

	Vcorr (mV)
	106
	(after testing)
	Vcorr (mV)
	-106
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	83
	93
	1.8
	-10
	-1.8
	 

	85
	71
	-0.6
	14
	0.6
	 

	74
	84
	0.6
	-10
	-0.6
	 

	78
	69
	-0.4
	9
	0.4
	 

	70
	79
	1.4
	-9
	-1.4
	 

	75
	62
	-1
	13
	1
	 

	65
	76
	1
	-11
	-1
	 

	68
	59
	-0.9
	9
	0.9
	 

	65
	77
	0.9
	-12
	-0.9
	 

	68
	56
	-0.7
	12
	0.7
	 

	61
	79
	1.4
	-18
	-1.4
	 

	71
	54
	-1.3
	17
	1.3
	 

	67
	73
	1.1
	-6
	-1.1
	 

	67
	51
	-1
	16
	1
	 

	52
	68
	0.9
	-16
	-0.9
	 

	61
	45
	-0.9
	16
	0.9
	 

	51
	67
	0.9
	-16
	-0.9
	 

	61
	46
	-1
	15
	1
	 

	61
	77
	1.3
	-16
	-1.3
	 


Table 32: EXP10.1
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP10.1

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	88
	(Before testing)
	Vcorr (mV)
	-88
	(Before testing)

	Vcorr (mV)
	72
	(after testing)
	Vcorr (mV)
	-72
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	122
	132
	1
	-10
	-1
	 

	110
	100
	-1
	10
	1
	 

	98
	108
	1.1
	-10
	-1.1
	 

	102
	92
	-0.3
	10
	0.3
	 

	94
	104
	0.8
	-10
	-0.8
	 

	99
	89
	-0.9
	10
	0.9
	 

	89
	99
	0.9
	-10
	-0.9
	 

	85
	75
	-1.2
	10
	1.2
	 

	80
	90
	1.1
	-10
	-1.1
	 

	88
	79
	-0.7
	9
	0.7
	 

	80
	95
	0.9
	-15
	-0.9
	 

	85
	69
	-1
	16
	1
	 

	78
	93
	1.1
	-15
	-1.1
	 

	89
	73
	-0.9
	16
	0.9
	 

	88
	103
	0.7
	-15
	-0.7
	 

	97
	82
	-0.6
	15
	0.6
	 

	87
	102
	1.2
	-15
	-1.2
	 

	91
	75
	-0.7
	16
	0.7
	 

	78
	93
	1.1
	-15
	-1.1
	 


Table 33: EXP10.2
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP10.2

	Experimentors: TS, CV, DE

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 1:4

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	626
	(Before testing)
	Vcorr (mV)
	-626
	(Before testing)

	Vcorr (mV)
	640
	(after testing)
	Vcorr (mV)
	-640
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	624
	634
	131
	-10
	-131
	 

	633
	625
	-80
	8
	80
	 

	628
	638
	104
	-10
	-104
	 

	632
	622
	-108
	10
	108
	 

	635
	644
	104
	-9
	-104
	 

	635
	628
	-80
	7
	80
	 

	634
	644
	114
	-10
	-114
	 

	637
	627
	-96
	10
	96
	 

	636
	646
	140
	-10
	-140
	 

	634
	624
	-86
	10
	86
	 

	638
	653
	190
	-15
	-190
	 

	640
	625
	-260
	15
	260
	 

	645
	660
	240
	-15
	-240
	 

	638
	623
	-203
	15
	203
	 

	640
	652
	130
	-12
	-130
	 

	642
	628
	-160
	14
	160
	 

	643
	658
	260
	-15
	-260
	 

	638
	625
	-201
	13
	201
	 

	636
	650
	135
	-14
	-135
	 

	645
	630
	-132
	15
	132
	 


Table 34: EXP10.3
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP10.3

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	85
	(Before testing)
	Vcorr (mV)
	-85
	(Before testing)

	Vcorr (mV)
	140
	(after testing)
	Vcorr (mV)
	-140
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	 

	57
	67
	0.8
	-10
	-0.8
	 

	72
	61
	-0.9
	11
	0.9
	 

	86
	97
	1
	-11
	-1
	 

	90
	80
	-0.8
	10
	0.8
	 

	85
	97
	1.1
	-12
	-1.1
	 

	60
	50
	-1
	10
	1
	 

	67
	77
	0.9
	-10
	-0.9
	 

	80
	71
	-0.7
	9
	0.7
	 

	77
	86
	1.3
	-9
	-1.3
	 

	83
	72
	-0.8
	11
	0.8
	 

	80
	93
	1.3
	-13
	-1.3
	 

	60
	41
	-2
	19
	2
	 

	48
	63
	1.5
	-15
	-1.5
	 

	51
	36
	-1.3
	15
	1.3
	 

	58
	73
	1.8
	-15
	-1.8
	 

	65
	50
	-1.4
	15
	1.4
	 

	52
	67
	1.5
	-15
	-1.5
	 

	70
	53
	-1.7
	17
	1.7
	 

	66
	80
	1.3
	-14
	-1.3
	 

	63
	47
	-1.3
	16
	1.3
	 


Table 35: EXP11.1
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP11.1

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	100
	(Before testing)
	Vcorr (mV)
	-100
	(Before testing)

	Vcorr (mV)
	73
	(after testing)
	Vcorr (mV)
	-73
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	Rp

	101
	112
	1.0
	-11
	-1
	11.0

	78
	68
	-0.9
	10
	0.9
	11.1

	101
	112
	1.5
	-11
	-1.5
	7.3

	102
	92
	-0.7
	10
	0.7
	14.3

	97
	107
	1.3
	-10
	-1.3
	7.7

	72
	62
	-0.7
	10
	0.7
	14.3

	91
	103
	1.1
	-12
	-1.1
	10.9

	97
	86
	-0.8
	11
	0.8
	13.8

	88
	98
	1.0
	-10
	-1
	10.0

	91
	81
	-0.9
	10
	0.9
	11.1

	88
	103
	1.3
	-15
	-1.3
	11.5

	92
	77
	-0.8
	15
	0.8
	18.8

	91
	106
	1.0
	-15
	-1
	15.0

	96
	81
	-0.7
	15
	0.7
	21.4

	88
	105
	1.4
	-17
	-1.4
	12.1

	94
	79
	-0.9
	15
	0.9
	16.7

	82
	97
	0.9
	-15
	-0.9
	16.7

	94
	78
	-0.9
	16
	0.9
	17.8

	83
	98
	0.9
	-15
	-0.9
	16.7

	89
	73
	-0.7
	16
	0.7
	22.9


Table 36: EXP11.2
	Corrosave Engineering Solutions

	Date: 4-1-06
	Time: 5:20

	Experiment Number: EXP11.2

	Experimentors: TS, CV, DE

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 5:1

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	640
	(Before testing)
	Vcorr (mV)
	-640
	(Before testing)

	Vcorr (mV)
	655
	(after testing)
	Vcorr (mV)
	-655
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	Rp

	652
	662
	125
	-10
	-125
	0.08

	654
	645
	-110
	9
	110
	0.08

	655
	666
	114
	-11
	-114
	0.10

	646
	637
	-183
	9
	183
	0.05

	653
	664
	111
	-11
	-111
	0.10

	650
	639
	-139
	11
	139
	0.08

	654
	663
	185
	-9
	-185
	0.05

	650
	641
	-115
	9
	115
	0.08

	655
	666
	160
	-11
	-160
	0.07

	647
	637
	-170
	10
	170
	0.06

	651
	666
	134
	-15
	-134
	0.11

	641
	626
	-250
	15
	250
	0.06

	650
	655
	122
	-5
	-122
	0.04

	665
	650
	-116
	15
	116
	0.13

	653
	668
	130
	-15
	-130
	0.12

	657
	641
	-205
	16
	205
	0.08

	659
	675
	193
	-16
	-193
	0.08

	654
	640
	-209
	14
	209
	0.07

	652
	667
	156
	-15
	-156
	0.10

	658
	643
	-188
	15
	188
	0.08


Table 37: EXP11.3
	Corrosave Engineering Solutions

	Date: 3-31-06
	Time:

	Experiment Number: EXP11.3

	Experimentors: TS, CV, DE

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	92
	(Before testing)
	Vcorr (mV)
	-92
	(Before testing)

	Vcorr (mV)
	110
	(after testing)
	Vcorr (mV)
	-110
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	Rp

	95
	108
	1.5
	-13
	-1.5
	8.7

	82
	72
	-1.1
	10
	1.1
	9.1

	92
	102
	1.3
	-10
	-1.3
	7.7

	80
	70
	-1.3
	10
	1.3
	7.7

	87
	97
	1.3
	-10
	-1.3
	7.7

	93
	82
	-0.9
	11
	0.9
	12.2

	83
	93
	1.3
	-10
	-1.3
	7.7

	87
	77
	-1.2
	10
	1.2
	8.3

	80
	90
	1.3
	-10
	-1.3
	7.7

	87
	77
	-1.1
	10
	1.1
	9.1

	72
	87
	1.3
	-15
	-1.3
	11.5

	83
	68
	-1.7
	15
	1.7
	8.8

	72
	88
	1.6
	-16
	-1.6
	10.0

	77
	62
	-1.1
	15
	1.1
	13.6

	67
	82
	1.5
	-15
	-1.5
	10.0

	79
	64
	-1.1
	15
	1.1
	13.6

	68
	84
	1.6
	-16
	-1.6
	10.0

	79
	65
	-1.4
	14
	1.4
	10.0

	78
	93
	1.5
	-15
	-1.5
	10.0

	81
	66
	-1.1
	15
	1.1
	13.6


Table 38: EXP12.1
	Corrosave Engineering Solutions

	Date: 4-2-06
	Time: 11:40

	Experiment Number: EXP12.1

	Experimentors: TS, CV

	Sample type: 304 Stainless Steel

	Area ratios:NA

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	94
	(Before testing)
	Vcorr (mV)
	-94
	(Before testing)

	Vcorr (mV)
	78
	(after testing)
	Vcorr (mV)
	-78
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	Rp

	93
	104
	1.4
	-11
	-1.4
	7.9

	96
	86
	-1.1
	10
	1.1
	9.1

	88
	99
	1.5
	-11
	-1.5
	7.3

	93
	83
	-1.1
	10
	1.1
	9.1

	84
	94
	1
	-10
	-1
	10.0

	90
	80
	-1.3
	10
	1.3
	7.7

	85
	95
	0.8
	-10
	-0.8
	12.5

	84
	74
	-0.7
	10
	0.7
	14.3

	75
	86
	0.8
	-11
	-0.8
	13.8

	82
	71
	-1.1
	11
	1.1
	10.0

	72
	88
	1.6
	-16
	-1.6
	10.0

	81
	65
	-1.1
	16
	1.1
	14.5

	72
	88
	1.2
	-16
	-1.2
	13.3

	81
	66
	-1.1
	15
	1.1
	13.6

	71
	87
	1.3
	-16
	-1.3
	12.3

	81
	64
	-1.5
	17
	1.5
	11.3

	69
	85
	1.2
	-16
	-1.2
	13.3

	82
	67
	-1.4
	15
	1.4
	10.7

	70
	86
	1.7
	-16
	-1.7
	9.4

	80
	65
	-1.1
	15
	1.1
	13.6


Table 39: EXP12.2
	Corrosave Engineering Solutions

	Date: 4-2-06
	Time: 11:50

	Experiment Number: EXP12.2

	Experimentors: TS, CV

	Sample type: 6061-T6 Aluminum + 304 Stainless Steel

	Area ratios: 2:1

	Soln: 3250 mL distilled water + 0.69% NaCl

	Temperature: Room

	Reference voltage (mV):

	 

	Vcorr (mV)
	643
	(Before testing)
	Vcorr (mV)
	-643
	(Before testing)

	Vcorr (mV)
	650
	(after testing)
	Vcorr (mV)
	-650
	(after testing)

	 
	 
	 
	 
	 
	 

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	Rp

	644
	654
	280
	-10
	-280
	0.036

	638
	628
	-204
	10
	204
	0.049

	641
	651
	220
	-10
	-220
	0.045

	642
	633
	-226
	9
	226
	0.040

	643
	653
	222
	-10
	-222
	0.045

	640
	631
	-209
	9
	209
	0.043

	644
	654
	186
	-10
	-186
	0.054

	647
	637
	-139
	10
	139
	0.072

	642
	652
	98
	-10
	-98
	0.102

	641
	630
	-379
	11
	379
	0.029

	645
	660
	260
	-15
	-260
	0.058

	644
	631
	-290
	13
	290
	0.045

	645
	663
	356
	-18
	-356
	0.051

	650
	636
	-340
	14
	340
	0.041

	653
	663
	320
	-10
	-320
	0.031

	648
	635
	-330
	13
	330
	0.039

	650
	665
	335
	-15
	-335
	0.045

	649
	634
	-266
	15
	266
	0.056

	648
	663
	320
	-15
	-320
	0.047

	648
	633
	-308
	15
	308
	0.049


Table 40: EXP12.3
	Corrosave Engineering Solutions
	
	
	

	Date: 4-2-06
	
	Time: 11:50
	
	
	

	Experiment Number: EXP12.3
	
	
	
	

	Experimentors: TS, CV
	
	
	
	

	Sample type: 304 Stainless Steel
	
	
	

	Area ratios:NA
	
	
	
	
	

	Soln: 3250 mL distilled water + 0.69% NaCl
	
	
	

	Temperature: Room
	
	
	
	

	Reference voltage (mV):
	
	
	
	

	
	
	
	
	
	

	Vcorr (mV)
	103
	(Before testing)
	Vcorr (mV)
	-103
	(Before testing)

	Vcorr (mV)
	66
	(after testing)
	Vcorr (mV)
	-66
	(after testing)

	
	
	
	
	
	

	Vcorr (mV)
	Potential (mV)
	Current(uA)
	Over voltage (mV)
	Current(uA)
	Rp

	97
	108
	1.4
	-11
	-1.4
	7.9

	103
	93
	-1.1
	10
	1.1
	9.1

	94
	105
	1.6
	-11
	-1.6
	6.9

	97
	87
	-0.6
	10
	0.6
	16.7

	90
	100
	1.3
	-10
	-1.3
	7.7

	94
	83
	-0.9
	11
	0.9
	12.2

	86
	97
	1.4
	-11
	-1.4
	7.9

	93
	83
	-1.1
	10
	1.1
	9.1

	82
	92
	1.3
	-10
	-1.3
	7.7

	80
	70
	-1.1
	10
	1.1
	9.1

	88
	103
	1.5
	-15
	-1.5
	10.0

	89
	74
	-1
	15
	1
	15.0

	79
	95
	1.6
	-16
	-1.6
	10.0

	87
	72
	-1.3
	15
	1.3
	11.5

	74
	89
	1.3
	-15
	-1.3
	11.5

	70
	54
	-1.4
	16
	1.4
	11.4

	63
	80
	1.5
	-17
	-1.5
	11.3

	77
	61
	-1.1
	16
	1.1
	14.5

	65
	80
	1.2
	-15
	-1.2
	12.5

	75
	60
	-0.9
	15
	0.9
	16.7
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Experimental Design

The following testing procedure was designed to determine if corrosion will be accelerated by a particular combination of different metals. The methodology of the procedure varies depending on its purpose. Three experiments are required for regular experiments, and more are required for verification experiments.

