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Abstract:
The corrosion resistance of 90/10 cupro-nickel alloy in seawater is due to the formation of a protective
cuprous oxide layer. This corrosion resistance can be improved through the application of inhibitors.
The purpose of this investigation was to study the action of 2-mercaptothiazoline (MT),
2-mercaptobenzo-thiazole (MBT), 2-mercaptobenzimidazole (MBI), and 2-mercapto-benzoxazole
(MBO) as inhibitors of 90/10 cupro-nickel alloy corrosion in seawater.

A pretreatment procedure was outlined to ensure that experimental results were representative of the
alloy and reproducible. Material balance techniques in conjunction with scanning auger microscopy
were utilized to study the corrosion processes. A set of base conditions was established and used as a
starting point for parameter variation. The individual effects of exposure time, temperature, salinity,
and dissolved oxygen were studied to determine a mechanism for the corrosion. During initial exposure
the diffusion of OH- ions generated by the cathodic reduction of O2 is likely to be rate limiting. After
prolonged exposure the growth rate of oxide is limited by diffusion of cations to the solid-solution
interface.

Inhibition of the corrosion was studied with 10-3 M and 10-4M inhibitor concentrations in the
seawater. Pretreatment of the surface via immersion in 60°C aqueous solutions of the inhibitors for two
minutes was also investigated. The observed order of inhibition efficiency, MBT > MBI = MBO > MT,
is explained in terms of a theory of chemisorptive inhibition. Water-insoluble thin polymeric films are
formed by a surface reaction between cuprous ions and adsorbed inhibitor molecules via a discharge
and nucleation mechanism. The resultant film acts as a barrier to corrosive environments. 
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ABSTRACT

The corrosion resistance of 90/10 cupro-nickel alloy in 
seawater is due to the formation of a protective cuprous oxide 
layer. This corrosion resistance can be improved through the 
application of inhibitors. The purpose of this investigation was 
to study the action of 2-mercaptothiazoline (MT), 2-mercaptobenzo- 
thiazole (MBT), 2-mercaptobenzimidazole (MBI), and 2-mercapto- 
benzoxazole (MBO) as inhibitors of 90/10 cupro-nickel alloy 
corrosion in seawater.

A pretreatment procedure was outlined to ensure that 
experimental results were representative of the alloy and 
reproducible. Material balance techniques in conjunction with 
scanning auger microscopy were utilized to study the corrosion 
processes. A set of base conditions was established and used as a 
starting point for parameter variation. The individual effects of 
exposure time, temperature, salinity, and dissolved oxygen were 
studied to determine a mechanism for the corrosion. During initial 
exposure the diffusion of OH- ions generated by the cathodic 
reduction of O2 is likely to be rate limiting. After prolonged 
exposure the growth rate of oxide is limited by diffusion of 
cations to the solid-solution interface.

Inhibition of the corrosion was studied with IO-3 M and ICT^ m 
inhibitor concentrations in the seawater. Pretreatment of the 
surface via immersion in 60°C aqueous solutions of the inhibitors 
for two minutes was also investigated. The observed order of 
inhibition efficiency, MBT > MBI = MBO > MT, is explained in terms 
of a theory of chemisorptive inhibition. Water-insoluble thin 
polymeric films are formed by a surface reaction between 
- cuprous ions and adsorbed inhibitor molecules via a discharge and 
nucleation mechanism. The resultant film acts as a barrier to 
corrosive environments.
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INTRODUCTION

Copper-Nickel Alloys: Uses, Corrosion Behavior, and Protective 
Layer Formation

The cost of corrosion and protection against corrosion in the 
United States has been estimated at eight billion dollars per 

yearl. Although this is a very large cost, it is not surprising : 
when considering corrosion occurs whenever metals and other 
materials are used. Corrosion is inevitable, but in many cases its 
cost can be reduced, and catastrophic failure may be prevented.

Corrosion may be defined as the destruction or deterioration 
of a material due to its reaction with the environment other than 
by mechanical means. This study is concerned with the oxidation of 

90/10 cupro-nickel alloy due to exposure to seawater.

