Annual Report
Contract No. N00O14-87-K0042
December 1, 1986 - December 1, 1937

THE INFLUENCE OF CATHODIC PROTECTIOM
ON EROSION-CORROSIC!J OF METALS AND MODEL ALLOYS

)

Submitted to:

o™
F
©
F
) 9. Og::)o of Naval Research e
‘ N. i Street ™" y
- § Arlington, VA "222175000  ONIG FILE ooy
b Submitted by:
- ¢

M. E. Orazem
Assistant Professor

Report No. UVA/525418/CHES88/101 DT‘( :

February 1988 ELECT'—
S.:m e
@

SCHOOL OF ENGINEERING AND
APPLIED SCIENCE
DEPARTMENT OF CHEMICAL _ENGINEERING

This dscament Mw besa opps

[ ralecse ond ssle; I

’ b wlimisld,yy *

UNIVERSITY OF VIRGINIA
CHARLOTTESVILLE, VIRGINIA 2290l

sa g 10 037

1




Annual Report
Contract No. N00014-87-K0042
December 1, 1986 - December 1, 1987

THE INFLUENCE OF CATHODIC PROTECTION
ON EROSION-CORROSION OF METALS AND MODEL ALLOYS
Submitted to:

Office of Naval Resecrch
800 N. Quincy Street oo
Arlington, VA 22217-5000

Submitted by:

M. E. Orazem

! Assistant Professor
;
Department of Chemical Engineering
SCHOOL OF ENGINEERING AND APPLIED SCIENCE
UNIVERSITY OF VIRGINIA
) CHARLOTTESVILLE, VIRGINIA
J
)
J Report No. UVA,525418/CHE88/101 Copy No. l&
Febtruary 1988
g




TABLE OF CONTENTS

Page
Report Documentation Page @ ... .. ... i .iiiiiiiiiiiiiiieeaen 1
Abstract et eaeatesisettteett et seteateasaatater e anes 2
t Scientific Research Goals = ..... et tiaeere it e 2
- BIGRIFICANt ROBUIEE  cuvvrrrninnnnnnnnneneeeeeeiiannaens 3
? COll DOSEGN eeeteeinene et 3
Preliminary Studies for the Corrosion of Copper in Saline
Solutions = ..... P 10
g’f Preparation of Copper-Aluminum Alloys = ................ 12
Plans for Next Year's Research = ........civeivieccncnncnnns 12
Acknowledgement = L. ...iiiiiiiiieiiaeiattt ittt 12
Iﬁ' Appendix A: Related Results from Previous Contracts = ....... 13
A New Method for Ohmic Compensation @ ............... 13
Corrosion of Iron in Chloride Solutions = ............. 14
Evaluation of the Persist...cy of Inhibitors = ........ 14
2 RefOreNCO8 .. ...iii.iiiiiteitirtetieetitca et 16
Accesaion Por
— . .
} RTIS GRARI
A DTIC TAB
Unannounced (m]
Justification |
By.
) Distridbution/
Availability Codes
Avalil and/or
Dist Special
' A




REPORT DGCUMENTATION PAGE _ §

1b. RESTR..TIVE MARKINGS
None i
‘ > . DISTRIBIITION/ AVAILABILITY GF REFOAT

. Approved for public release, 3
distribution unlimited b

e e ———
 SRERIGEATION REPSRT NUMBERE 5. MONITORING ORGANIZATION REPORT NUMBER(S)

UVA/525418/CHESS/101
BF PIRPORMING OAGANIZATION ] 6b. OFFICE SYMBOL [ 73. NAME OF MONITORING ORGANIZATION i
University of Virginia Of appiicable) Office of Naval Research Resident )
Dept. of Chemical Engr. Representative i
fic. ADORESS (Cty, Stete, and 2 Code) ‘ 7b. ADDKESS (City, Stats, and 2/P Code) 1
Thornton Hall 818 Connecticut Avenia, NW ;
o Charlottesville, VA 22901 Eighth Floor !
} . Hashin&ion. DC 20036 {
5. NAME OF FUNDING / SPONSORING 8b. OFFK'E SYMBOL | 9. PROCUREMENT INSTRUMENT IDENTIFICATION NiJMBER
g ORGANIZATION OF applicable)
» Dffice of Naval Research N00014-87-K-0042
. § 82 ADONESS (City, State, anet 2P Code) 10. SOURCE OF FUNDING NUMBERS
800 N. Quincy Street PROGRAM PROJECT TAS WORK UNIT
: Arlington, VA 22217-5000 ELEMENT NO. [NO. NO. ACCESSION NO.