Regular experiments:

1. LPR on metal in question

2. LPR on metal combination

3. LPR on metal in question

Verification experiments:

1. LPR on each metal

2. LPR on metal combination

3. LPR on each metal

Area Ratio Calculation

In order to have consistent test results, it is necessary to maintain constant total surface area throughout an experiment. The total surface area describes the submerged surface area of all metals in the setup. Below are the calculations for area ratios of 1:1, 2:1, 3:1, 4:1, 5:1, and 6:1. The given lengths apply to samples of 0.75 inches wide by 0.2 inches thick.

Table 41
	Total Surface Area
	7.275
	sq. in

	Width 
	0.75
	in

	Thickness 
	0.2
	in


Table 42
	Area Ratio
	1:1
	2:1
	3:1
	4:1
	5:1
	6:1

	Length Al
	3.032609
	3.254577
	3.365561
	3.432151
	3.476545
	3.508255

	Length SS
	3.032609
	1.978261
	1.451087
	1.134783
	0.923913
	0.773292


Required lengths can be calculated for other area ratios by taking into consideration the width and thickness of the samples.

Experimental Analysis
Each set of data collected in the Experimental Design yields a change in the polarization resistance, Rp. Knowing the change in Rp is not helpful without data to compare it to. Volume 3 of this report establishes a model for stainless steel and aluminum, which was created by running successive tests with different area ratios. To minimize the amount of testing, extreme area ratios should initially be tested, and iterations can be performed if necessary to find the critical area ratio where there is a drastic change in the polarization resistance. In the case of stainless steel coupled with aluminum, this change was greater than 50%. However, this might not be the case with all metals; more testing would be needed in order to establish 50% as the rubric. 

Experimental Procedure

1. Preparation

a. Samples should cut down to 0.2 inches thick and 0.75 inches wide. The samples should not be shorter than 6” long.

2. Setup

a. Thoroughly wash the plastic container and the metal samples. ASTM standards should be consulted to obtain the cleaning procedures for individual materials.

b. Fill the container with deionized water up to the black fill mark (3250 mL) and add 22.4 grams of NaCl. Place the container on the stir plate, drop in a magnetic stir rod, and turn the stir plate on to a moderate velocity. Take note of the setting on the stir plate, as it should remain constant through out the test.

c. Install the auxiliary electrode into one of the small rubber stoppers. Use the red wire with an alligator clip to connect the auxiliary electrode to the black terminal of a meter. Connect the red terminal of the meter (marked microamps) to the red wire coming out of the power supply (Figure 1). Turn the meter on by turning the knob to uA under the A DC category (Figure 2).

d. If using one sample:

Slide the sample into the rubber stopper and connect it to the power supply using the yellow wire.

e. If using multiple samples:

Separate the two samples using Parafilm; excess Parafilm should be cut off. Compress the samples together with a zip tie (Figure 3). Place the zip tie so it will be right above the water line. Clip all the samples together using the yellow wire.

f. Connect the black wire coming out of the power supply to the unused meter’s black terminal. Plug the other black wire into the meter’s red terminal (marked V) and connect it to the reference electrode using the alligator clip (Figure 4). Turn the meter on by turning the dial to mV under the V DC group (Figure 5).

g. Use the Microsoft Excel template provided to store your data.

3. Establish the Corrosion Potential

a. Once all of the metals have been submersed in water, wait five minutes for the potential to settle. After five minutes, record the voltage (Figure 6).
4. Perform LPR

a. Turn the both knobs on the power supply all the way to the left (maximum) and turn the power supply on.

b. Lower the left knob until the potential is about 30mV above the corrosion potential from Step 3.

c. Slowly adjust the right knob until the current is zero. Record the voltage as Vcorr (Figure 7).

d. Raise the potential up 10mv by turning the right knob, and wait 30 seconds once the desired potential is reached. Record the potential and current (Figure 8).

e. Again, slowly adjust the right knob until the current is zero. Record the voltage as Vcorr.

f. Lower the potential down 10mv by turning the right knob, and wait 30 seconds once the desired potential is reached. Record the potential and current.
g. Repeat steps 4.c through 4.f four more times.

h. Repeat steps 4.c through 4.f five more times. However, raise and lower the potential 15mV instead.

i. Turn the power supply off. Wait five minutes and record the final corrosion potential (Figure 9).
5. Condition the data

a. In the Microsoft Excel template, highlight cells D16 through E35.

b. In the top toolbar, go to Insert → Chart.

c. Chart Wizard Step 1: Choose XY (Scatter) and use the default chart selection on the right. The description should read “Scatter. Compares pairs of values.” Click Next.

d. Chart Wizard Step 2: Click Next.

e. Chart Wizard Step 3: Add a title for your experiment. Label the X axis “Current (uA)” and the Y axis “Potential (mV).” Uncheck everything under the Gridlines tab. Uncheck Show Legend under the Legend tab.

f. Chart Wizard Step 4: Use the default setting: “Place as an object in [worksheet name].”

Figures
Figure 46: Auxiliary connections
Figure 47: Meter setting (current)
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Figure 48: Multiple sample connections
Figure 49: Reference connections

Figure 50: Meter setting (voltage)
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Figure 51: Starting potential
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Figure 52: New Vcorr
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Figure 53: LPR Results
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Figure 54: Ending potential
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Product Design Specifications

September 13, 2005


To: Matthew F. Myntti

CC: Dr. Keith Stanfill

From: Team Corrosave: Daisy Evans, Trevor Skipp, Chia Chu, Chris Vidal, Kate Heffter
Subject: Memo to Discuss the Table of Needs Developed for the Customer

The M4 Microdebrider is a ten thousand dollar surgical tool which encounters corrosion problems that lead to its malfunction in less than a year. The current testing procedure involves repeated simulations to determine the corrosion rate, and Medtronic would like a faster and more effective method. Knowing the source of corrosion problems would be a gateway into developing a longer lasting product.

The attached table is a detailed list of needs expected by the client. Each of these needs is rated by a given scale at the top of the table, as each item has a specific designated unit. Furthermore, all of the needs are rated in a consistent scale of importance, ranging from 1 to 5. Also, there is a correlation rating between the units and the needs: 1 being of low correlation, 3 being a moderate correlation, and 9 being a strong correlation. The totals are listed at the bottom of the table.

The point of this design project is to determine the rate of corrosion occurring within and between interchangeable materials. Materials include, but are not limited to, that which constitutes the M4. The design is to be a testing procedure for materials that mimic the corrosion process in the commercial environment and to find the cause(s) of corrosion. The most critical goal is to achieve a systematic and reliable protocol for testing corrosion rates for different materials under readily influential environments.

Team Corrosave will run numerous tests with the materials which must remain within the M4 specifications. Some metrics must be inside the given numerical values obtained during the conference meeting with Medtronic, as these are the necessary guidelines. The objective metrics are rated through the importance of their priorities.

Team Corrosave will develop a project completion map regarding the specific design deadlines need for successful completion. In addition there is a team website that will serve as a form of communication between the client and design team with all immediate updates. 

Testing and development has initiated.

Project Roadmap

To: Matthew Myntti and IPPD Coaches

From: Team Corrosave: Daisy Evans, Trevor Skipp, Chia Chu, Chris Vidal, Kate Heffter

Subject: Memo to Request Schedule Changes

The purpose of this memo is to request changes to the “IPPD Classic.” 

A research phase needs to be added during product specifications because a large aspect of this project is based on materials engineering. Members of the team must do background research in order to have a better understanding of corrosion principles. The team will be able to accurately generate ideas for testing corrosion with the research phase running simultaneously with the product specification phase.

Another modification request would be to remove the product capacity development phase. The team project is developing a testing procedure that is only required to be assembled one time. Project Ramp Up is not needed because there is only one testing procedure required.

Concept Generation
To: Matthew Myntti

From: Team Corrosave: Daisy Evans, Trevor Skipp, Chia Chu, Chris Vidal, Kate Heffter

Subject: Memo to Request Schedule Changes

f
The purpose of this memo is to show progress in generating concepts.

One of the main objectives of this project is to determine corrosion rates of corroding metal parts in the surgical hand piece, M4 Microdebrider. Two key areas are simulation of the actual corrosion process and accuracy of corrosion measurements. Background research led us to finding similar testing done by Corrosion Testing Laboratories, Inc. and Anderson Materials Evaluations, Inc., in which various metal specimen were exposed to saline environment and tested through electrochemical methods. In the process of developing our testing procedure, many company products are being reviewed. While there are several ways to measure corrosion rates, only electrochemical methods can directly determine corrosion rates. Specifically, linear polarization resistance (LPR) is one of the most widely used technique mainly because of its accuracy and speed. Companies like Metal Samples that have twenty-five years of expertise in corrosion testing provides guideline and corrosion monitoring products, such as LPR probes and instrumentations, in accordance to ASTM standards. ASTM, American Society for Testing and Materials, is one of the largest standards development organizations. This organization plays important roles in guiding engineers of all disciplines in designing and manufacturing. Other methods such as electrical resistance (ER) are also considered. Companies such as Cormon provide necessary tools for an ER testing. Every aspect of the testing procedure, mainly tool selection, is being considered carefully. The goal is to deliver a solution that is portable and, mostly importantly, efficient in terms of required time and accuracy.

In the testing procedure, the samples must be held in place for experimentation. The holding mechanism will be in the form of a rack. There are a few different types of racks: the vertical, hanging, parallel and T-rack. These racks serve as an impartial holding device in which to conduct experiments, holding samples for a prolonged period of time. The vertical rack is in the shape of a tall rack in which samples are inserted from the top and held secure. The hanging rack is in the form of a suspended wine glass holder; the samples poised over the fluid. The horizontal and T rack holds samples like a test tube rack. The effects of the various racks require further exploration.

The way that the samples are contained will affect the outcome of the experiment, in that it will affect the voltages. This concept is analogous to a magnetic field. If there are two opposite poles, there will be a rounded field only between the two poles. However, if there is a third pole, there is a third magnetism affecting the field. Furthermore, the third option is a friction based orientation. This would be accomplished by a two counter rotating motors with the samples horizontally attached.
The flow of the fluid will be conducted through or around the samples by means yet to be designed. In this instance, the fluid flow may be moving across the samples or the samples may be moving into the fluid. 
Weight loss is the simplest way to determine the corrosion rate.  The process involves exposing coupon samples of the metal in saline solution.  After a given time, the corrosion rate is determined by measuring the weight loss of the sample.  The loss corresponds to the corrosion rate.  Electrical resistance is a process which involves the use of probes exposed to the corrosive environment.  The probes, like sample coupons, are made of the material of interest, and the technique involves measuring the change in ohmic resistance of the corroding metal.  A decrease in cross-sectional area of the probe relates to an increase of electrical resistance, which in turn is related to the corrosion rate.  Linear polarization is a very popular technique in which an electrode (conductor) in the form of a probe is exposed to an electrolyte (saline solution). An instantaneous measurement is made by measuring the amount of current after applying a specific voltage.  This measure of current can be used to determine the corrosion rate. The two probe method uses a two-electrode system of identical electrodes. The three probe method uses a three-electrode system composed of the working, reference, and counter electrode.  The exposure of a metal in an aqueous solution contributes to its rate of corrosion.  Thus, for an accurate simulation of the behavior of different metals in its natural environment, the choice of solution is very significant.  For our case, the M4 is exposed mainly to saline solution; therefore our tests could include the immersion of metal samples in saline (saltwater).  Activation energy is the minimum energy needed for a given chemical reaction to occur.  The activation energy of a given material is related to the conditions under which corrosion reactions occur.  Environmental properties such as temperature must be taken into account in our tests.

All of our testing would involve the immersion of metal samples in saline solution.  For our prototype to accommodate this process, we should choose between a variety of containers in which we will be able to observe the corrosion process successfully.  A common laboratory beaker could be used to house the solution and the corroding metal.  A “wheel axle” could hold numerous samples immersed in saline solution.  Like wheel-axles in automobiles, it can be set in motion in order to produce some sort of movement or flow.  In the “deep fryer” container, metal samples would be placed in a basket or rack, and then immersed into a rectangular container full of saline solution.  This process is analogous to how French fries are cooked in fast food restaurants.

Probes are required to obtain voltage reading off of the samples.  The use of wire type probes is beneficial for directly obtaining corrosion rates, because the voltage and current measurements can be easily obtained as the probes are immersed in the solution.  The probes would be composed of the metal of interest, and the forms would also vary.  Specially made crevice probes could be used to take measurements within tight spaces. 

The temperature at which the tests are conducted has an impact on the results.  Corrosion testing can be done at room temperature. This would accurately simulate conditions under which the M4 Microdebrider is used.  Testing may be performed at higher temperatures than the M4 is normally exposed to. Such temperatures would be useful in speeding up corrosion, as higher temperatures are understood to cause an increase in corrosion rate. Such an influence on the rate would allow faster testing procedures.  With varied temperatures, the M4 may be tested at room temperature and at higher temperatures. Such testing would be useful in determining corrosion rate under varied settings.