Copper and copper alloys are employed extensively for fresh 
water and marine applications. The main reasons for these uses 
include (a) excellent corrosion and biofouling resistance, (b) good 
mechanical workability, (c) galvanic compatibility with other copper 
alloy system components, (d) reliability and economy. Applications 
for copper alloys include condenser tubing, ocean thermal energy 
conversion heat exchangers, and piping systems for offshore 

seawater platforms^

A problem commonly encountered in conjunction with corrosion 
is fouling. Two major problems associated with fouling are lowered 
heat transfer capability and inhibited flow of liquids through
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pipes. The best way to prevent fouling is to choose an alloy which 
is resistant, like cupro-nickel alloys. Fouling resistance is 
primarily due to release of cupric ions during corrosion. These 
cupric ions are toxic to marine organisms attaching to the metal 

surface4. Although resistant organisms may colonize, a buildup of 

non-protective corrosion products such as paratacamite (O^(OItigCl) 
between the organisms and the metal surface will allow the 
organisms to be swept away5.

The long-term, steady-state corrosion rate of 90/10 cupro
nickel has been shown to be less than 0.5 mils per year5. One 
result of the excellent corrosion and fouling resistance is a 
reduction in the required pipe thickness and diameter for many 
applications.

Corrosion resistance of copper alloys is primarily due to the
formation of a surface oxide film acting as a barrier between the
\ :
metal and the environment. Copper dissolves anodically in aqueous 
environments forming the divalent Cu5+. The equilibrium relation

2 Cu+ t Cu + Cu2+ (I)
is displaced far to the right (K = 1.7 x IO6). However, if 

complexes are formed, as between Cu+ and Cl- in a chloride solution, 

the depletion of Cu+ to CuClg- favors Cu+ as the major dissolution 
product. Hence the oxide film formed is principally composed of 
CugO.6 The film may also contain alloying metals in the oxide 

lattice, giving the film its corrosion resistant properties.
Cupro-nickel alloys are resistant to corrosion in many 

applications, due to doping of the Cu2O lattice with Ni2+ ions.
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This doping lowers the electrical and ionic conductivity of the 
protective film, rendering it more inert to electrochemical 
activity.

Other metals are added to the alloy to improve mechanical 
properties and/or to increase corrosion resistance. Iron is added 
to enhance corrosion resistance in seawater. The lowest corrosion 
rates without iron additions are at the 25 at 30% nickel level, 
whereas with iron these rates are achieved at a 10% nickel level7. 
The effect is an enhancement of nickel incorporation into the Cu2° 
lattice. The metal reactivity is related to chemisorbed oxygen 
films, which are favored by electron vacancies in the metal. These 

adsorbed oxygen films are not diffusion barriers, but act instead 
to decrease metal reaction kinetics by impeding metal ion 

hydration. Thus alloyed transition metals (Fe, Mn) added in small 
amounts, shift the critical Ni composition for passivity to lower 
values, as shown in Figure I. This is explained by the electron 

configuration theory of passivity

Fontana and Greene* classify corrosion by the forms in which it 
is displayed, based on the appearance of the corroded metal. These 
forms are described as (I) uniform, or general attack, (2) 
galvanic, or two-metal corrosion, (3) crevice corrosion, (4) 

pitting, (5) intergranular corrosion, (6) selective leaching, or 
parting, Cl) erosion' corrosion, and (8) stress corrosion. In most 

applications the primary reason for failure is localized rather 
than general attack, so uniform corrosion is not a problem. 

Copper-nickel alloy systems are galvanically compatible with other
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copper alloy system components such as pumps and valves, so two- 
metal corrosion is generally not a problem either.

•(critical)

• (passive)

40 60
Wt. %  copper

Figure I. Critical and Passive Current Densities from Potentio- 
static Anodic Polarization Curves for Copper-Nickel 
Alloys in I N H2SO4, 25°C.0

Crevice corrosion is usually associated with small volumes of 
stagnant solution in protected areas such as holes, crevices, gasket 
surfaces, lap joints, or under surface deposits. The crevice 
corrosion area must be wide enough to permit liquid entry, but 

small enough to maintain a stagnant zone. During the initial stages 
of corrosion the oxygen in the zone is depleted, while the 

surrounding metal has an adequate supply, thus the depleted region 
becomes anodic and corrodes more rapidly. Metal dissolution 
in the crevice produces cations which must be balanced by migration
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of chloride ions into the crevice. The formation of soluble metal 
chlorides increases the metal dissolution rate, and through 
migration the result is a rapidly accelerating or auto-catalytic 
process.

