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Attorney Docket No. 83444

SYSTEM AND METHOD OF USE FOR

ELECTROCHEMICAL MEASUREMENT OF CORROSION

STATEMENT OF GOVERNMENT INTEREST

[0001] The invention described herein may be manufactured and

used by or for the Government of the United States of America

for governmental purposes without the payment of any royalties

thereon or therefore.

BACKGROUND OF THE INVENTION

(1) Field of Invention

[0002] The present invention is directed to the use of

electrochemical impedance spectroscopy to determine corrosion

rates in galvanically coupled systems.

(2) Description of Prior Art

[0003] Corrosion of metals is a problem that results in the

need for costly maintenance and repairs. This is particularly

apparently in harsh environments such as coastal areas and salt-

water applications.

[0004] In order to determine the effects of corrosion on

metals, the metals would be observed over a long period of time

in a given corrosive environment. Such experimental systems,



however, required experimental times on the order of months or

years to yield any useful results.

[0005] In order to obtain the desired data on corrosion rates,

Electrochemical Impedance Spectroscopy (EIS) has been use.

Generally, in an EIS system, an electrochemical cell is created

using the material of interest, i.e. the metal and an

electrolyte. A current carrying counter-electrodes delivers a

small voltage through the electrolyte to the metal, while a

reference electrode measures the potential generated between the

metal and counter-electrodes. The impedance data and the phase

shift between the delivered current and the current at the metal

are measured at each frequency and analyzed to determine the

corrosion resistance of the metal..

[0006] However, in many applications, a single metal is not

used. Instead, many structures are used in corrosive

environments in which the structures include different metals

coupled together. This includes applications where a

sacrificial metal is used to control the corrosion rate of

another metal. The coupling of these metals together can affect

the corrosion rates of both metals. Conventional methods for

determining corrosion rates, including methods utilizing EIS,

have been applied to single metals but not to multiple metals

coupled together.
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SUMMARY OF THE INVENTION

[0007] The present invention is directed to a method and system

for the use of Electrochemical Impedance Spectroscopy (EIS) to

determine corrosion rates in dissimilar metals that are coupled

together, including coupled metals that are coated.

[0008] In one embodiment, an electrochemical cell is created by

electrochemically coupling a sample of the coupled metals, i.e.

the working electrode, to a counter-electrode such as a piece of

platinum through an electrolyte or electrolytic solution (for

example: a salt water solution). A reference electrode is also

disposed in the electrolyte, for example a Saturated Calomel

Electrode, and is used to measure the open circuit potential

between the coupled metals and the counter-electrode. That is,

the reference electrode measures the resistance or impedance

that is attributable to the electrolyte. A small sinusoidal

voltage, for example about 5 mY, is applied to the

electrochemical cell through the counter-electrode over a wide

frequency range, for example from about 10-3 to about 10 Hz.

[0009] The current response and phase angle are measured at

each voltage increment, and a plot of the log of the impedance

and the phase angle versus frequency is used to provide a

correlation between capacitance, resistance, and corrosion

resistance.
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[0010] A phase angle of 00 indicates pure capacitance, while a

phase angle of 900 indicates pure resistance. Phase angles

between 00 and 900 indicate a mixture of resistance and

capacitance. The impedance and phase angle versus frequency

plot developed for a given pair of coupled metals is compared to

known plots for arrangements of physical circuits. Therefore,

the impedance behavior of a given coupled metal sample under a

corrosive environment, i.e. the electrolyte, is analogized to a

known electric circuit containing a given arrangement of

resistors and capacitors by matching the graphs associated with

the coupled metal and the circuit. Having matched the graphs,

i.e. having identified the representative physical circuit, the

corrosion rates associated with that physical circuit can be

applied the metal couple.

[0011] A system and method in accordance with the present

invention utilizes an EIS system to determine the corrosion rate

of two metals that are galvanically coupled together wherein one

of the metals is relatively more cathodic and the other metal is

correspondingly relatively more anodic. The coupled metals are

measured both uncoated and coated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] A more complete understanding of the invention and many

of the attendant advantages thereto will be readily appreciated
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as the same becomes better understood by reference to the

following detailed description when considered in conjunction

with the accompanying drawings wherein like reference numerals

and symbols designate identical and corresponding parts through

the view and wherein:

[0013] FIG. 1 is a schematic representation of an embodiment of

an electrochemical cell for use in the present invention;

[0014] FIG. 2 is an illustration for use in the present

invention of coupled metals; and

[0015) FIG. 3 is an illustration of an embodiment of a physical

circuit for use in accordance with the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0016) Referring now to FIG. 1, an exemplary embodiment of a

system 10 in accordance with the present invention for using

Electrochemical Impedance Spectroscopy (EIS) to determine the

corrosion rate of both uncoated and coated galvanically coupled

metals is illustrated. The system 10 includes an

electrochemical cell 14 containing an electrolyte 22 or

electrolytic solution. The electrolyte 22 is selected to be

able to conduct the desired current to the metals to be tested

and to simulate the corrosive environment for the metals.