An insulating material is needed between the samples.  The two materials being tested, such as stainless steel and aluminum, could be placed within a testing apparatus and separated by a plastic material. Nonmetallic insulators are a useful means of preventing interactions between these two materials and would serve as insulation in the testing procedure.  PEEK is a high performance plastic polymer, and it has already been used in application with the M4. PEEK is thus an option for a good insulating material to use in between the two samples.

The solution in the container contributes to the acceleration of corrosion.  Saline, an aqueous solution, is a big contributor to the corrosion of stainless steels in various applications. Monitoring the concentration of saline could give insight into the corrosion process. The concentration could be monitored in the solution surrounding the sample as one way of measuring the corrosion rate.  Chloride is known to corrode stainless steel, so it may be taken into account during testing. The concentration of chloride ions may be measured in the solution containing the metal sample through the use of ion selective electrodes, which would provide information on how much chloride has built up on the sample.  The solution concentrations may be altered during testing. Such procedures would show how the corrosion rate depends on the concentrations of the solutions and provide possible information on speeding up the corrosion process for testing purposes.
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Figure 55: System Solutions 
Concept Selection Revision 1
Background
Corrosion will occur when a metal or metal alloy comes in contact with an oxidizing reagent in the environment. The site where metal atoms lose electrons is called the anode and the site where the electrons are transferred to is called the cathode. The cathode/anode pair immersed in a conducting solution is essentially an electric circuit just like the battery. The flow of currents between the cathodic and the anodic sites is known as the corrosion current, Icorr. Faraday’s Law of induction yields the corrosion rate by modifying it to take into account the corrosion current, the equivalent weight of the metal (EW), the surface area of the metal (A), and the density of the metal(d):
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where K is some conversion factor and F the Faraday’s constant.

The Stern-Geary equations and the Tafel constants provide a method to measure the corrosion current, which becomes a function of the open-circuit potential of the electrodes divided by measured current density.  This ratio is known as the polarization resistance, Rp. With Rp and the necessary Tafel constants, the corrosion current can then be calculated using the following formula:
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where the betas are Tafel constants and the collection of the betas in the formula can be represented simply as B.
Concept Selection

Among various corrosion rate measurement methods, the linear polarization resistance method (LPR) and the electrical resistance method (ER) were chosen because of convenience and accuracy of measurements. One of the objectives of this project was to be able to measure the corrosion rate in a small amount of time accurately.  For this reason, the weight loss method was ruled out. LPR is an electrochemical technique that directly measures corrosion rate, and it does so almost instantaneously in real time.

LPR involves using a two-electrode probe as well as an ammeter. The two-electrode probe will be immersed in a saline solution. A small potential is applied to the electrodes and then the ammeter will measure the direct current going through the metal-fluid interface. Two procedures will be taken to minimize error.  First, the applied voltage will be held constant for thirty seconds to ensure that the capacitance in the oxide layer is charged. Second, a second set of data will be collected under an applied voltage with a reversed polarity, which will reduce the risk of electrode dissimilarities or changes in their open circuit voltages from affecting the measurements.  The total time for the LPR test will be 60 seconds. The measured current will be normalized to the current density, and the resulting current is proportional to the corrosion current, ICORR. An application of Faraday’s Law relates ICORR to the corrosion rate.

Numerous companies were researched, and Metal Samples Corrosion Monitoring Systems was our top choice as the vender of equipments necessary to carry out this project. Their products were chosen based on price, availability, and technical support. Although they offer many meters with enhanced features, they offer a basic LPR instrument (MS1000) that automates the above LPR process. It features microprocessor based electronics and a portable design.  A low-battery indicator prevents the operator from using the device with a dead battery, which would skew the measurements. It interfaces with the user via a four key keypad and a four line Liquid Crystal Display. After turning the device on, pressing the button marked COR initiates the measurements. An audible alarm will sound 60 seconds later to notify the operator that the tests are completed. The corrosion rate (measured in mills per year) is displayed on the screen. The instrument is preprogrammed with the Tafel constants that allow for calculation of the corrosion rate for carbon steel and common grades of stainless steel.  Multiplication factors of the Tafel constants can be programmed into the device to allow for the measurement of copper, admiralty brass, and lead.

The above procedure will determine the likelihood of a single metal corroding.  For example, it can be used to test the effects of a steam autoclave on 416 Stainless Steel.  The zero resistance ammeter in the MS1000 allows for the measurement of the galvanic current between dissimilar metals. Electrodes composed of different alloys are used to make the galvanic couple, and Faraday’s law can be implemented to calculate the mass of the metal lost due to corrosion.

Standard metal coupons can not be used with this meter for numerous reasons.  Most importantly, the meter is preprogrammed to calculate the corrosion rate for samples with a surface area of five square centimeters. A flat, square coupon would have to be approximately dimensioned 1.6cm by 1.6cm. Electrodes purchased through Metal Samples are cylindrical with a length of 31.75 mm and a diameter of 4.76 mm. The connection between the electrodes and the probe is another reason why standard coupons should not be used (Figure 56). Mounting a tiny metal coupon to the probe would be laborious and it would thus yield the procedure to be impractical for numerous tests. In addition, bad data would most likely result from inconsistencies in the mounting (especially if the coupon and the reference electrode are not parallel).
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Figure 56: MS1000 with probe and electrodes
Current choices of the probes are the fix-length probe (LP2000) and the epoxy probe (LP3010). The LP2000 is consisted of a insertion rob with a two-electrode endcap, a sealed connector, and an pipe plug. Options for the body materials are either 316 stainless steel of C276. The endcap seal is glass and fill material is epoxy. A schematic of the LP2000 is displayed below in Figure 57.  There are several standard length available ranging from 6” to 18” for the customers’ needs. The insertion length can also be specified by the customer.  The maximum insertion length that can be specified varies depending on the standard length chosen.
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Figure 57: Schematic for the fix-length probe (LP2000).
The model LP3010 is an LPR probe commonly used in laboratory.  The probe has a glass epoxy body, endcap, fill material and an optional ¾” NPT nylon compression fitting for insertion. The insertion length can also be specified up to 6.75” with the optional fitting and 8.75” without. A schematic of LP3010 is displayed below in Figure 58.
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Figure 58: Schematic for the epoxy probe (LP3010)
Note that the electrodes need to be purchased separately.  Several types of electrodes are also available at Metal Samples. The surface area of the electrodes for the two-electrode probes is approximately 0.736 in2. Quotes from Metal Samples resulted in the following prices.  The Fixed Length and Epoxy probes cost $285 and $160, respectively. The cost of the MS1000 meter is $980. Finally, the electrodes are priced between $20 ~ $30 a piece depending on the type of metal alloy.
In our project, we will use an Ion Selective Electrodes (ISE) with our tests.  An ion selective electrode has a membrane coating which responds selectively to ions in the presence of others, and it can be used to determine the concentrations of various ions in a solution.  This will provide added accuracy for our tests as we will use probes that would be responsive to the major components of stainless steel (iron/ chromium, nickel, etc) as well chloride.  Monitoring the amount of ions corroding in the saline solution would be responsive to crevice corrosion, which is one type of corrosion that plagues the M4. We will be able to monitor slight changes in the concentration of the aqueous solution, which in our case is saline; this would assist in determining the factors of corrosion as well as its rate for a given metal sample.  We will use the electrodes in conjunction with a voltmeter in order to track the changes in the potential.  This data would be directly applied to calculating the corrosion rate.

An ISE test uses two electrodes, one being the ion selective electrode itself and the other being a reference electrode.  It works by measuring the change potential generated by the specified ions on the ISE’s membrane.  This potential is then compared to the reference electrode (which has a constant potential).  The difference is related to a net charge which is proportional to the ion concentration.  Basically, an ISE uses the following formula for calculating the potential for the cell:
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Aside from giving us more accurate measurements, the use of ion selective electrodes would also benefit us because they are perfect for testing under laboratory conditions.  The latest types of electrodes being produced in the current market are very durable, which would prove to be useful for our applications of fluid flow and other movement.  ISEs also operate very well over a wide temperature range, an aspect which is very valuable, since heat is one of the suspected factors of corrosion in the M4.

Proof of Concept

The testing procedure will be contained in a glass beaker. The beaker will be of the standard used for rudimentary chemistry related experimental procedures, usually a 500 mL container space having the same diameter from base to opening. It is in the shape of a cylinder with markings indicating the solution amount, such as a measuring cup. The beaker will be closed off with a lid; hence, lying on the opening of the beaker. The lid will contain holes with diameters corresponding to the diameters of the test probes to be ordered prior to experimentation. Furthermore, the lid will serve as a probe rack. This type of rack resembles that of a hanging rack. Its function is to hold the probes in place without affecting the results of the probe readings. Again, another example of its functionality is that of a hanging wine glass rack. The glasses are held upside-down and in place by the rack.

The beaker will also be placed on a heating surface with which to control the temperature. This further confirms the reason for using a glass beaker. Glass will not affect the voltage potential readings, and glass will be able to withstand applied reasonable temperature adjustments without deforming or yielding to the gradual increases or decreases in the conditions in the controlled environment. 

The solution flow will be controlled by a pump. The object of the solution flow is to create a flow across the galvanic couple with a measured velocity in, a constant flow in the negative horizontal direction across the samples, and an equal measured velocity out. There is to be ideally no acceleration in the flow. It is important to have an unvarying flow as to control results errors. The force of the flow will be well balanced by the weight of the fluid contained in the beaker. The challenge in creating this kind of circumstance will be to control the fluid flow in a perfect negative x-direction.
We chose to vary the temperature at which the experiment is run. We will test the components of the M4 microdebrider at room temperature (28oC) to simulate conditions actually seen in its environment. This will help in examining the actual corrosion rate. The experiment will be run again at temperatures of 50, 75, and 100 oC, which will allow changes to the corrosion rate. Corrosion is known to accelerate under conditions of higher temperature, so this may help in determining corrosion rate within a shorter time period. The variation in temperature will also provide insight into the corrosion rate dependence on temperature, and a relationship may be established through testing, relating ∆T to ∆V or ∆I. This will prove very useful in relating the corrosion rate of the accelerated experiment to that of normal operating conditions.

We will test varying concentrations during our experiments. The M4 is subjected to a flow of saline of known concentration throughout its use. The concentration of the saline solution is important in testing because chloride is known to contribute to corrosion, and saline buildup in crevices, as well as the buildup of M2+ and H+, is also a cause of concern. By using different concentrations of 0.5, 0.6, 0.7, and 0.8M saline, we will be able to determine what concentrations may speed up corrosion. In addition, we can then find a relationship between  ∆C and ∆T, ∆, V, and ∆I. The cleaning solution used on the M4 has no specifications against chloride content, so this also shows that chloride concentration should be tested.

We will request that Medtronic run 20 samples through the autoclave before distributing them to us. They currently use an autoclave in the cleaning process of the M4, and it is unknown whether or not the autoclave contributes to the corrosion of the device. There may be residue left behind from the autoclave, which could influence corrosion. With samples that have been run through the autoclave, we can run tests to determine any possible differences between the corrosion of these and other samples not run through an autoclave.

Appendix: MS1000 Specifications

Model: MS1000 – LPR Corrosion Meter (Ordering # IN1000)

Physical Data:

· Instrument Weight: 0.84 lb

· Instrument Dimensions: 7.63”H x 4.15”W x 1.3”D

· Operating Temperature: 32° to 122°F

· Storage Temperature: -4° to 158°F
Performance Data:

· Measurement Type: 2-Electrode LPR, Galvanic

· Range:

· 2-Electrode: 0-40 mpy

· Galvanic: 0-80 μA

· Resolution:

· 2-Electrode: 0.02 mpy

· Galvanic: 0.04 μA

· Cycle Time:

· Corrosion Rate: 60 sec

· Zero Resistance Ammeter: 30 sec

Electrical Data:

· Power Requirements: One 9V Rechargeable Battery

· Maximum Probe Cable Distance: 2000 ft

Project Plan
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Figure 59: Gantt Chart
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Figure 60: Gantt Chart
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Figure 61: Gantt Chart
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Figure 62: Dependencies
Experimental Plans

To: Matthew Myntti

From: Team Corrosave: Daisy Evans, Trevor Skipp, Chia Chu, Chris Vidal, Kate Heffter

Subject: Analytical and Experimental Test Plans

At this stage in the design process it is necessary to formalize a set of test plans that will demonstrate that the design parameters and concepts selected will satisfy the product design specifications.  Acceptance tests will be performed that compare experimental results with their according specification.

The product specifications focus on predicting the likelihood of corrosion occurring.  Metal samples will be entered into the prototype, and the chemical and electrical conditions of the environment will changed.  As a result, the corrosion characteristics of the metal samples will depict the likelihood of corrosion occurring. The metrics for most of the test plans will be found experimentally. Initial testing will begin with two samples that have opposite corrosion potentials. Their voltage will be read with respect to the silver/ silver chloride reference electrode. Linear polarization will proceed by applying voltages of 10mV, 20mV, 30mV, 20mV, 10mV, -10mV, -20mV, -30mV, -20mV, and     -10mV in five minute increments. During the procedure the corrosion current flowing out of the auxiliary electrode will be measured, and it will be related to a corrosion rate using Faraday’s Law. Upon completion of linear polarization, the voltage of the sample will be measured once again against the reference electrode. A significant change will demonstrate that the system provoked a metal combination to corrode, which will agree with theoretical assumptions because the metals have opposite potentials. If a significant change is not seen, the magnitude of the applied voltages and the time increments will be altered until the results are acceptable. The next step will be to repeat the procedure with two metals that have similar corrosion potentials. The voltage measured against the reference electrode should have little change from the beginning to the end of the experiments. In addition, the corrosion rates calculated from the linear polarization data should be significantly different from the test containing metals with opposite corrosion potentials. Again, if the results are undesirable, the voltages and time increments will be changed. Poor results of the experiments may also lead to changes in the spacing and orientation between samples and auxiliary electrodes.