1. TITLE @nciuge Security Classification)

e Influence of Cathodic Protection on Erosion-Corrosion of Metzls and Model Alloys

| 12. PERIONAL AUTHONR(S)
\ M. E. Orazem

13a. TYPE OF REPORT 13b. NME COVERED 14. DA £ R T x 15. PAGE COUNT
$m12201f§6m lZ/Ol/Bl 058" e Ly roneh. Day) u

16. SUPMLEMMENTARY NOTATION

12 COSATI CCOES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by biock number)
HELD GAOUP SUB-GRGUP

NS !
i E2 Mfﬁr@“mmi!mwmwwkwmun
The cbject of this program is to develop a fundamental understanding of the influence
of 2pplied potential on mechanisir.s for erosion—corrosicn as applied to copper and copper-
based alloys. This work is intended to allo.. application of laboratory experiments to predict
the onset of erosion-corrosion failure under field conditions and to guide development of
workable strategies for prevention of erosion—corrosion.

ToooTTY™\YY T T T Ty T T e e mem s e

In the first year of the progiam, an electrochemical cell incorporating a scanning ellip-
someter was designed and built. The cell uses a submerged electrolyte jet impinging on an
electrode. The laser spot size is around 25 x 707um, aud the position of the electrode—jet
assembly relative to the laser spot can be coutrolled by stepping motor stages without al-
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‘under we'l controlled fluid flow exhibiting high shear rates. The radial position at which the

film thickness decreaszes can be related to a critical value for hydrodynamic shear required
to remove the film, and the use of a well-characterized flow geometry allows separation of
erosion—corrosion effects from corrosion enhancement associated with mass trarsfer. Exper-
iments using this system will begin in the second year of the program. In support of the
erosion—corrosion studies, electrochemical experiments are being cond to identify the
corrosion mechanisms and film composition associated with .orrosion of fopper in neutral
and basic saline solutions. These experiments will be extended to model Lopper-aluminum
alloys in the second year of the program. '
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Abstract

E’ The olyject of this program is to develop a fundamental understanding of the
s iufluence ot applied potential cn mechanisms for erosion—corrosion as applied to

copper and copper-based alioys. This werk is intended to allow application of labo-
% ratory experinients to predict the onset of erosion-corrosion failure under field con-
) dit.ons and to guide development of workable strategies for prevention of erosion-

1
In the first year of t.1¢ program, an electrochemical cell incorporating & scanning !
ellipsometer was desigred and built. The cell uses a submerged electrolyte jet |
b impinging on an electrode. The laser spot size is around 25 x 70 um, and the i
position of the electrode—jet assembly relative to the laser spot can be controlled by
stepping motor stages without altering the hydrodynamic environment. This system
will be used to map local filin thickness under well controlled fluid flow exhibiting 1
high shear rates. The radial position at which the film thickness decreases can be |
) related to a critical value for hydrodynamic shear required to remove the film, and !
the use of a well-characterized flow gecmetry allows separation of erosion—corrosion !
effects from corrosion erhancement associated with mass transfer. Experiments |
using this system will begin in the second year of the program. In support of ‘
the erosion—corrosion studies, electrochemical experiments are being conducted to !
) identify the corrosion mechanisms and film composition associated with corrosion
of copper in neutral and basic saline solutions. These experiments will be extended
to mode! copper-aluminum alloys in the second year of the program.

b Scientific Research Goals

Erosion—corrosion is a pervasive and complex problem which is attributed to velocity-
enhanced mass transfer as well as to a mechanical removal of protective oxide films. The
objective of this contract, awerded January 20, 1987, is to identify specific modes of cor-

7ocion enhancement associated with high-sp:ed flow. This work is necessary to pr wvide a
) fundamental understanding of the mechanism for erosion-corrosion, and to allow application
of laboratory experiments to field conditions. This work is intended to guide deveiopment
of workable strategies for prevention of ~rosion—corrosion.