Pitting is a form of extremely localized attack with holes in 
the metal as the end result. It is an autocatalytic process, 
whereby corrosion reactions within a pit produce conditions which 
stimulate continued growth. This process is shown in Figure 2. It 
is very similar to crevice corrosion in that the formation of 
soluble metal chlorides increases the metal dissolution rate, and 
an anodic current develops. Adjacent areas become cathodic 

resulting in the formation of an active-passive cell.

Copper-nickel alloys are not susceptible to intergranular 
corrosion, and selective leaching or dealloying is not a problem 
either as long as temperatures are kept low KlOO0C).? Copper-zinc 
alloys do suffer from dealloying, however. The process is referred 
to as dezincificatibn.

Erosion corrosion is an acceleration in the rate of 
deterioration due to the relative movement betwen a corrosive fluid 

and the metal surface. At high flow rates shear forces can strip 
off protective CugO layers and cause erosion corrosion or 
impingement damage. The more adherent and protective the passive 
film on an alloy, the greater its resistance will be to impingement 
or erosion corrosion. Copper-nickel alloys exhibit excellent 
corrosion resistance at low velocities, but are subject to erosion
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corrosion at higher flow rates. Other factors which affect erosion 
corrosion include pH, water temperature, oxygen content, gas 
bubbles, and silt particles in the corrosive medium9.

Stress corrosion cracking occurs when a metal is placed in 
tensile stress in a corrosive environment. Important variables 
which affect this type of corrosion are temperature, solution 

composition, metal composition, stress, and metal structure. From 

outward appearance one might conclude brittle mechanical fracture 
was occuring, while local corrosion processes are actually
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responsible. These cracks may form intergranularly or 

transgranularly, the most susceptible copper alloys are the brasses 
when exposed to ammonia or amines in the presence of oxygen and 

moisture®. Cupro-nickel alloys in condenser applications do not 
generally suffer stress corrosion cracking, as stresses are low and 
environmental conditions for cracking are not present.

fhe eight forms of corrosion have varying degrees of 
importance in the corrosion of cupro-nickel alloys in seawater.
Some play an important role and some do not. ■ Certain agressive 
ions and molecules such as Cr, S2" and NH3 can be important in 
promoting corrosion of cupro-nickel alloys.

Chloride forms complex ions of the form CuCl^-x with cuprous 
ions and may accelerate metal loss. The mechanism has been 
described as follows:

Cu +Cl" ---> CuCl (ads) + e" i2)

CuCl (ads) ---> CuCl ' (3)
CuCl + Cl" J— > CuCl2- (4)

The kinetics are primarily governed by diffusion of cuprous 
complexes from the surface, the final step in this case is rate 
determining^®-12.

CopperTnickel alloys suffer accelerated corrosion in sulfide 
polluted seawater. The presence of dissolved sulfide interferes 

with the formation of a passive layer, as a porous cuprous sulfide 
film forms rather than a protective Cuprous oxide layer. When 
oxygen is present the process is accelerated even further. The 

ionic and electrical conductivity is increased by S2- ions
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incorporated into the oxide lattice, leading to lowered resistance 
to anodic reactions^lS.

Sulfide is present in seawater as a result of decay in marine 
organisms and plants. The oxidation of organic material can lead 
to depletion of oxygen. Under these anaerobic conditions sulfate 
reducing bacteria can reduce sulfates to sulfides, thus increasing 
the corrosion rates;

Ammonia has been shown to attack copper and copper alloys, 
resulting in the formation of a soluble copper ammonia complex.