Suitable electrolytes include salt solutions such as sodium
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chloride (NaCI) solutions, which simulate brackish water or

seawater exposure.

[0017] In one embodiment, the electrochemical cell 14 contains

a 0.5 normal NaCl solution. In contact with the cell 14 and

with the electrolyte 22 inside the cell is a working electrode

20 that contains the coupled metals, a first metal 18 and a

second metal 16. The metals are selected to be dissimilar such

that one metal is relatively more anodic than the other. Both

metals are in contact with the electrolyte. Suitable metal

couples include, but are not limited to 1020 mild steel and

6061-T6 aluminum, 1020 mild steel and 304 stainless steel and

304 stainless steel and 6061-T6 aluminum.

[0018] The coupled metals can be both uncoated and coated.

Suitable coatings include, but are not limited to, powder epoxy,

glass reinforced epoxy, polyurethane, electroplated aluminum and

an aluminum/titanium ceramic.

[0019] Referring to FIG. 2, the two metals are coupled together

by placing one of the metals in an aperture formed in the other

metal, for example a circular aperture. The coupled metals can

be test with the second metal 16 inserted into an aperture in

the first metal 18 or with the first metal inserted into an

aperture in the second metal. Although any suitable shapes can

be selected for the first and second metals, preferably one

metal is arranged as a generally flat plate, for example about 2
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inches square and V, inch thick, and the second metal is arranged

as a cylinder having a generally circular cross-section and a

diameter of about V4 inch. The size of the aperture and hence

the surface area of the inserted metal is selected based upon

the desired ratio of surface areas of the first and second metal

that are in contact with the electrolyte. Preferably, the

desired ratio of the surface areas of the metal plate to the

metal plug is about 3:1, although other ratios can be used.

[0020] Returning again to FIG. 1, the system 10 also includes a

counter electrode 12 in contact with the electrolyte 22.

Suitable materials for the counter-electrode include platinum,

palladium and gold. Preferably, the counter-electrode 12 is

platinum. The counter-electrode 12 is capable of delivering a

known current to the working electrode through the electrolyte

22.

[0021] In order to measure the voltage of the working

electrode, a reference electrode 24 is also provided in

communication with the electrolyte 22. Suitable reference

electrodes include, but are not limited to, saturated calomel

electrodes. All three electrodes are in communication with a

three-lead potentiostat 30 through an interface device 26 and

frequency response analyzer 28. Suitable three-lead

potentiostats are known and available in the art.

7



[0022] The potentiostat 30 is in communication with a control

mechanism 32, for example a personal computer, to provide

control of the potentiostat and analysis of the data received

from the potentiostat.

[0023] The potentiostat 30 generates a small, sinusoidal

voltage, for example about 5 mV, along a wide frequency range.

In one embodiment, this frequency band is from about 10-3 to

about l05 Hz. This voltage is communicated to the counter-

electrode 12. The voltage propagates through the electrolyte 22

to the working electrode 24 where it is communicated back to the

potentiostat 30 and the computer 32. The known currents

generated by the potentiostat 30 and the current received by the

working electrode 24 are measured and recorded by the computer

32. In addition, the computer 32 computes the difference

between the current and phase angles generated by the

potentiostat 30 and those returned by the sample. Current data

are collected over time to determine the effect of prolonged

exposure and to replicate a steady state condition. The

computer 32 then generates a graph or plot of the log of the

impedance and the phase angle versus frequency. The generated

graph or plot is then compared to known or modeled plots for

physical electric circuits to establish a correlation between

capacitance, inductance and resistance and to determine the
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corrosion resistance of the material and the failure mechanism

of the coating.

[0024] Referring to FIG. 3, one suitable physical electric

circuit that can be used as a baseline model for the corrosion

determination is the Randle's Circuit 34. Since the coated and

uncoated galvanically coupled metals can produce models that are

more complex than the Randle's Circuit 34, modifications can be

made to this simple circuit to better fit the impedance data.

For example, elements such as capacitors, inductors and

resistors can be added to the Randle's Circuit 34 to best model

each data series.

[0025] In one embodiment, model validation is achieved by

systematically changing one parameter to determine the response

of the system. For example, doubling the solution resistance

would cause a uniform shift upward in the model impedance.