) This objective will be accomplished by developing a new experimental system to study
_ the erosion—corrosion of copper and model copper-based alloys in sodium chloride solutions.
The growth and removal of oxide films will be observed in-situ by automated scanning
ellipsometry. This apparatus will be used to study the electrochemistry of copper and
model copper-based alloys under conditions where erosion—corrosion is expected. These
materials were chosen because they are of industrial and national iinportance and because
they are known to be susceptibie to erosion—corrosion attack. Parametric studies will be
conducted to identify the mode of enhanced attack, the influence of fluid composition and
pH, and the influence of polarization. The ultimate goal of this work is the development
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of a mathematical model to predict the current requirements for the cathodic protection of
complex geometries subject to high-speed flow. In order to provide a comprehensive solution
to the problem, local microstructural and microchemical enalyses will also be employed.
The techniques vo be used include scanning and transmission electron microscopy, energy
dispersive X-ray analysis, and Auger spectroscopy.

Significant Results

The results of the first year include design and construction of an ellipsometer to mea-
3 sure local film thickness under high-speed impinging fluid, preliminary electrochemical ex-
X periments for copper in neutral and basic saline solutions, and development of an in-house
capability to formulate model copper-aluminum alloys.

Cell Design

Our primary goal for the first year was to design and construct the impinging
L jet/ellipsometer apparatus. The cell has been designed and is under construction. A
) schematic representation of the cell is shown in Figure 1. This includes computer-interfaced
stepping motor stages for accurate positioning of the jet nozzle and metal electrode to be
studied, polarizer and analyzer components of the ellipsometer, and a plexiglas cell com-
partment supported in a rigid 1/2 inch aluminum frame. The flow assembly is given as
‘ Figure 2. A magnetically coupled centrifugal pump will be used to drive the flow, and the
) system is designed to allow study of both aerated and deaerated conditions. All components
have arrived, and the flow system is now being tested. This system will be controlled by
a HP 310 laboratory computer, and some of the sofiware needed to run these experiments
has been written. The underlying concept and principles for the cell design are presented

in the following sections.

Concept

In the absence of impingement of particles or bubbles, hydrodynamic shear is the pri-

mary mechanism for transfer of momentum between the flowing electrolyte and the surface

(sce references 1-3). A nonzero value for the wali shear stress results from the relative mo-

) tion between the fiuid and the solid. This force acts on the surface in the direction of flow,

and has been implicated in the removal of loosely adherent films. Copsont suggested that

shear siresses are likely to be too small to cause significant erosion—corrosion. Indeed, exper-

iments conducted in our laboratory indicate that if particles or small bubbles are present in

’ the flowing electrolyte, attack by impingement will overwhelm attack by shear mechanisms.

) Efird® has reported critical values of shear stress for the erosion-corrosion of copper and

some copper-based alloys in sea water. The temperature dependence of the critical velocity

was shown to correlate well with the temperature dependence of tie surface shear stress.

Giralt and Trass® have shown that removal of solid naphthalene and trans—cinnamic acid

b;- a submerged impinging jet of saturated solution is proportional to the wall shear stress

above a critical or threshold velue. Steele and Geankoplis” have also reported removal of
material by an apparent shear erosion mechanism.

3
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Figure 1. Schematic representatioa of the cell used in the impinging-jet apparatus for
in-situ study of the erosion-corrosion of copper and copper-based alloys.
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Figure 2. Schematic representation of the flow-system design for the impinging-jet appa-
ratus for in-situ study of the erosion—corrosion of cooper and copper-based alloys.



The coucept of a critical shear stress may allow a more universal application of erosion-
corrosion expeciments. It is well known that values obtained for critical velocities in different
experimental systems do not agree. Since, in the absence of mass transfer or impingement
effects, the means of transfer of momentun from the fluid to the solid is the shear stress, the
extent of erosion-corrosion by shear would be expected to be the same for different geome-
tries only if the value of shear stress would be the same. This approach has been suggested
by Efird® and by Silverman.® The use of this approach requires that experiments be con-
ducted for which the effects of mass transfer, impingement, and shear can be quantitatively
assessed.