The above tests will establish numeric values for changes in voltages and corrosion rates that will result corrosion. The next step is to begin experimentation on samples that are of the same types of metals as those inside the M4 (Table 43). The first test conducted will be linear polarization, and if the results suggest the occurrence of corrosion, there will be no need for further testing on the metal combination. However, if the results do not suggest corrosion the environment will be changed in an attempt to make it occur. First, the solution concentration of saline will be doubled and the linear polarization process will be repeated. If the results are still negative, the solution temperature will be raised thirty degrees and the linear polarization process will be repeated. The final attempt to provoke corrosion will be made by creating agitation in the fluid. Once again, the linear polarization process will be performed. If the results are still negative it will be assumed that the metal combination will not corrode.

The experiments will result in a “probable” or “not probable” answer as to whether a given metal combination will corrode. Medtronic provided an M4 which had failed in the field because of corrosion. The components of this M4 will be visually inspected for corrosion, and the experimental results should match. If they do not, further changes to the system will be made.  They may include, but are not limited to, the magnitude of the increased solution concentration, temperature, and fluid flow. The linear polarization process and the container may also have to be modified.

Numerous components must be assembled before testing can begin. Initially, a voltage supply, high impedance voltmeter, zero resistance ammeter, and reference electrode will be borrowed from the University of Florida. Basic linear polarization tests can be performed in a one gallon container. However, further testing involving numerous galvanic couples, crevices, and fluid flow will wait on a specifically designed lid. Additionally, the extensive testing of metals inside the M4 will begin after the delivery of samples from Medtronic.
Table 43: Experiment List
	Experiment #
	Connection
	Area Ratios (est)
	Metals

	1
	crevice

	6:1
	17-4 PH SS heat treat H900 : 15-7 MO SS

	2
	crevice

	1:1
	304 SS chromium coating : 17-4 PH SS heat treat H900

	3
	galvanic
	2:1
	304 SS chromium coating : 17-4 PH SS heat treat H9003

	4
	crevice

	1:1
	1-4 SS heat treat H900: 17-4 PH SS heat treat H900

	5
	galvanic
	1:1
	416 SS : 303 SS

	6
	galvanic
	1:1
	17-4 PH SS heat treat H900 : 416 SS

	7
	crevice

	1:1
	17-4 PH SS heat treat H900 : 302 SS

	8
	galvanic
	1:1
	main housing* : 17-4 PH SS heat treat H900

	9
	galvanic
	3:1
	main housing* : 1-4 SS heat treat H900

	10
	galvanic
	1:1
	main housing* : 304 SS w/ areas of chromium coating

	11
	galvanic
	1:2
	main housing* : 17-4 PH SS heat treat H900


*main housing: 6061 – T6 (T651 or T6511) aluminum anodized per mil-a-8625.  Type 2, Class 1
 (.003” - .0004” thick).  Threads are masked to prevent anodize and are bare aluminum.
Preliminary Design Report Revision 1

Project Assumptions and Objectives
The Straightshot® M4 Microdebrider is manufactured by Medtronic Xomed to be a precision surgical tool. Its primary intention is to remove tissue and bone during head and neck surgeries. Sinus surgeries are simplified by the rotating tip and the integrated blade locking function, which are features that lead the industry. Advanced ergonomic engineering provides multiple hand positions which results in less fatigue of the operator. The materials composing the device were chosen to facilitate a light, well balanced tool.

After its launch into the market, the M4 Microdebrider experienced corrosion at a greatly unexpected rate. Devices were returned with severe galvanic and crevice corrosion inside the device, and some were even corroded to a point were the tool could not even be opened. These occurrences were detrimental to Medtronic in a couple of ways. First, many of the failures occurred within the manufacture’s one year warranty. With a retail price tag of ten thousand dollars, Medtronic’s profit margins were greatly reduced by the substantial number of warranty claims. More importantly, Medtronic wanted to uphold their image as a manufacture of quality tools. Although their product warranty was only one year, they wanted to engineer the product to last three years. Superior quality combined with advanced features would ensure the M4 Microdebrider’s share in the market.

The task given to Corrosave is to predict the likelihood of corrosion, and it can be achieved in two phases. The first phase involves engineering a testing procedure that can determine if galvanic or crevice corrosion will occur over an extended period of time. Designed for use in a Medtronic lab, the procedure is not patented, licensed, or sold. Furthermore, the test is made available to engineers to assist them in their development of products. Therefore, it is not necessary to quantify the economic effects of the project. The second phase includes experiments to prove the validity of the testing concepts; the results should concur with the field tests run by Medtronic. Once the procedure is verified, testing can be done on new material combinations that could conceivably decrease the occurrence of corrosion inside the M4 Microdebrider.

Customer Requirements

Medtronic has defined numerous parameters that characterize the project. The desired lifetime of the M4 Microdebrider is three years, and it is estimated that hospitals will use the product 100 times per year. Corrosave must accelerate metal to a corrosion point that is representative of the tool at the end of its life cycle, or 300 uses. A measurement needs to be taken that quantifies the relationship between the metal under accelerated conditions to corrosion. The testing procedure should be designed for laboratory technicians, and the test equipment should be of a reasonable size. Special equipment may be necessary to measure the corrosion.

The conditions under which metals are tested should emulate those under which the corresponding metals experience inside the M4 Microdebrider. For example, known failures in seals allow a saline solution to flow through parts of the tool. Therefore, the metals that are in contact with saline must be tested in saline. Materials inside the device are in contact with other materials, so the measurement and acceleration procedures should address both galvanic and crevice corrosion. The owner’s manual for the M4 Microdebrider supports several cleaning methods: a steam autoclave, a mild detergent (e.g. 10% Clorox and H20), and an ammoniated cleaner. Experiments should be run to determine if any of the cleaning methods contribute to corrosion. A recent design change to the M4 Microdebrider called for a bushing to be constructed out of PEEK, which changed the corrosion characteristics of the surrounding metal. If time allows, testing should be done to determine the affects of the change on applicable metals.

The customer requirements can be matched with metrics that characterize them. The M4 Microdebrider has a safety ground with a resistance less than one tenth of an ohm that must be maintained. In addition, the weight of the tool must remain under eight ounces. The change in corrosion rate is the unitless ratio between the corrosion rate under one set of conditions to the corrosion rate of the same metal under different conditions. Temperatures exposed to the product can range from 75 to 250 degrees Fahrenheit. There are optimal electric potentials and currents that vary depending on the metal being tested. Field tests run by Medtronic have determined which parts of the tool corrode. Corrosave tests will determine if a part will corrode or not, and these results are compared to the field results in an agree or disagree fashion. Although a physical size for the testing apparatus is not defined, it should be reasonable and not exceed one table top. The tests should be conducted in a manner that is safe for a skilled technician. A House of Quality that relates these metrics to the customer requirements is in Appendix C.

Background Information
Corrosion will occur when a metal or metal alloy comes in contact with an oxidizing reagent in the environment. The site where metal atoms lose electrons is called the anode and the site where the electrons are transferred to is called the cathode. The cathode/anode pair immersed in a conducting solution is essentially an electric circuit just like a battery. The flow of current between the cathodic and the anodic sites is known as the corrosion current. Faraday’s Law of induction yields the corrosion rate by modifying it to take into account the corrosion current (Icorr), the equivalent weight of the metal (EW), the surface area of the metal (A), and the density of the metal (d): 
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where K is some conversion factor and F is Faraday’s constant.

The Stern-Geary equations and the Tafel constants provide a method to measure the corrosion current, which becomes a function of the open-circuit potential of the electrodes divided by the measured current density.  This ratio is known as the polarization resistance, Rp. With Rp and the necessary Tafel constants, the corrosion current can then be calculated using the following formula:
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where the betas are Tafel constants and the collection of the betas in the formula can be represented simply as B.

Analysis of Competitive Products
Corrosion Testing Laboratories, Inc. is a facility that specializes in corrosion testing, failure analysis, and material evaluation. CTL provides a wide variety of services to different industries in the United States including chemical, petroleum, pharmaceutical and many others. They use many advanced analytical techniques to determine how components fail and suggest corrective actions. Furthermore, their corrosion laboratory compliments their failure analysis with many different types of corrosion testing. CTL follows industrial standards such as ASTM and NACE throughout failure analysis and corrosion testing processes. A chart listing levels of failure analysis and corresponding prices can be found in Appendix B Table 44. In case of the M4 microdebrider, Medtronic Xomed would require a Failure Investigation/Assessment to determine the origin of its corrosion failure. To compliment the failure analysis, galvanic corrosion testing and crevice corrosion testing should be applied. The prices of these corrosion testing procedures are listed in Table 45 from Appendix B.

Although CTL has 100 years of combined various experiences to solving corrosion failure problems, we feel that our team can deliver an effective testing scheme including the necessary equipments at a much lower cost to Medtronic Xomed. The necessary equipments will be obtained from vendors that specialize in linear polarization resistance equipments. Currently, Metal Samples Corrosion Monitoring Systems and ACM Instruments are two vendors that provide laboratory LPR equipments. Vendors such as Rohrback Cosasco Systems and Cormon Corrosion Monitoring Systems, though more well-known for corrosion monitoring equipments, only have products more applicable to industrial testing, which is much larger in scale and therefore unfit for testing a surgical hand piece.

ACM Instruments provides two LPR instruments: Pocket Machine and LPR Meter. The Pocket Machine is a hand-held, battery powered meter that is capable of determining corrosion rates and galvanic currents. It measures through the two-electrode square wave method and galvanic current by a built-in zero resistance ammeter and a potentiostat. Taking a reading is as simple as pressing one single button and the corrosion rate is displayed 40 seconds after pressing the button. An image of the Pocket Machine is displayed in Appendix A Figure 63 and its technical specifications can be found in Appendix B Table 46. The LPR Meter is the more advanced LPR equipment that ACM Instruments provides. This equipment has two different MPY ranges and is compatible with two or three electrodes and flush or standard probes. Figure 64 from Appendix A is an image of the LPR Meter by ACM and its technical specifications can be found in Table 47 from Appendix B.

Besides these two LPR monitoring equipments, ACM Instruments also vends an electrochemical cell kit and noise reduction probes. The electrochemical cell kit can be modified to fit several laboratory testing settings, but does not have flow inlets. The noise reduction probe can also be a great compliment to our proposed scheme to minimize uncertainties in measurements. However, ACM Instruments does not provide necessary probes and electrodes for the testing.

Metal Samples Corrosion Monitoring Systems, on the other hand, is a more comprehensive vendor in terms of having all the necessary equipments for LPR testing. Models MS1000 and MS1500L are two basic LPR monitoring equipments that Metal Samples provide. The MS1000 is a two-electrode probe system. It is hand-held and battery powered. The MS1000 also offers a high precision zero resistance ammeter to measure galvanic current between two dissimilar metal alloys. A picture of the MS1000 is displayed in Appendix A Figure 65 and its technical specifications in Appendix B Table 48. The MS1500L is a more advanced meter that is capable of making LPR measurements and storing data from a two or three-electrode probe. Stored data can be uploaded to any IBM-compatible PC as ASCII text files. Although the MS1500L is compatible with three-electrode probes, we should note that three-electrode probes cannot make galvanic current measurements. The MS1500L product image can be found in Appendix A Figure 66 and its technical specifications in Appendix B Table 49.

Metal Samples also provide a variety of probes and electrode for their customers. The least expensive probes are the epoxy probes. Figure 67 in Appendix A is a schematic of a two-electrode epoxy probe. Electrodes do not necessary have to be purchased from Metal Samples and can be made on our own. However they must be made to connect to the threads at the end of the probes purchased from Metal Samples. Table 50 in Appendix B is a list of quotes of equipments that we are interested in purchasing from Metal Samples. Currently, Metal Samples is the preferred vendor and have been contacted several times. ACM Instruments can also be an option and will be contacted within the next week for comparison of prices.

Project Plan, Resources, Schedules

In order to initiate this project on a progressive path, the team is required to complete a series of activities referred to as the deliverables. These deliverables are a way of organizing the team’s thoughts and plans into one centralized location. The deliverables are later put into a power point presentation successively in order to be prepared for a randomly called upon class presentation. Appendix B: Table 51 contains a list of times and dates specific for all deliverables previously and futuristically due. It also features details on the project deliverables as to what is expected, a due date, and an amount of time allotted for each deliverable to be completed.
The preliminary Product Design Specifications (Appendix C) is a list composed of needs from the company. This part of the report was developed through a meeting with team members from Medtronic and weekly conferences that resulted in a certain needs list. This list was ranked in accordance with importance in reference to completion. The preliminary concept generation and evaluation is where team Corrosave used it diverse areas of expertise upon its studies in order to brainstorm for ideas leading to a project selection. At this point, the idea is very basic and is still subject to rejection. The preliminary concept selection is the point where all of the ideas were narrowed down to one main idea. Ideas were thrown out based on feasibility corresponding to further research and contemplation. The team voted on ideas, and again, it was narrowed down to one idea.

The preliminary design report and project plan is a detailed description of everything that was and is to be done. This component should answer any questions necessary for anyone evaluating this project wholly. Included are the project assumptions and objectives, the customer requirements, the analysis of competitive products, the concept selection and description, the project plan, resources, schedules, and issues.

Product architecture will be what the actual building of the project will look like. Team Corrosave will have a product architecture that is of the process. Furthermore, the construction of the process is not allotted an overbearing amount of time due to its anticipated simplicity. Component design specifications are the actual details and blueprints for the building of the product. This will feature a pro/Engineer drawing, details of layout, and measurements as needed.  The analytical/experimental plan will be a program generated in order to follow prompt testing procedures. Corrosave plans to test different samples in order to confirm the functionality of the process. Another idea suggested was to purposely corrode to materials meant to have tendencies to corrode. This would further confirm the workability of the process. 

The system level design report is the competed and final report containing all of the deliverable as a sort of project completion manual. This is to be a professional grade report referencing any questions that might be addressed by the company. Additionally, team Corrosave plans to begin testing before the Christmas dismissal and to be able to continue testing post-break. The project plan will be the timeline used for the development of the project. The timeline itself is expected to be made available within one week. Furthermore, the detailed manufacturing process and tool document will have the specifications for the process and testing.