[0026] In another embodiment, the corrosion mechanism of the

coupled metals is determined by measuring the charge transfer

resistance (Rt) using EIS. When the Rt of a material decreases,

the corrosion rate increases. As discussed, the Rt is determined

by modeling the electrochemical system as an electrical circuit,

with each circuit element contributing to the system impedance.

[0027] In the relatively simple Randle's Circuit 34

illustrated in FIG. 3, the electrochemical interface is a

parallel charge transfer resistance (Rmetai) 36 with a double
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layer capacitance (Cfmetal) 38 in parallel and the solution

resistance of an electrolyte (Rsoin) 40 in series. The corrosion

mechanism of the test system is determined by comparing the

variation of impedance values of each circuit element over time.

[0028] A plot of the log of impedance and the phase angle shift

vs. frequency is used to determine the coating failure mode by

considering that a phase angle of 00 correlates to pure

resistance, and an angle of 900 correlates to pure capacitance.

Angles between 00 and 900 correlate to a mixture of capacitance

and resistance. A substantial decrease in coating capacitance

implies the coating is thinning, which occurs when moisture

permeates the coating, reaches the material surface, and

corrosion begins.

[0029] In the method for determining the corrosion rates of

galvanically coupled metals in accordance with exemplary

embodiments of the present invention, two dissimilar metals for

testing are selected and are coupled together. The dissimilar

metals are selected such that one metal is generally more anodic

and one metal is generally more cathodic. Preferably, at least

one of the first metal and the second metal is substantially

more anodic than the other metal. Suitable coupled metal pairs

include, but are not limited to, mild steel and aluminum, mild

steel and stainless steel and stainless steel and aluminum.
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[0030] The metals can be coupled together through any suitable

method available and known in the art. In one embodiment, the

metals are galvanically coupled together.

[0031] In another embodiment as shown in FIG. 1, an aperture is

formed in the first metal 18 and an appropriate amount of the

second metal 16 is placed in the aperture to fill the aperture.

For example, as illustrated in FIG. 1 and FIG. 2, the first

metal can be generally plated-shaped, and the aperture can have

a substantially circular cross-section. In still another

embodiment, the coupled metals are further coated using at least

one corrosion resistant material. Suitable corrosion resistant

materials include, but are not limited to, powder epoxy, glass

reinforced epoxy, polyurethane, electroplated aluminum and an

aluminum/titanium ceramic.

[0032] In accordance with the method of the present invention,

electrochemical impedance spectroscopy is used to produce a plot

of impedance and phase angle verses frequency for the coupled

metals. The use of electrochemical impedance spectroscopy

includes exposing the coupled metals to the electrolyte 22. The

electrolyte is 0.5 normal sodium chloride. In addition, the

ratio of the surface area of the first metal 18 exposed to the

electrolyte 22 to the surface area of the second metal exposed

to the electrolyte is about 3:1. After the coupled metals are

placed in contact with the electrolyte 22, the coupled metals
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are exposed to a known current that is passed through the

electrolyte. The current is preferably a small, sinusoidal,

variable frequency, potentiostat-generated voltage.

[0033] The current received at the coupled metals is then

monitored. The monitored and collected data are then plotted,

and the coupled metal plot is matched to a known plot for a

given physical circuit. The corrosion rates associated with the

matched plot are used to determine corrosion rates for the

coupled metals.

[0034] While it is apparent that the illustrative embodiments

of the invention disclosed herein fulfill the objectives of the

present invention, it is appreciated that numerous modifications

and other embodiments may be devised by those skilled in the

art. Additionally, feature(s) and/or element(s) from any

embodiment may be used singly or in combination with other

embodiment(s). Therefore, it will be understood that the

appended claims are intended to cover all such modifications and

embodiments, which would come within the spirit and scope of the

present invention.

12



Attorney Docket No. 83444

SYSTEM AND METHOD OF USE FOR

ELECTROCHEMICAL MEASUREMENT OF CORROSION

ABSTRACT OF THE DISCLOSURE

A system and method of use is provided for using

electrochemical impedance spectroscopy to determine the

corrosion rates of coupled metals. Two dissimilar metals are

coupled together and exposed to a saltwater electrolyte in an

electrochemical cell. A variable frequency current is passed

through the cell and collected at the coupled metals. The

impedance and phase angle of the collected current data are

plotted verses frequency. The plotted data are compared to and

analogized to a known plot for physical electric circuits. When

a matching plot and circuit are found, the corrosion rate data

associated with the matched plot are used to determine the

corrosion rates of the coupled metals.
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