The impinging Jet Electrode

The impinging jet system comprises a submerged electrolyte jet impinging at 90° onto
a flat specimen. The flow pattern for this system has been studied extensively®=!® and is
shown in Figure 3. Detailed mathematical analyses for this system have tended to con-
centrate on the stagnation and wall jet regions. The stagnation region is observed directly
beneath the jet. Within the stagnatiou region, the axial velocity is independent of radial
position. The flow in this region therefore resembles a rotating disk in that the surface is
uniformly accessible to mass transfer. Further from the center line, a boundary layer is
developed which is called the wall jet region.

The velocity distribution in the stagnation region has both radial and axial components.
The velocity in the radial direction is given by!®

vr = ar%(’-;z-)-, (1)
and the velocity in the axisl direction is given by
vy = —2Vau/p f(n); (2)

f(n) = 0.656n" ~ =n® +3.6444 x 10°1° + O(1"),

and n = y/ap/pu 2. The parameter a in equations (1) and (2) is the hydrodynamic constant
with units cf s~!. It plays a role in the impinging jet system similar to that of rotation
speed in a rotating disk systemn. The hydrodynamic constant is a function of jet velocity
and the distance between the nozzle and the electrode and can be determined through inde-

pendent electrochemical experiments. The fluid viscosity 1 and density p are also measured
independently.

The axial velocity is independent of radial position. Thus, a mass-transfer-limited
current distribution across the electrode is uniform. The radial velocity is a function of
radial position; it has a value of zero at the center of the disk and has « maximum value at
the outer edge of the disk. Both the radial and axial velocities obey the no-slip boundary
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condition and are szero at the wall. The only non-zero value of surface shear stress is 7,.,

given by
F frs = —1.312r(pp)' ?a/2, (3)
The shear stress is a linear function of radial position. It has a value of zero at the center
of the disk and rsaches a maximum value at the outer edge of the disk. The parameter a

is the hydrodynamic constant which is proportional to the average jet velocity. The flow in
] the wall jet region is more complex and is described by Scholtz and Tyass.!?

Experimental Method

The impinging—jet system provides a unique environment for the electrochemical eval-
» uation of film persistency. It can be used to distinguish clearly among the various modes
of erosion—corrosion. The approach taken to identify a shear mode for removal of a film
is illustrated in Figure 4. The shear stress on the electrode surface for a given average jet
velocity is a linear function of radial position. The critical shear () for removal of a pro-
tective film can, in principle, be obtained by measuring the profile of an electrode subjected
to a given jet velocity. For velocity vy, the radial position at which a sudden increase in
corrosion rates is observed (r.; ) provides a value for the critical shear. The vate of corrosion
at larger values of radial position can be determined from the electrode profiles, and these
values provide the proportionulity of erosion—corrosion rate to shear stress. At the higler
jet velocity (vz), the critical shear should be observed at a smaller radial position (r.;).
Thus, a single experiment can be used to scan a continuous distribution of wall shear stress
' values and thereby obtain the critical value. Experiments conducted at different velocities
provide verification for the critical shear values.

Calculations similar to those presented by Newman!7? can be used to determine whether

a nonuniform current distribution is expected from mass-transfer and potential distribution
+ considerations. A numerical method for determining the current distribution from exper- 1

imental current-potential data in the Tafel regime has been developed in this laboratory ‘
(see Appendix A: Related Results from Previous Contracts).!®~2° Usually, if a surface is ‘
protected by a film, the current distribution ; redicted by these calculations will be uniform.
Therefore, if the corrosion is mass—transfer controlled, the enhanced corrosion rates will
P be uniform and not exhibit a critical radius. The use of profilometry provides information

that is otherwise submerged in a simple weight—loss measurement, and these measurements
provide an indirect proof of a shear mechanism for erosion-corrosion. This has been used
here in the study of the persistency of inhibitor films;2! =23 however, this work also showed
the need for a direct measure of film persistency (see Appendix A). Direct proof may be
obtained by the use of scanning ellipsometry to measure local film thicknesses which should
change in the presence of erosion-corrosion.