The next step in the project process is the acceptance test results and report. This will be a document stating the success or progress of the testing procedures of corrosion. The project will be tailored with a project poster, a final presentation, and a final report and documentation. The poster is going to be a small presentation with images saying who we are, what we developed, and what the purpose for this project is. The final presentation will be a presentation for Medtronic stating our results, the analysis, and the conclusions drawn from this experiment and testing method. The final report will contain all test results and conclusions, the information contained in the system level design report, calculations, predictions, and the overall functionality of our design.

As a chemical engineer, Chia Chu is responsible for contacting vendors of LPR equipments and determining which type of LPR probe and monitoring equipment is the most appropriate for the purpose of this project. Daisy Evans, also a chemical engineer, is responsible for selection of equipments necessary for monitoring ion concentrations in the glass beaker. As electrical engineers, Chris Vidal and Trevor Skipp are responsible for control for the fluid pumps as well as the electrical connections between the testing equipments. This brings us to a general picture of the product architecture. At this point, each team member will need to provide component design specifications of the items that each individual is responsible for. The team together can then generate an experimental plan that will undergo revisions and develop into a functional project plan as well as an experimental report. Kate Heffter will take charge of the construction of the prototype after the team has obtained the necessary equipment. During prototype testing, Chris Vidal and Trevor Skipp will monitor the fluid pump while Daisy Evans and Chia Chu monitor the probes and electrodes while recording the data. Kate Heffter will be adjusting the settings on the hot plate and assisting others. The team will review the prototype results together with Medtronic Xomed and make necessary adjustments. During project presentation, including preparation for the presentation, each individual will present the areas where they have been assigned to work on throughout the course of the project.

Issues

One issue our team is faced with is our lack of previous knowledge of corrosion principles. We do not have any team members with a background in materials science, so we have all been faced with the task of doing more extensive research on corrosion in order to have a better technical understanding of the principles behind our project. Another technical issue is the maturity of the technology available. We need to have an accurate way to measure accelerated corrosion, and some equipment may not be perfect or may lack some level of accuracy or precision. Proving our concepts will provide some issues, based on our lack of expertise in corrosion. We will need to spend extra time working to understand and prove the concepts we are faced with.
Scheduling involves another set of issues. We need to complete our deliverables in a timely and efficient manner, and we need to make sure everything satisfies the customer’s requirements at all times, and we need to make sure we have addressed all important issues. There is another issue involving resource availability. We need adequate testing supplies and laboratory space in which to conduct our testing. If we are unable to procure the right equipment or laboratory space, our project will suffer. We also must consider schedule realism. Some things may take much longer than others, and we must accurately assess the time needed for each task so that we may remain on schedule. If we are not realistic about all of our tasks, the project may get behind on time. During startup, we may need to allow time for any delays in the initial setup procedure. If things do not run smoothly at first, we may need to adjust certain aspects of the testing setup. Cascading delays will provide another issue. If we are unable to finish something on time, other dependent aspects of the project will also be delayed.

Availability of components may be an issue because we need to be able to obtain all necessary pieces of equipment, and some things may be more difficult to get than others. All equipment must adhere to our standards, including those set by our customer. Lead-time of components is also an issue because some parts may take more time to get than others. We need to be able to have all components in a timely manner in order to begin testing, and receiving some things at a later time will delay our procedure. There is also risk in vendor delivery commitments if the vendors are unable to deliver our equipment or unable to deliver in a timely manner. Quality of components is important because we may receive components that are not as good as we were led to believe, which will hinder testing or set us back. All components must be of excellent quality and reach our expectations.

Financially, we need to be able to obtain equipment that is not too expensive. We need to stay close to our budget, and we need to make sure that we can get adequate testing equipment for reasonable prices.

We may also have issues within the team and amongst team members. First of all, everyone needs to be able to commit adequate time to the project. We all have other involvements, especially with school and homework, and we need to manage our time in a way that allows the necessary commitment to our project. Also, we need to have the motivation to commit ourselves to the project, and we need to be willing to do our work at all necessary times. Communication is another important issue to identify. Without proper communication, we may have difficulty deciding what each person is supposed to be doing or what has and has not been completed correctly, and it would greatly delay the progress of our experiments and also the completion of our deliverables. Project priorities are important, as we may have different ideas about what is most important in the project. Communication will help to resolve this, but we must also agree on which aspects of the project are the most important and what needs to be completed before something else. The issue of schedule conflicts could somewhat hinder our progress. Since we all have different schedules, it will sometimes be difficult to meet at certain times. We need to find times when everyone is available to meet and discuss our progress and perform testing. Interpersonal and personality clashes may become an issue. Since we all have different personalities and experiences, we may not always agree on everything, and we need to be able to work out our differences without delaying the project in the process of doing so. Team leader effectiveness is important to consider. If the team leader is not effective, the project may lose some of its direction, and some things may become less organized and would require more work for the other team members in agreeing on how to direct things. Since we are from different backgrounds, technical opinions within the group may vary sometimes. In such an event, we need to be able to prove the opinions and decide, as a team, which concept and ideas are more applicable to the project and which ones we should implement. We must also consider staffing and resource allocation. We need to have enough people running the experiments once everything is set up, and this will require team members to be available during certain times. Since we will have scheduling issues to work around, this may also cause some concern at times. We must use all of our resources effectively in order to achieve our goals, so we need to be able to decide on the allocation of our resources and equipment and follow through with out plans.

Appendix A: Figures
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Figure 63: The Pocket Machine by ACM
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Figure 64: The LPR Meter by ACM
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Figure 65: The MS1000 by Metal Samples
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Figure 66: The MS1500L by Metal Samples
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Figure 67: Two-electrode epoxy probe by Metal Samples

Appendix B: Tables

Table 44: Failure analysis & reporting options

	Level
	Investigation
	Purpose
	Cost Range

	1
	Forensic Investigation


	Determine the root cause of a failure based on all discoverable information and knowledge with a complete laboratory examination.
	Open

	2


	Field Investigation
	Determine the root cause of a failure based on laboratory and field investigation.
	$3,000 ~ $20,000

	3
	Field Examination
	Take field measurements for wall loss, deposits, water samples for chemical analysis, etc.
	$500 ~ $5000

	4
	Failure Investigation / Assessment
	Determine the physical cause of a failure based on a laboratory investigation and background information provided by our client.  Type of failure identified, origin of crack/corrosion based on available evidence on sample.
	$1000 ~ $6000


Table 45: Corrosion testing prices
	
	Type of Testing
	Price

	Preparation
	Sample Preparation


	$50

	
	Sensitization/Heat Treatment


	$80

	Crevice Corrosion
	G-48 Method B (Ferric Chloride Crevice)


	$200

	
	Potentiodynamic Polarization (Ambient)


	$700

	
	Potentiodynamic Polarization (Autoclave)


	$1490

	Galvanic Corrosion
	Galvanic Couple Test

(Dissimilar Metals)
	$750


Table 46: Technical specs for the Pocket Machine
	Technical Specifications

	Dimensions
	18 by 8.5 by 3 cm

	Power Supply
	9V PP3

	Weight
	300 grams

	LPR reading
	0-200 mpy

	ZRA range
	0-200 μA


Table 47: Technical specs of the LPR Meter
	Technical Specifications

	Dimensions
	28 by 26 by 12 cm

	Power Supply
	Internal Battery

	Weight
	1.2 kg

	LPR Range
	2 mpy & 200 mpy

	LPR Polarization
	+/- 15mV

	Electrode Area
	4.5cm2


Table 48: Technical specs for the MS1000L
	Physical Data

	Instrument Weight
	0.64 kg

	Total Weight
	2.39 kg

	Instrument Dimension
	19.38 by 10.54 by 5.08 cm

	Operating Temperature
	0o to 50o

	Performance Data

	2-Electrode
	0 to 200 mpy

	3-Electrode
	0 to 150 mpy

	Galvanic
	+/- 999 μA

	Potential
	+/- 999 mV

	Electrical Data

	Power Requirements
	One 9V Rechargeable Battery

	Maximum Probe Cable Distance
	1.83 m


Table 49: Technical specs for the MS1500L
	Physical Data

	Instrument Weight
	0.38 kg

	Total Weight
	2.36 kg

	Instrument Dimension
	19.38 by 10.54 by 3.30 cm

	Operating Temperature
	0o to 50o

	Performance Data

	Measurement Type
	2-Electrode LPR, Galvanic

	Range
	2-Electrode: 0-40 mpy Galvanic: 0-80 μA

	Resolution
	2-Electrode: 0.02 mpy Galvanic: 0.04 μA


	Cycle Time
	Corrosion Rate: 60 sec ZRA: 30 sec

	Electrical Data

	Power Requirements
	One 9V Rechargeable Battery

	Maximum Probe Cable Distance
	609.6 m


Table 50: Metal Sample Prices

	Equipment
	Price

	MS1000


	$950

	MS1500L


	$1650

	LP3010 (Two-Electrode)


	$160

	Customized Epoxy Three-Electrode Probe


	$195

	Electrodes


	$22.35 and up


Table 51: List of Activities
	Deliverables (weeks)
	Due Date
	Time

	1. Final Report & Doc.
	4-12-05
	5

	2. Final Presentation
	4-12-05
	3

	3. Project Poster
	4-3-05
	6

	4. Accept. Test Results & Report
	3-20-05
	4

	5. Mfg. & Test Plan / Prod. Cost
	3-13-05
	2

	6. Prototype Results & Report
	2-20-05
	1

	7. Detail Mfg. Process & Tool Doc.
	2-6-05
	3

	8. Analytical / Experimental Report
	1-18-05
	8

	9. Project Plan
	1-9-05
	1

	10. System Level Design Report
	12-5-05
	4

	11. Analytical / Experimental Plan
	11-7-05
	2

	12. Component Design Specs.
	10-31-05
	2

	13. Product Architecture
	10-24-05
	2

	14. Prel. Design Report & Project Plan
	10-10-05
	3

	15. Prel. Concept Selection
	10-3-05
	1

	16. Prel. Concept Gen & Eval.
	9-26-05
	2

	17. Prel. Prod. Design Spec.
	9-12-05
	1


Appendix C: House of Quality
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Appendix D: MS1000 Specifications

Model: MS1000 – LPR Corrosion Meter (Ordering # IN1000)

Physical Data:

· Instrument Weight: 0.84 lb

· Instrument Dimensions: 7.63”H x 4.15”W x 1.3”D

· Operating Temperature: 32° to 122°F

· Storage Temperature: -4° to 158°F

Performance Data:

· Measurement Type: 2-Electrode LPR, Galvanic

· Range:

· 2-Electrode: 0-40 mpy

· Galvanic: 0-80 μA

· Resolution:

· 2-Electrode: 0.02 mpy

· Galvanic: 0.04 μA

· Cycle Time:

· Corrosion Rate: 60 sec

· Zero Resistance Ammeter: 30 sec

Electrical Data:

· Power Requirements: One 9V Rechargeable Battery

· Maximum Probe Cable Distance: 2000 ft 

Product Architecture

To: Matthew Myntti

From: Corrosave: Daisy Evans, Trevor Skipp, Chia Chu, Chris Vidal, Kate Heffter

Subject: Present the product architecture
Pump

Two peristaltic pumps will control the rate at which the solution flows in and out of the container with the testing materials. The pumps will be controlled by the operator. The operator may change the voltage applied to the pump in order to alter the flow rate of the solution, eventually allowing us to establish relationships between flow rate and corrosion rate. The first pump will be connected to the container and will provide the flow of solution necessary to simulate conditions of the M4 microdebrider, and the second one will pump fluid out of the container and into a disposal tank. The solution is connected before the pump, as the solution will flow into and through the pump.

Solution

The solution will be saline, which is used in the actual M4 microdebrider. The operator will manipulate the solution in the fact that he or she will adjust the concentration to allow testing at different concentrations of saline. These different concentrations of saline will allow the determination of a relationship between chloride concentration and corrosion rate. The solution is then connected to the pump because the solution will flow into the pump as it enters our testing set-up.

Measuring Equipment
The necessary measuring equipments are a potentiostat, an ammeter, and an ISE reading equipment. First we will measure the corrosion potential of a metal coupon. The metal coupon will be immersed in a solution connected to a reference electrode to give the corrosion potential reading. Then we will perturb the metal coupon by applying a voltage and the ammeter will provide the corrosion current reading. An ion-selective electrode will also be immersed in the solution to give ion concentration readings. All of the measuring equipment will either be purchased or borrowed. In summary, the characteristic information are the corrosion potential of the metal coupon, the corrosion current flowing through the system under perturbation, and the ion concentrations in the solution.

Heat

We will use heat to induce a change in the corrosion rate. A container will be placed over hot plates or Bunsen burners, and the interaction between the operator and the heating apparatus is simply the changing of the temperature and recording the changes. More specifically, our experiments will be conducted at temperatures of 50, 75, and 100° C, which will deliberately allow changes to the corrosion rate. This procedure is based on the fact that corrosion is known to accelerate under conditions of higher temperatures, so this will give us a sense of the long term behavior of the metals we test.

The intended interaction is to induce a change in corrosion rate, as stated above.  The incidental interaction is the relationship between the temperature and the solution concentration. As the temperature is raised, an evaporation of the solution causes the concentration of chemicals to decrease.

Voltage Source

A voltage source will be used to supply power in order to change a sample’s corrosion potential from passive to active. This is one component of the setup that is anticipated to accelerate the corrosion rate over a short period of time. Specifically, the operator will set the voltage source by a knob, and the output will be read with a voltmeter. Furthermore, the voltage source must have a high enough output resolution to supply millivolts. The voltage supply will be connected to two electrodes: the sample and auxiliary. Overall, it is expected that the voltage applied will change the corrosion potential of the sample. It will bring it from a passive potential to an active one causing the metal to corrode. The voltage supply and voltmeter will be borrowed from IPPD.

Component Design Specifications

To: Matthew Myntti

From: Corrosave: Daisy Evans, Trevor Skipp, Chia Chu, Chris Vidal, Kate Heffter

Subject: Memo to Request Schedule Changes

The purpose of this memo is to show progress in generating concepts.