i
{
i
l
{
The advantages of this technique are: \
4
!
I
1
(

e The fluid flow is well characterized. The hydrodynamic shear for the impinging-jet sys-
tem in the stagnation region is a linear function of radial position and can be measured
through a sensitive electrochemical technique.
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Figure 4. The use of electrode profile (or measured film thickness distribution) to identify
a critical wall shear stress for removal of a protective film: a) wall shear stress as
a function of radial position with jet velocity as a parameter; b) electrode profil: as
& function of radial position after sustained corrosion under jet velocity vq; and c)
electrode profile as a function of radial position after sustained corrosion under jet

velocity v;.
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o Mass transfer to the disk is uniform. This prevents establishment of differential oxy-
genation cells and aids in the interpretation of experimental results. Fortunately, the
constraint on electrode size given by the need for uniform mass transfer does not signifi-
cantly reduce the maximum values of wall shear stress that can be reached as comparad
to the current practice. The wall shear stress reaches a maximum close to the radius
where the mass transfer is no longer uniform.

o The electrode is stationary. This allows use of in-situ determination of film thickness
by ellipsometry. Rotating disks and rotating concentric cylinders also provide well-
characterized fluid flow with uniform mass transfer; however they cannot be used for
in-situ ellivsometry which requires a stationary electrode.

The experimental design for the scanning ellipsometer will be presented at the T-5A
Workshop on Fluid Flow Enhanced Corrosion, Corrosion/88, Saint Louis, Missouri, March
21-25, 1988.24

Preliminary Studies for the Corrosion of Copper in Saline Solutions

The corrosion of a rotating cupper disk is being studied in aerated and deaerated 0.5M
NaCl solutions as a function of applied potential, pH, and rotation rate. This work is in-
tended to provide a foundation for the study of the influence of large values of hydrodynamic
shear. Experiments are being conducted where the potential is swept from the corrosion po-
tential to +2 V(SCE) at a constant rate, and where the potential is changed instantaneously
from the corrosion potential to a potential of interest and held there for a given period of
time. An example of the potentiodynamic results is presented in Figure 5 where the anodic
current is presented as a function of applied potential withk rotation speed as a parameter
for an aerated solution with pH equal to 6.5. A significant effect of rotation speed is seen at
potentials greater than 0.5 V(SCE). The may be associated with removal of a precipitated
film which, at this potential, was loosely adherent.

Salt films and axide layers were observed on the electrode surface, and these appeared
either as rings growing inward with increasing potential from the periphery of the disk or
as circles growing radially outward from the center. These observations can be explained
in terms of the potential and current distributions expected on a disk electrode below the
limiting current.!” Rings growing inward observed during the corrosion of iron in sulfuric
acid have been shown to be caused by deposition of ferrous sulfate salts.?> The ring observed
at low potentials may be associated with deposition of CuCl; which is sparingly soluble. The
circles observed are probably associated with formation of copper oxides (see reference 26).
This work, augmented with chemical and microscopic analyses of the corrosion products,
will continue throughout the next year both for copper and for model alloys

10
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Preparation of Copper—Aluminum Alloys

Aluminum bronzes are of two general types: the a or single-phase alloys, often referred
to as homogeneous alloys, and the a-3, or two-phase alloys, known as duplex bronzes.
Under perfect equilibrium conditions 9.8 parcent of Al is soluble in Cu before the 8 phase
appears, but, in practice, alloys containing in excess of 7.5 percent Al usually exhibit two
phases.?” Since the properties of the a-p alloys differ from those of the single phase, the
duplex bronzes will not be prepared at this point. Also, under certain conditions of corrosion
the a-f aluminum bronzes are susceptible to dealuminization.??

The alloys will be melted in an iud- ~tion furnace located in the Department of Materials
Science at the University of Virginia. ° ' inductiop coils of the furnace will be conceutrated
near the bottom of the crucible, thu. .ausing a temperature gradient in the crucible. To
compensate for its higher melting point (1083°C as compared to 660°C for aluminum), the
copper will be placed at the bottom of the crucible where it should melt first. The aluminum
will be placed on the copper where it will receive less heat. The molten mixture is stirred
by rocking the crucible for five minutes. A homogeneons composition and temperature
distribution is obtained when the color of the melt matches that of the crucible (white).
Care must be taken to avoid excessive temperatures which will cause loss of aluminum by
vaporization. Some loss of aluminum will occur even under optimal conditions. The melt
will be pouiad into a mold and slowly cooled. Impurities will presumably collect at the top
of the mold, and this metal will be cut and discarded. The resulting ingot will be rolled,
homogenized at about 800°C, cut turned, and ann<aled according to ASM standards.28:29
Samples will be sent to outside laboratories to provide confirmation of alloy composition
through chemical analysis.

Plans for Next Years Research

Our short-term plans for this work include:

¢ to complete construction and assembly of the ellipsometer system and to conduct pre-
liminary experiments with copper in saline solutions to study the growth and removal
of passive films unde: high-shear fow,

¢ to cnnduct rotating disk studies of copper electrodes in aerated and deaerated .aeutral
and basic saline solutions to identify the conditions for passivation in he absence of
erosive effects, and

o to conduct rotating disk studies of copper alloys in aerated and deaerated neutral and

basic saline solutions to ideutify the effect of alloy composition on passivation in the
absence of erosive effects.

Acknowledgement
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E " Appendix A: Related Results from Previous Contracts

: The wock presented in this section was supported by the Chemical and Metals Division
of Dow Chemical and the Virginia Center for Innovative Technology Grant Number MAT-
g 86-028. An impinging jet experimental system, similar to that shown in [Migure 1 but
b without an ellipsometer, was used to evaluate the influence of fluid flow on the performance
of model corrosion inhibitors. A minimum (or critical) value for the shear required to remove
the protective filnu was identified by profiloinetry (see Figure 4), and this value was found
to depend on the inhibitor composition. This result indicates that it should be possible to
. tailor an inhibitor composition for maximizing protection under high velocities in a given
= fluid environment. In support of this project, a numerical method for compensation for
3 ohmic resistance of the electrolyte was developed which identifies the current distribution
on the disk expected from oh .ic considerations. This is essential for separating transport
effects from electrode kinetics. Another effort was identification of the reaction mechanism
for corrosion in the absence of inhibitors which provides a foundation for understanding how
) inhibitors respond to high fluid velocities.

A New Method for Ohmic Compensation

A numerical method was d=veloped for adjusting experimental current—potential curves
) for the ohmic resistance correcponding to a secondary current distribution on a (rotating)
‘ disk electrode. A novel and essential feature of this technique is that the compensation
procedure also yields the extent to which ohmic effects cause the current distribution to
be nonuniform. This allows the electrode profile to be used to identify enhanced corrosion

caused by fluid shear.

P The nonuniform current and potential distribution on the disk electrode cause the
electrolyte resistance itself to be a function of measured current, a feature that cannot be
seen by current-interruption methods of evaluating ohmic resistance. The method described
here is employed after experiments are conducted and yields the Tafel slope as well as

adjusted values for current density and surface overpotential that apply to the center of
b the disk. This facilitates comparison of experimental data to mathematical models of the
: rotating disk electrode that, in the secondary current regime, apply strictly only to the
| center of the electrode. The algorithm is written in interpretive BASIC 4.0 for an HP-310
computer, and iterative treutment of 25 current-rotential data pairs generally requires less
than 5 seconds. Analysis of 3000 data pairs requires about 3 minutes.

) The Tafel slopes obtained using ohmic correction based on current interruption are
only 2 to 5 mV/decade higher than those obtained by accounting for the nonlinear ohmic
resistance. This agreement is seen because, at the high current densities where the ohmic
correction is most significant, the resistance correction approaches the primary resistance
‘ obtained by current interruption. The Tafel siope values for the two methods differ most
P for solutions of low conductivity. The major advantages of the ohmic correction method
described here are that the experimental condition is never perturbed and that the method

13




indicates the extent to which the current distributi~i is noruniform. This technique applies
t> cases where the rotation speed does not influence the measured current at a given ap-
y plied potential and where tke reference electrode is located far from the working electrode.
Accurate values for solution conductivity and electrode diameter are aiso needed.

This work will be presented as an invited paper at the ASTM Symposium on Ohmic

‘ Electrolyte Resistance Measurement and Compensation, Baltimore, Maryland, May 17,

) 1988,!* and will be submitted for review for the corresponding ASTM Special Technical

Publication.!® The software develcped here will be used in the research on copper to help

separate the effects of fluid shear on current distribution from mass transfer and ohmic
contributions.