One of the main objectives of this project is to determine corrosion rates of corroding metal parts in the surgical hand piece, M4 microdebrider. Two key areas are simulation of the actual corrosion process and accuracy of corrosion measurements. Background research led us to finding similar testing done by Corrosion Testing Laboratories, Inc. and Anderson Materials Evaluations, Inc., in which various metal specimen were exposed to saline environment and tested through electrochemical methods. In the process of developing our testing procedure, many company products are being reviewed. While there are several ways to measure corrosion rates, only electrochemical methods can directly determine corrosion rates. Specifically, linear polarization resistance (LPR) is one of the most widely used technique mainly because of its accuracy and speed. Companies like Metal Samples that have twenty-five years of expertise in corrosion testing provides guideline and corrosion monitoring products, such as LPR probes and instrumentations, in accordance to ASTM standards. ASTM, American Society for Testing and Materials, is one of the largest standards development organizations. This organization plays important roles in guiding engineers of all disciplines in designing and manufacturing. Other methods such as electrical resistance (ER) are also considered. Companies such as Cormon provide necessary tools for an ER testing. Every aspect of the testing procedure, mainly tool selection, is being considered carefully. The goal is to deliver a solution that is portable and, mostly importantly, efficient in terms of required time and accuracy.

In the testing procedure, the samples must be held in place for experimentation. The holding mechanism will be in the form of a rack. There are a few different types of racks: the vertical, hanging, parallel and T-rack. These racks serve as an impartial holding device in which to conduct experiments, holding samples for a prolonged period of time. The vertical rack is in the shape of a tall rack in which samples are inserted from the top and held secure. The hanging rack is in the form of a suspended wine glass holder; the samples poised over the fluid. The horizontal and T rack holds samples like a test tube rack. The effects of the various racks require further exploration.

The way that the samples are contained will affect the outcome of the experiment, in that it will affect the voltages. This concept is analogous to a magnetic field. If there are two opposite poles, there will be a rounded field only between the two poles. However, if there is a third poles, there is a third magnetism affecting the field. Furthermore, the third option is a friction based orientation. This would be accomplished by a two counter rotating motors with the samples horizontally attached.
The flow of the fluid will be conducted through or around the samples by means yet to be designed. In this instance, the fluid flow may be moving across the samples or the samples may be moving into the fluid. 
Weight loss is the simplest way to determine the corrosion rate.  The process involves exposing coupon samples of the metal in saline solution.  After a given time, the corrosion rate is determined by measuring the weight loss of the sample.  The loss corresponds to the corrosion rate.  Electrical resistance is a process which involves the use of probes exposed to the corrosive environment.  The probes, like sample coupons, are made of the material of interest, and the technique involves measuring the change in ohmic resistance of the corroding metal.  A decrease in cross-sectional area of the probe relates to an increase of electrical resistance, which in turn is related to the corrosion rate.  Linear polarization is a very popular technique in which an electrode (conductor) in the form of a probe is exposed to an electrolyte (saline solution).  An instantaneous measurement is made by measuring the amount of current after applying a specific voltage.  This measure of current can be used to determine the corrosion rate.  The two probe method uses a two-electrode system of identical electrodes.  The three probe method uses a three-electrode system composed of the working, reference, and counter electrode.  The exposure of a metal in an aqueous solution contributes to its rate of corrosion.  Thus, for an accurate simulation of the behavior of different metals in its natural environment, the choice of solution is very significant.  For our case, the M4 is exposed mainly to saline solution; therefore our tests could include the immersion of metal samples in saline (saltwater).  Activation energy is the minimum energy needed for a given chemical reaction to occur.  The activation energy of a given material is related to the conditions under which corrosion reactions occur.  Environmental properties such as temperature must be taken into account in our tests.

All of our testing would involve the immersion of metal samples in saline solution.  For our prototype to accommodate this process, we should choose between a variety of containers in which we will be able to observe the corrosion process successfully.  A common laboratory beaker could be used to house the solution and the corroding metal.  A “wheel axle” could hold numerous samples immersed in saline solution.  Like wheel-axles in automobiles, it can be set in motion in order to produce some sort of movement or flow.  In the “deep fryer” container, metal samples would be placed in a basket or rack, and then immersed into a rectangular container full of saline solution.  This process is analogous to how French fries are cooked in fast food restaurants.

Probes are required to obtain voltage reading off of the samples.  The use of wire type probes is beneficial for directly obtaining corrosion rates, because the voltage and current measurements can be easily obtained as the probes are immersed in the solution.  The probes would be composed of the metal of interest, and the forms would also vary.  Specially made crevice probes could be used to take measurements within tight spaces. 

The temperature at which the tests are conducted has an impact on the results.  Corrosion testing can be done at room temperature. This would accurately simulate conditions under which the M4 Microdebrider is used.  Testing may be performed at higher temperatures than the M4 is normally exposed to. Such temperatures would be useful in speeding up corrosion, as higher temperatures are understood to cause an increase in corrosion rate. Such an influence on the rate would allow faster testing procedures.  With varied temperatures, the M4 may be tested at room temperature and at higher temperatures. Such testing would be useful in determining corrosion rate under varied settings.

An insulating material is needed between the samples.  The two materials being tested, such as stainless steel and aluminum, could be placed within a testing apparatus and separated by a plastic material. Nonmetallic insulators are a useful means of preventing interactions between these two materials and would serve as insulation in the testing procedure.  PEEK is a high performance plastic polymer, and it has already been used in application with the M4. PEEK is thus an option for a good insulating material to use in between the two samples.

The solution in the container contributes to the acceleration of corrosion.  Saline, an aqueous solution, is a big contributor to the corrosion of stainless steels in various applications. Monitoring the concentration of saline could give insight into the corrosion process. The concentration could be monitored in the solution surrounding the sample as one way of measuring the corrosion rate.  Chloride is known to corrode stainless steel, so it may be taken into account during testing. The concentration of chloride ions may be measured in the solution containing the metal sample through the use of ion selective electrodes, which would provide information on how much chloride has built up on the sample.  The solution concentrations may be altered during testing. Such procedures would show how the corrosion rate depends on the concentrations of the solutions and provide possible information on speeding up the corrosion process for testing purposes.

System Level Design Report

Abstract
“Predicting the Occurrence of Corrosion in the M4 Microdebrider:
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The M4 Microdebrider is a surgical tool designed to remove tissue and bone. Its individual components are composed of materials that are not likely to corrode on their own, but they experience a rapid corrosion rate when they are combined with other metals. Corrosave is tasked with designing an experimental procedure to determine if corrosion will result from using one material in conjunction with another. Testing will proceed by changing environmental variables to observe a significant change in corrosion rates after perturbations. An electrochemical procedure, known as linear polarization, will provide data to calculate changes in corrosion rates. These changes are directly related to whether or not a metal will corrode.
Project Overview
This section contains an introduction, which includes the purpose and scope of the project. The customer needs are defined. An experimental plan is outlined and its subcomponents are identified. A timeline that leads to the completion of the project is provided.
Introduction
The Straightshot® M4 Microdebrider is manufactured by Medtronic Xomed to be a precision surgical tool. Its primary function is to remove tissue and bone during head and neck surgeries. The first generation of the product was built out of stainless steel. Weight issues led to the development of the second generation, where the main housing was replaced with aluminum. After its launch into the market, the M4 Microdebrider experienced corrosion at a greatly unexpected rate. Stainless steel and aluminum should not corrode at a high rate individually. However, a unique combination or configuration of the two caused a problem. Devices were returned with severe galvanic and crevice corrosion inside the hand piece, and some were even corroded to a point where the tool could not be opened. 
The task given to Corrosave is to predict the occurrence of corrosion given the combination of materials used in the surgical hand piece. The task can be divided into two phases. The first involves engineering a testing procedure to determine if galvanic or crevice corrosion will occur over an extended period of time. The second phase is the performance of a set of experiments to validate the testing concepts. The results of these experiments should agree with the results of field tests currently being performed by Medtronic personnel.
The purpose of this report is to provide a detailed technical specification of the process as of this point. The first half of the report provides an overview of the overall design, design objectives, and functional hardware descriptions. It will start with general background information on corrosion and the needs from Medtronic, which will lead to product design specifications, the project architecture, and the project plan. Since this project is designed for use in a Medtronic lab, it is not intended to be patented, licensed, or sold. Therefore, it is not necessary to quantify the economic effects of the project. An important objective of this report is to describe the major building blocks of the process design. In addition to proof of concept, the hardware design description section provides detailed technical information on the necessary components and their interactions in the project plan. It also contains preliminary drawings on the layout of the design.
The second half of the report specifies the quality/ reliability objectives and plan, the prototype plan, product verification plan and issues that Corrosave has faced and is currently facing. In the Prototype Plan section, details regarding vendors, equipment costs and schedule of procurement, assembly and testing are provided. A key objective of this report is to demonstrate that the selected design concepts will meet the product design specifications and can be translated into the detail design. In the Product Verification Plans, a set of test plans are specified to meet this goal. Finally, several issues that came up during the project are discussed at the end of the report.
Customer Needs

Medtronic has defined numerous parameters that characterize the project. The desired lifetime of the M4 Microdebrider is three years, and it is estimated that hospitals will use the product 100 times per year. Through time consuming and labor intensive field tests, Medtronic has found a trend in corrosion for the parts inside the M4. Corrosave must develop a relatively quick experimental procedure that will predict the same corrosion results. The testing procedure should be designed for laboratory technicians, and the test equipment should be of a reasonable size. Special equipment may be necessary in order to replicate the physical form of the corrosion and to allow measurement of corrosion rate.
The conditions under which metals are tested should mimic those which the corresponding metals experience inside the M4 Microdebrider. For example, Medtronic has reported that failures in certain seals create an undesirable flow of saline solution through sections of the M4. Therefore, all metals that are in contact with saline must be tested in saline. Materials inside the device come in contact with other materials in two ways: a physical connection and a connection bridged by solution. Accordingly, the measurement and acceleration procedures should address both galvanic and crevice corrosion. The owner’s manual for the M4 Microdebrider supports several cleaning methods: a steam autoclave, a mild detergent (e.g. 10% Clorox and H20), and an ammoniated cleaner. Experiments should be run to determine if any of the cleaning methods contribute to corrosion. A recent design change to the M4 Microdebrider called for a bushing to be constructed out of PEEK, which changed the corrosion characteristics of the surrounding metal. If time allows, testing should be done to determine the affects of PEEK on applicable metals.

The customer requirements can be matched with metrics that characterize them. The M4 Microdebrider has a safety ground with a resistance less than one tenth of an ohm that must be maintained. In addition, the weight of the tool must remain under eight ounces. The change in corrosion rate is the unitless ratio between the corrosion rates under one set of conditions to the corrosion rate of the same metal under different conditions. Temperatures exposed to the product can range from 75 to 250 degrees Fahrenheit. There are different active and passive regions depending on the metal being tested. Field tests run by Medtronic have determined which parts of the tool corrode. Corrosave’s tests will determine if a part will corrode or not, and these results must concur with the field tests. Although a physical size for the testing apparatus is not defined, it should be reasonable and not exceed one table top (approximately 18 square feet). The tests should be conducted in a manner that is safe for a trained technician. A Quality Function Deployment diagram, also known as a House of Quality, relates these metrics to the customer requirements is included in Appendix A.
Overall Product Design Specifications
There are several techniques used in corrosion research to determine the rate of corrosion.  Examples include weight loss analysis, electrical resistance, and linear polarization. The latter technique of linear polarization was adopted for several reasons. Primarily, it allows instantaneous data acquisition. The procedure also promotes a relatively easy setup for the experiment.

By definition, linear polarization is an electrochemical technique in which a working electrode and auxiliary electrode are electrically linked by an electrolyte. A power source is connected to the auxiliary electrode, and a closed current loop is formed by connecting the working electrode (metal sample) to the source’s ground. When a voltage (on the order of 0.01 volts) is applied between the auxiliary and the working electrodes, current will flow into the auxiliary electrode. The current enters the electrolyte solution through oxidation at the surface of the auxiliary electrode and moves across the solution through ion transport. Finally, the current enters the working electrode by reduction of oxygen on the surface of the metal and completes the circuit. A standard ammeter can be used to read the current flowing out of the power supply.

The above procedure will be modified to meet the customer requirements. Used alone, linear polarization will not accelerate corrosion; it merely determines the corrosion rate of a metal at a given time. Environmental factors can be changed in a way to speed up the corrosion process. A practical example is a look at corrosion rates based on global location; a piece of metal located by a tropical ocean should corrode faster than one located in freezing mountains. Corrosion research has shown that temperature, electrolyte concentration, and oxygen are related to the corrosion rate of a metal. The magnitude of these factors will be increased and then maintained during the experiment. Metal samples can be further stimulated into corroding by changing the linear polarization process. Instead of using a constant voltage, an increasing and alternating voltage can be applied. For example, the power supply could output 10mV, -10mV, 20mV, -20mV, 30mV and -30mV in five minute increments.

Linear polarization used on a single metal yields the data required to calculate the corrosion rate, which is not an object of interest. Most of the metals inside the M4 are not likely to corrode on their own. Instead, interactions with other materials cause potentials to shift from noble to active (Appendix D, Table 56). The design of the experiment allows material samples to be connected in two ways. A galvanic connection is formed by exposing materials to an electrolyte solution, and a crevice connection is formed by stacking multiple samples with a separation material in between each one. The separator material allows for the transport of dissolved oxygen and soluble corrosion products. It should also be noted that nonmetallic materials, such as PEEK, can also be used in the above procedure. While they won’t contribute electrically, the side effects of having them in the proximity of various metals can be analyzed. Another adjustment to the procedure can be made by adjusting the area ratios of samples. This will further tailor individual experiments to the conditions inside the M4. An example of the outlined procedure is given below.