) Corrosion of Iron in Chloride Solutions

Potentiostatic data were obtained for the dissolution of iron in deaerated acidic solutions
with chloride concentrations of 0.1 M, 1.0 M, and 4.5 M, respectively, where the pH was
adjusted by addition of HCl. The potent-ostatic data were obtained for individually polished
electrodes held at the applied potential for between 15 to 45 minutes. These data were
corrected for the ohmic contribution to the measured potential. The ohmic correction
procedure developed under this contract and described above yielded a Tafel slope value
of 39 mV/decade for the 0.1 M Cl™ system, while the higher concentrations of 1.0 M
and 4.5 M CI™ gave values of 58 and 60 mV /decade, respectively. Several mechanisms
have bezn proposed for this system. Tafel slopes of 60 mV /decade are consistent with the
) Lorenz mechanism; whereas, the lower value of Tafel slope obtained for the 0.1 M chloride

system is consistent with a Bockris mechanism. The inhibitory effect of increased chloride
ion concentration and the dependence on pH is consistent with the Lorenz mechanism, and
this conclusion was supported by nonlinear regression of the data.

) A paper based on this work is in preparation and will be submitted for publication.3?
Evaluation of the Persistency of Inhibitors

The impinging jet electrode system was employed as a means of characterizing the

b performance of several model and commercial vorrosion inhibitors, provided by the Chemical

and Metals Department, DOW Chemical, USA. The objective of this study was to quantify

the quality of inhibition of pure iron corroding in an aerated-acidic chloride environment

in the presence of a single-phase fluid flow. Since inhibitors primarily protect the metal

by adsorbing onto its surface, evaluation of its performance in the presence of fluid flow

and high-shear conditions must be uwaderiaken. Fluid flow generally increases the rate of

) corrosion by increasing the rate of mass transfer of species to the reactive sites; for example,

the rate of the oxygen reduction reaction at the cathodic site is increased by the transport

of oxygen to the reactive surface. When metals are protected by oxide or inhibitor films,

corrosion rates may be increased significantly by the mechanical removal of the film by large

values of wall shear stress or by the impingement of solids and bubbles carried by the fluid

) stream. Erosion—corrosion combines the mechanic=! attrition of the metal surface and the
electrochemical reaction with the aggressive environment.
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The concept of critical shear, the minimum force required to remove a protective film,
was used ‘o compare the film persistency and efficacy of the different corrosion inhibitors.
The shear stress at the electrode surface is proportional to the radial distance from the
electrods centerline. The critical radial distunce was inferced from the surface profiles of a
corroded elecirode surface to yield the critical wall shear stress, a .najor contributor to the
enhanced corrosion at the periphery of the disk.

Two corrosion inhibitors were obtained from the Chemical and Metals Department
of DOW Chemical, USA in purified form. The two pure compounds were amino ethyl
heptadecyl imidazoline and 2-heptadecenyl-2-imidazoline. An additional single compound
inhibitor, 1-octene-3-ol, and a fully formulated commercial inhibitor were also tested. The
values obtained for critical shear stress were:

¢ 1-octene-3-ol: Ty cris = 411 £ 57 dyne/cm? at -350 mV (SCE) and 7y oric = 331 £
52 dyne/cm? at -250 mV (SCE),

¢ amino ethyl heptadecyl imidazoline: 74 crit = 718 £ 1606 dyne/cm? pclarized galvanos-
tatically at 2.5 mA /cm? (corresponding to -485 mV (SEC)),

o 2-heptadecenyl-2-imidazoline: 74 crie = 606 £ 137 dyne/cm? polarized galvanostati-
cally at 2.5 mA/cm? (corresponding to -475 mV (SEC)), and

o Dow 36421-18: 7y cris = 376 £ 28 dyne/cm? at -475 mV (SCE).

Thege results suggest that amino ethyl heptadecyl imidrzoline may be a more effective
inhibitor in high velocity acidic chloride solution than is 2-heptadecenyl-2-imidazoline and
that both imidazoline compounds are have superior persistency as compared to 1-octene-3-ol
and the formulated inhibitor in these solutions. These results are preliminary and morc work
is needed to identify the effect of potential, solution composition, and inhibitor composition
on prevention of corrosion in high velocity environments.

A portion of this work was presented at Corrosion/87, the national meeting for the
National Association of Corrosion Engineers and has been submitted for publication in
Corrosion.?*'3? While this work demorstrated that inhibitor compounds can be removed
by fluid sh.ear and that the resistance to removal is a function of chemical composition and
applied potential, the data obtained through profilometry after extended corrosion were
very scattered. This work showed the need for a direct measure of erosion-corrosion effects
through ellipsometry.
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