Engineers want to manufacture the M4’s blade tube out of 304 Stainless Steel with a chromium coating (denoted as 304 SS). It will come into contact with the output shaft, which is built out 17-4 PH Stainless Steel with an H900 heat treatment (denoted as 17-4 SS). The area ratio between the 304 SS and the 17-4 SS is two to one. Experimental results will find the corrosion effects that the 17-4 SS has on the 304 SS. A basis to compare future data against will be formed by running linear polarization on the 304 SS. The 17-4 SS sample will then be galvanically coupled to the 304 SS sample. Temperature, saline concentration, and fluid flow will be increased to form a highly corrosive environment. Linear polarization will be performed on the coupled metals with the intent of altering the passivity of the 304 SS. Next, the 17-4 SS sample will be removed and the environmental variables will be changed back to their original state. A sequential run of the linear polarization test will show if the 304 SS’s potential permanently shifted from passive to active. If this is the case, further testing can be done to determine the critical area ratios between the two samples that cause loss if passivity.
Product Architecture

· Container – Experiments will be run in a standard one gallon hexagonal fish tank. The container needs to be large enough to contain the measuring equipment along with the samples, and the one gallon size will be adequate. The container also needs to be a shape that will allow easy construction of a lid, and the hexagonal shape of the fish tank will be easy to work with.
· Lid – A lid will be constructed to fit over the top of the container. The lid will have interfaces with the reference electrode, two auxiliary electrodes, three metal coupons, and two fluid tubes (See Appendix C, Figure 70). The main purpose of the lid is to securely hold the electrodes and samples within the container during the tests. It will be machined out of nylon by Medtronic.

· Heating Apparatus – The testing setup will need to have a source of heat with which to vary the temperature during experiments. A hot plate will be capable of heating our testing materials to various temperatures. The experiments will be conducted at temperatures of 50, 75, and 100°C.  Corrosion is known to accelerate under conditions of higher temperatures, thus changing the temperature should induce a change in corrosion rate.

· Power Supply – A voltage supply capable of delivering small voltages will be necessary for the linear polarization portion of the experiment. A 12V AC-DC transformer will power a 3.3V linear regulator, which will in turn power a resistive circuit. The step down in voltage will allow the use of smaller resistors, which will increase the accuracy of the output voltages. Connecting the power supply to the metal samples will load the circuit. Using a standard voltage follower circuit, the effects can be greatly reduced by the introduction of operational amplifiers. Amplifiers will also be used to invert the voltage. A bank of switches (in a dual-inline package) will allow the operator to select the proper voltage and whether it is positive or negative. A sample schematic of a basic resistor network to implement this is shown in Figure 73 of Appendix C. It is expected that the voltage applied will change the corrosion potential of the sample. It will shift the potential from passive to active, thus causing the metal to corrode.

· Zero-Resistance Ammeter –  When two dissimilar metals are connected together. The potential difference between the two metals cause a current to flow between the two. A zero-resistance ammeter can be used to measure this galvanic current. A regular ammeter will be borrowed from John Ambrose. A circuit will later be constructed to convert a standard ammeter into a zero-resistance one.

· Pump – A peristaltic pump will be used to generate the flow of saline solution through the setup. This is a type of pump which uses rollers that press on some flexible tubing in order to create a pressurized flow. Two peristaltic pumps will control the rate at which the solution flows in and out of the container. One pump will be dedicated to pumping fluid into the container, and the other will be used to pump fluid out. Changing the voltage applied to the pump will alter the flow rate of the solution. During galvanic coupling, the corrosion process consumes oxygen. Moving the solution around will replenish the oxygen at the metal’s surface and accordingly increase the rate of corrosion. If necessary, the flow rate will be varied with a rheostat. (See Appendix C, Figure 72)

· Solution – The solution used in the experiments will be saline, which is the cleaning and lubricating solution used in the M4 Microdebrider during surgeries. Testing will be done using different concentrations of saline. The variation in saline concentration will contribute to developing a relationship between chloride concentration and the corrosion rate. Flow is established by the peristaltic pumps; the fluid enters and leaves the container through tubes.

The interactions between the materials listed above are shown below (Figure 748).  The operator is to control the voltage supply, heating apparatus, the fluid pump, and the solution concentration. A small voltage is applied to the metal sample in which the intended reaction is to change the corrosion potential of the element. A hot plate will raise the temperature, while the pump provides the flow of saline within the container. A standard ammeter will be used to measure the current that flows through the circuit.
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Figure 68: Product Architecture
Project Plan

The project plan will be the timeline used for the development of the project. The detailed manufacturing process and tool document will have the specifications for the process and testing.

Table 52: List of Activities
	Deliverables
	Due Date
	Time (weeks)

	Final Report & Doc.
	4-12-06
	5

	Final Presentation
	4-12-06
	3

	Project Poster 

	4-3-06
	6

	Accept. Test Results & Report
	3-20-06
	4

	Mfg. & Test Plan / Prod. Cost
	3-13-06
	2

	Prototype Results & Report
	2-20-06
	1

	Detail Mfg. Process & Tool Doc.
	2-6-06
	3

	Analytical / Experimental Report
	1-18-06
	8

	Project Plan
	1-9-06
	1

	System Level Design Report
	12-5-05
	4

	Analytical / Experimental Plan
	11-7-05
	2

	Component Design Specs.
	10-31-05
	2

	Product Architecture
	10-24-05
	2

	Prel. Design Report & Project Plan
	10-10-05
	3

	Prel. Concept Selection 

	10-3-05
	1

	Prel. Concept Gen & Eval.
	9-26-05
	2

	Prel. Prod. Design Spec.
	9-12-05
	1


Hardware Design Description
Overview and Objectives

The main objective of the hardware design is to create an effective environment for measuring and accelerating corrosion rates observed within the M4 Microdebrider. Designing the experimental set-up requires consideration of all of the conditions seen within the M4. The group needs a set-up that allows adequate space for the electrodes and the samples in solution and provides flow of solution past the samples. The choice of changing variables such as solution concentration, flow rates, electric potentials, and temperature is also important.

Proof of Concept
The product specifications focus on predicting the likelihood of corrosion occurring.  Metal samples will be entered into the test system, and the chemical and electrical conditions of the environment will changed. As a result, the corrosion characteristics of the metal samples will depict the likelihood of corrosion occurring. Testing will begin with measuring the corrosion potential of the sample; this will be achieved by reading the voltage of the cell containing the sample (also known as the working electrode) and the silver/ silver chloride reference electrode. Linear polarization will proceed by applying voltages of 10mV, -10mV, 20mV, -20mV, 30mV, and -30mV in five minute increments. The current readings must be taken while the system is in a steady-state condition, and five minutes should be an adequate settling time. During the procedure the corrosion current flowing into the auxiliary electrode will be measured, and it will be related to a corrosion rate using the Stern-Geary equation. Upon completion of linear polarization, the corrosion potential will be measured once again.
The metrics for the test plans will be found experimentally during the early phase of testing. Potentials of individual metals and galvanically-coupled metals will be measured and tabulated. The main objective is to identify a numerical guideline that would indicate the likelihood of severe corrosion. For the purpose of this project, severe corrosion can be defined as failure within one year. It will be experimentally calculated using weight loss calculation relating new and corroded parts of the M4. Environmental factors such as temperature and saline concentration will be adjusted until results similar to those in field tests are observed. Other variables that can be considered and re-adjusted are spacing and orientation of the electrodes within the electrolyte solution.
The above tests will establish numeric values for changes in corrosion currents and potentials that can be used as a basis for further experiments. The next step is to begin experimentation on metals that compose the M4 (Table 53). The testing setup will allow single metals to be tested, along with groups of metals with galvanic and/or crevice connections. Additionally, nonmetallic materials (e.g. PEEK and ABS plastic) can be added.  Testing will begin with linear polarization, and if the results suggest the occurrence of corrosion there will be no need for further testing. However, if the results are negative, the environment will be changed in an attempt to stimulate the metal or metals into corroding. First, the solution concentration of saline will be doubled and the linear polarization process will be repeated. If the results are still inconclusive, the solution temperature will be arbitrarily raised thirty degrees and the linear polarization process will be repeated. The final attempt to provoke corrosion will be made by creating agitation in the fluid. Once again, the linear polarization process will be performed. If the changes in corrosion currents and potentials still do not suggest the occurrence of corrosion, it will be assumed that material or material combination will not corrode and the testing will be complete.

The results of the test will be compared against the know occurrences of corrosion in the M4. For example, if three materials in contact with each other corroded inside the M4, the above test should also show that they will corrode. Changes to the experimental procedure will follow if the test data and field data do not match. Initial changes may include adjusting the experimental variables: the amount of applied voltage during linear polarization, the duration of linear polarization cycles, the velocity of fluid movement, the magnitude of fluid temperature, and the solution concentration. These factors will be experimentally adjusted from trial to trial to see if the desired results are achieved. Further negative results may require an extensive makeover of the experimental plan. One possibility, named “Plan B”, is using an Ion Selective Electrode and is further explored in Appendix B.
Organization and Operation

The experimental setup will be contained in the one gallon fish tank. This will include the saline solution, the metal samples, and electrodes. The electrodes will be secured through the lid, along with two fluid tubes. These fluid tubes will connect from the container to the peristaltic pump to allow fluid to flow past the samples, one tube for flow in and one for flow out. The multimeter and voltage supply will also be connected and positioned outside the container. The hot plate will be available to supply heat to the container from beneath. The whole operation will require monitoring of the corrosion rate and each of the variables. There will be a capability to change the experimental results by making adjustments to the peristaltic pump’s output rate and the applied voltage. Different area ratios can be created by removing cylindrical samples and cutting them down to size.

Preliminary Drawings: Final Assembly

The final assembly is comprised of a glass tank connected to a heat source and a peristaltic pump. A custom designed lid is placed on top of the tank with force fitted glass tubing and housing wires attached to the probes through a force fitted stopper (see Appendix C, Figure 71). The lid will be explained in further detail in the subassemblies portion in the following section.

Preliminary Drawings: Subassemblies and Special Components

The subassemblies include, but are not limited to: the lid, the wires, the peristaltic pump, and the voltage source. The lid is a cut out of polyethylene in a hexagonal shape. There are also three holes in a vertical configuration used for the placement of the samples. There are two adjacent holes, shown in Figure 70 of Appendix C, which are used for the placement of the auxiliary probes and two further symmetric holes for the insertion of the peristaltic pump tubing. In order for a voltage to be applied, the wires attached to the samples must be encased in something that is both water resistant and impermeable on a microscopic scale. Subsequently, there will be a build up of condensation over time, and the wire encasing material must be such that it does not transfer ions from itself into the condensation and then drip back into the water contained in the tank. Thus, Corrosave has decided to use glass tubing which will be force-fitted into the lid. This glass tubing will be hollow, and wire will be run down through the center. The bottom of the glass tube will then be force-fitted into a stopper; lastly, the sample will also be force-fitted into the other end of the stopper. 

Hardware Product Design Specifications
The hardware design will incorporate all necessary components in order to meet the customer’s needs. The use of metal samples corresponding to the materials used in fabrication of the M4 will allow the team to test the actual corrosion rate seen with these materials. Electrodes will be attached to the samples to measure the potential difference, and this output will be read on a meter. The voltage supply will provide power to the experimental set-up. The hot plate will supply heat to the experiment, which will allow for the observation of the effect of temperature variance on the corrosion rate. The peristaltic pump is a necessary component in controlling the flow rate of solution, which will assist in simulating the conditions in the M4, and also to determine the effect of variable flow rates. The container is necessary to hold the solution and the metal samples, along with the electrodes. A lid will be included to minimize any evaporation during the testing procedure. The lid will have places for the electrodes and the fluid tubes to pass through, allowing them to connect to the pump and the meter outside the container.
Material

The goal of the chosen material options is to represent the corrosive activities occurring in the M4 as closely as possible. Certain properties of the material interactions must be addressed, such as the surface area ratios, the kind of corrosion (galvanic or crevice), and the fluid flow across these materials. Hence, the flow path was analyzed and a chart which contains all of the materials and their representative areas is shown below in Table 53.

Table 53: List of Experiments
	Test #
	Connection
	Area ratios (est)
	Metals
	Description

	1
	crevice
	6:01
	17-4 PH SS heat treat H900 : PFTE : 15-7 MO SS
	output shaft : retaining ring

	2
	crevice
	1:01
	304 SS chromium coating : 17-4 PH SS heat treat H900
	blade tube : output shaft

	3
	galvanic
	2:01
	304 SS chromium coating : 17-4 PH SS heat treat H9003
	blade tube : output shaft

	4
	crevice
	1:01
	17-4 SS heat treat H900: 17-4 PH SS heat treat H900
	shaft key : output shaft

	4
	galvanic
	1:01
	416 SS : 303 SS
	pin : housing

	5
	galvanic
	1:01
	17-4 PH SS heat treat H900 : 416 SS
	rotating sleeve : pin

	6
	crevice
	1:01
	17-4 PH SS heat treat H900 : 302 SS
	rotating sleeve : spring

	7
	galvanic
	1:01
	main housing* : 17-4 PH SS heat treat H900
	main housing* : output shaft

	8
	galvanic
	3:01
	main housing* : 1-4 SS heat treat H900
	main housing* : shaft key

	9
	galvanic
	1:01
	main housing* : 304 SS w/ areas of chromium coating
	main housing* : blade tube

	10
	galvanic
	1:02
	main housing* : 17-4 PH SS heat treat H900
	main housing* : rotating sleeve 


*main housing: 6061 – T6 (T651 or T6511) aluminum anodized per mil-a-8625.  Type 2, Class 1 (.003” - .0004” thick).  Threads are   masked to prevent anodize and are bare aluminum.
Quality and Reliability Objectives and Plans

The reliability of the experiments will be based on how the results compare with the field tests conducted by Medtronic lab technicians. In order to guarantee that the overall approach will work, the results between Corrosave’s tests and Medtronic’s must match. 

 
The main goal with regard to meeting quality requirements is to design our experimental setup in a way that would represent the M4 Microdebrider’s environment as accurately as possible. Once this has been done, the team can focus on configuring factors such as temperature, flow, saline concentration, and voltage that would induce corrosion in metals.  

An important aspect of the quality testing is to consider any metal-to-metal contact within the M4. In general cases, the galvanic coupling of two different metals has been known to cause corrosion in the more active element, but in the unique case of the M4 Microdebrider, it is the passive element (stainless steel) that is showing signs of corrosion. The tests that will be conducted by Corrosave will utilize the method of linear polarization, and will be configured to support galvanic corrosion. The corrosion of the components in the M4 can also be due to crevice corrosion, where oxygen depletion within the crevice causes the metal to deteriorate. Tight spacing within gears and other such components, in addition to heavy exposure to an electrolyte such as saline, makes this scenario highly possible. To represent this through the experiments, a test for this type of corrosion will be implemented by creating contact points between different metal samples in order to create a crevice.

The reliability of the tests depends on the data consistency. Between experiments, the amount of voltage applied during linear polarization must remain constant. With such small magnitudes, a difference of 0.005 millivolts can potentially ruin experiments as the data can not be accurately compared. Since some calculations are required, it is necessary to ensure that the numbers are as accurate as possible and adhere to significant digits in order to avoid skewed results. This applies to all of our measurements, such as area, concentration, current, and temperature. 
Corrosave will also adhere to certain standards for the experiments. The American Society for Testing and Materials (ASTM) has established proper procedures for conducting corrosion tests regarding specimen preparation, method of exposure, and data evaluation. These will be put into use as additional support to the quality of the overall experimental design.
Prototype Plan
The components required for the prototype, including the cost, quantity and source, can be most conveniently represented in Table 56 of Appendix B. From the table, it is shown that most of the required components are supplied by the Medtronic and the IPPD department. Therefore the cost for the prototype is inexpensive. The lid is custom-designed by Corrosave and will be machined by Medtronic (See Appendix C, Figure 70).
For this project there are many different types of reference electrodes. The Ag-AgCl (Silver-Silver Chloride) electrode was chosen because it contains substances which will not affect corrosion rates in saline; it will be purchased from Fisher Scientific. Peristaltic pumps are selected to avoid unwanted interaction with the electrolyte solution. Figures 4 and 5 in Appendix C show a picture of the peristaltic pump and the Ag-AgCl reference electrode.
There are seven different metal samples required for the prototype plan. The list of these materials was determined from the hand piece schematic diagram provided by Medtronic. Table 54 of Appendix D shows a list of the different metal samples which are made into cylindrical rods.
During the second week of January, the team will divide up parts so that each individual will be responsible for procurement of certain necessary supplies. The assembly of the parts will take place during the last two weeks of January, and testing will proceed as soon as the assembly is complete. The testing results will be collected and analyzed for the Prototype Results & Report by February 20th, 2006.
Product Verification Plans

The experiments will result in a “yes” or “no” answer as to the likelihood of a given metal or material combination corroding. Medtronic provided an M4 that a consumer had returned due to corrosion that led to the failure of the device. The components of this M4 will be visually inspected for corrosion. If the experimental results match, Corrosave will accept their product and present it to Medtronic for final delivery. However, if the results differ it will be necessary to make further changes to the testing procedure. These may include, but are not limited to, the magnitude of the increased solution concentration, temperature, and fluid flow. The linear polarization process (Proof of Concept) and the layout of container may also have to be modified.

Issues, Concerns, Risks and Opportunities

One issue Corrosave is faced with is the lack of previous knowledge of corrosion principles. The team members have a limited background in materials science, so each has been faced with the task of doing research on corrosion in order to have a better technical understanding of the principles behind the project. Another technical issue is the maturity of the technology available. There is a need for an accurate way to measure accelerated corrosion, and some equipment may not be perfect or may lack some level of accuracy or precision. Proving the concepts will provide some issues, based on the lack of expertise in corrosion. Extra time will be spent working to understand and prove the concepts the team is faced with.
Scheduling involves another set of issues. The deliverables must be completed in a timely and efficient manner, and everything must satisfy the customer’s requirements while addressing all the important issues. There is also a need for adequate testing supplies and laboratory space in which to conduct all of the testing. The inability to procure the right equipment or laboratory space will cause the project to suffer. Considering the schedule realism, it is possible some things may take much longer than others, and accurately assessing the time needed for each task is important in order to remain on schedule. During startup, time allotment is necessary in the case of unexpected delays in the initial setup procedure. If things do not run smoothly at first, adjustment of certain aspects of the testing setup may be required. Cascading delays will provide another issue. If the group is unable to finish something on time, other dependent aspects of the project will also be delayed.

Availability of components may be an issue because Corrosave will need to obtain all necessary pieces of equipment, and some of the materials may be more difficult to acquire than others. All equipment must adhere to the team’s standards, including those set by the customer. Lead-time of components is also an issue, and this goes back to the possibility that some parts may take more time to obtain than others. Thus, all components must be acquired in a timely manner in order to perform testing, and receiving some things at a later time will delay testing procedures. There is also risk in vendor delivery commitments if the vendors are unable to deliver equipment or unable to deliver in a timely manner. Quality of components is important. If one or more of the major components prove to be inefficient, our testing schedule will be delayed. It is important to note that time is an important factor in this project, due to the fact that Corrosave must abide by deadlines set not only by the IPPD department, but also by the sequential nature of the development of the project. Therefore, it is absolutely necessary that all components must be of excellent quality and perform efficiently during the testing phase.
The financial situation requires Corrosave to obtain efficient yet inexpensive equipment. The standard budget of an IPPD project is $1000, thus the procurement of adequate testing equipment for reasonable prices is also essential. 
The team also may run into issues amongst its team members. The project will require every member to be able to commit adequate time to the project. Due to the fact that the team will also have other involvements in regard to other academic classes and activities, proper time management is required which will allow for each member to put forth the necessary commitment to the project. Communication is another important issue to identify. Without proper communication, there would be difficulty in assigning obligations for each member; such misunderstandings would greatly delay the progress of the experiments and the completion of the deliverables. Team members may have different ideas about what is most important in the project. Communication is also important with integrating all the different ideas for the project, and everyone must work as a team in order to decide which are important. The issue of schedule conflicts could somewhat hinder the team’s progress. Different schedules can lead to difficulty with scheduling meeting times, so the group will be forced to set aside some time when everyone is available in order to meet and discuss the progress as well as perform testing. Interpersonal and personality clashes may become an issue. Since each member has different personalities, experiences, and backgrounds, disagreements will eventually surface. As a team, it is necessary to be able to work out differences without delaying the project. Team leader effectiveness is important to consider. If the team leader is not effective, the project may lose some of its direction, and some things may become less organized. Technical opinions within the group may vary sometimes. In such an event, adequate support of the opinions must be given, and the team as a whole must make decisions as to which concept and ideas are more applicable to the project and which ones should be implemented. Staffing and resource allocation must also be considered. The right amount of personnel has to be present during the experiments. This requires the team members to be available during certain times. And this goes back to the problem of scheduling. All of the resources must be used effectively in order to achieve Corrosave’s goals, so the decision to allocate all of the resources and equipment falls in the hands of the entire team, and everyone must commit and follow through with the agreed plans.
Appendix A: Introduction to Corrosion Electrochemistry

Corrosion will occur when a metal or metal alloy comes into contact with an oxidizing substance [usually dissolved oxygen or hydrogen ions in the environment]. Areas on the metal surface where metal atoms are oxidized [lose electrons] are called anodes; areas where the oxidizing substance is reduced [acquire electrons] are called cathodes. The cathode/anode pair immersed in a conducting solution is essentially an electric circuit just like a battery. The flow of current between the cathodic and the anodic sites is known as the corrosion current. Faraday’s Law of electrolysis yields the corrosion rate by taking into account the corrosion current (icorr), the equivalent weight of the metal (EW), the surface area of the metal (A), and the density of the metal (d):

[image: image81.wmf]A

F

d

K

EW

i

corr

*

*

*

*

Rate

Corrosion 

=


where K is some conversion factor and F is Faraday’s constant. Both constants can be obtained from literature.
Linear polarization resistance is a common method available for corrosion measurements. It is convenient in the sense that measurements can be quickly obtained, whereas other methods such as weight loss measurements can take several days. In linear polarization resistance method, a small current is applied to the auxiliary electrode in the same electrolyte solution with the working and reference electrodes. Then the potentiometer measures the open-circuit potential of the working electrode and the ammeter measures the current density. By taking the ratio of the measured potential and the measured current density, polarization resistance, Rp, is obtained. With Rp and the necessary Tafel constants, the corrosion current can then be calculated using the following formula:
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where the betas are Tafel constants and can be obtained from literature. This equation is called the Stern-Geary equation because they performed earlier works on correlating theoretical and experimental observations by this polarization resistance method.

Appendix B: “Plan B”- Ion Selective Electrode
An ion selective electrode has a membrane coating which responds selectively to ions in the presence of others, and it can be used to determine the concentrations of various ions in a solution. Probes that are responsive to the major components of stainless steel (iron/chromium, nickel, etc.) and chloride are commercially available. They would be used to monitor the amount of ions in the solution during the linear polarization process. Changes in ion concentration could be correlated with changes in corrosion rates.
Conducting ISE tests is an alternative plan when linear polarization resistance technique along with the zero-resistance ammeter technique does not suggest a corrosion problem. If the rate of corrosion occurring on the surface of the metal is minimal then the metal ion concentration in the electrolyte solution should be low. An ISE test works by inserting two electrodes into the solution. One of them is selective to the metal ion of interest, and the other is the reference. The potential difference is measured and then applied to the Nernst equation:

ECELL = EISE – EREF 


(ECELL = potential difference)

E = E0 + (2.303RT/ nF)Log(A)
 (Nernst Equation)
where A is the effective concentration and can be calculated given the temperature and the other constants in the Nernst equation. 

Using an ion selective electrode in conjunction with linear polarization would serve to provide another piece of data and ultimately provide a higher degree of accuracy. However, adding the electrode also has distinct disadvantages. First, the readings from the electrode are not instantaneous and the experiments would require more time to complete. More important is the added complication of installing the electrode. The electrode would be introduced to detect changes in solution concentration inside the crevice. A piping system would have to be created to allow the ion selective electrode access the fluid inside the crevice. The construction of the system would be difficult, and the amount of time and difficulty to perform the experiments would increase.
Appendix C:  Figures
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Figure 71: Rubber Stopper for the Glass Tubing and Metal Samples
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Figure 72: Peristaltic Pump
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Figure 73: Ag-AgCl Reference Electrode
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Figure 74: Schematic of Resistor Network for the Power Supply
Appendix D: Tables

Table 54: List of Metal Samples
	Metal
	Quantity

	17-4 PH Stainless Steel Heat Treat H900
	9

	304 Stainless Steel Chromium Coating
	3

	Aluminum 6061-T6
	4

	416 Stainless Steel
	1

	303 Stainless Steel
	1

	15-7 MO Stainless Steel
	1


Table 55: Prototype Components: Costs and Vendors
	Component
	Cost
	Quantity
	Vendor

	Voltage Supply
	N/A
	1
	IPPD

	Hot Plate
	$30
	1
	Target

	Multimeter
	N/A
	1
	IPPD

	Peristaltic Pump
	N/A
	2
	Medtronic

	Container
	$10
	1
	Petsmart

	Lid
	N/A
	1
	Medtronic

	Reference Electrode

(Ag-AgCl)
	$120
	1
	Fischer Scientific

	Metal Samples

(Cylindrical Rods)
	N/A
	19
	Medtronic

	Auxiliary Electrode
	N/A
	1
	Medtronic


Table 56: The Galvanic Series for Seawater

	Metal Alloys
	Passive Range (V)

	304 stainless steel
	-0.10 → -0.04

	416 stainless steel
	-0.35 → -0.25

	Aluminum Alloys
	-1.00 → -0.78


Experimental Plan and Procedures

Before conducting any of the experiments, properly clean all the metal samples. Make sure that they are free from any dirt or residue that may have accumulated from previous tests.

Record the type of metal samples to be used in the experiment (304, 17-4, etc.). Make note of the total size of the metal samples to be used in the experiment, as well as the whetted area (area exposed to solution) for each sample. Use a metric ruler to record the surface area in cm2, and take a balance and record the mass of each sample. Record the volume of solution used and the concentration. A rule of thumb is to use 20 ml for every cm2 of the surface area of the sample. Record the distance (cm) between the samples and electrodes while taking note of their orientation.

Corrosion Potential

Equipment: Voltmeter, saltwater solution, beaker, metal samples, reference electrode, connection wires.
1. Take a voltmeter and connect it in parallel with Sample 1 and the reference electrode to measure and record the corrosion potential for the sample (refer to Figure 75 for the connections). The reading given by the voltmeter is the potential of the cell. The corrosion potential for the sample is the cell voltage subtracted from the potential of the reference electrode. Make a note of this in the data sheet.
2. Execute the same procedure for Sample 2, and record.
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Figure 75: Voltmeter Connections
Galvanic Current

Equipment: Zero-Resistance Ammeter (ZRA), saltwater solution, beaker, metal samples, connection wires.
1. Use the Zero-Resistance Ammeter to measure the galvanic current between two metal samples. Refer to Figure 76 as a guideline for making the appropriate connections. Record this value of the current (uA) in the data sheet.
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Figure 76: Zero-Resistance Ammeter Connections
Linear Polarization

Equipment: Power Supply, saltwater solution, beaker, metal samples, auxiliary electrode, connection wires, hot plate, thermometer, peristaltic pumps.
1. Make sure that none of the electrical equipment is turned “on” or plugged in prior to making any connections to the samples. Refer to Figure 77 as a guideline for making the appropriate connections between the equipment and the samples. 

[image: image91.jpg]



Figure 77: LPR Connections
2. Adjust the heat intensity through the hot plate until the desired experimental temperature is reached and can be read from the thermometer. Keep note of this temperature level in the data sheet.

3. Activate the peristaltic pumps (not shown) to introduce flow within the solution. If possible, record the flow rate or intensity in the data sheet.

4. Turn on the power supply and adjust accordingly to apply a voltage of 10 mV. Observe the current density from the electronic ammeter, A. Allow the current to reach a steady value before recording.

5. Follow the same procedure as step 3; except this time, adjust the power supply in order to produce an output of -10 mV. Again, let the current reach a steady value, and then record the reverse current density.

6. Repeat steps 4 and 5 each time for voltage levels of ± 20 mV and ± 50mV.

7. Repeat the procedures for extracting the Corrosion Potential and the Galvanic Current. These two tests are necessary in order to determine if any changes in the metal samples had occurred after the LPR test was conducted.
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Figure � SEQ Figure \* ARABIC �17�: Summary of polarization resistances obtained before and after coupling.





Figure � SEQ Figure \* ARABIC �16�: Results of an LPR experiment
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