The reaction of hydrated copper ions with ammonia is as follows:

Cu(H2O)x2'1" + 4NH3 ---> Cu (NH3) 42+ + XH2O. . (5)
Copper and its alloys are well suited for handling anhydrous 

ammonia solutions, but with water present this is not the case2.
The corrosion product layer which forms when copper-nickel 

alloys corrode is Cu2°' and is protective of the alloy against 
further corrosion. Although the Cu2O is a "passive" oxide it is 
not completely unreactive, and chloride ions in seawater continue 

to dissolve the oxide while new Cu2O is formed at the metal 
surface. The Cu30 reaches a protective thickness only after 
several days of exposure, and grows by a solid-state mechanism 
involving migration of cations through the oxide layer to react , 
with adsorbed anions on the surface.

Auger Spectroscopy

Auger Emission Spectroscopy (AES) was utilized in this study 
for analysis of corrosion products formed on the surface of the
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alloy. This surface analytical technique provides several types of 
information including elemental concentrations, depth profiles, and 
scanning electron micrographs showing surface morphology. It is a 
truly surface analytical technique as the auger electrons detected 
usually originate within a surface volume ~30& deep16.

Surface analytical techniques such as Auger spectroscopy 
(AES), Electron Spectroscopy for Chenical Analysis (ESCA) or (XPS), 
and Secondary Ion Mass Spectroscopy (SIMS) have recently become 
popular in corrosion studies17-22. ESCA provides chemical state 
information while AES yields detailed chemical analysis with depth 
through ion milling. SIMS is a very sensitive technique for a 
number of elements; the sensitivity for one particular element 
depends very much on the composition of the sample however.
Chemical information is also obtainable with SIMS. Auger 

Spectroscopy was selected for this study as quantitative analysis 
with depth was desired.

The AES technique for chemical analysis is based on the Auger 
radiationless process, shown in Figure 3. When a core level of a 

surface atom is ionized by the electron beam (1-10 KeV), the atom 
decays through an electronic rearrangement leaving the atom doubly 

ionized. The energy difference between the two states is imparted 
to the ejected auger electron, whose kinetic energy is 
characteristic of the parent atom. If the auger process occurs 

within several angstroms of the surface, the auger electrons may 
escape without loss of energy, giving rise to peaks in the 
secondary electron distribution. As there is a very large
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secondary electron background, peaks are detected by computer 
differentiation of the energy distribution function, N(e).

-  AUGER ELECTRON  
PT 

S/S

IONIZING BEAM PHOTOELECTRON

Figure 3. Electronic Origin of Auger Electrons.

The auger spectrometer consists of an ultra high vacuum 
system, an electron gun for sample excitation, an energy analyzer 
for detection of auger electron peaks, a TV monitor and storage 
scope for secondary electron imaging and micrographs, and a 

computer operated multichannel analyzer for data aquisition and 
storage. A schematic of the experimental arrangement used for 

obtaining auger spectra is shown in Figure 4. The sensitivity of 
the auger technique depends on the transition probability, the 
incident beam current and energy, and the collection efficiency of 
the cylindrical mirror analyzer (CMA). Detection limits are 
between 0.02 and 0.2 atomic percent, and all elements above helium 
produce auger peaks.
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SAMPLE
CAROUSEL ELECTRON

MULTIPLIER
ELECTRON

GUN

Figure 4. Schematic Diagram of AES Analytical System.

A typical auger spectra for 90/10 cupro-nickel alloy is shown 
in Figure 5. The N(e) spectra has been differentiated and 
smoothed. The survey shows the elemental surface composition of a 
sample corroded for two hours in 1/3 strength seawater, plotted as 
d (N(e))/dE versus kinetic energy.

The peak to peak heights in the differential spectrum may be 
utilized together with the sensitivity factors for the transition 

to obtain quantitative data, or atomic concentration percent.
The relative auger sensitivity factors are shown in Figure 6. As 

there is a linear relationship between auger peak to peak amplitude 

and primary electron beam current, the sensitivity factors may be 

employed to calculate the atomic concentration with equation (6).
Px/Sx

cx = ------------------ x 100 (6)
Pi/Si
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90:19 CUHI
UON S. 2KRS SEAWATER NO SR

?ee 883 ™

Figure 5. Auger General Survey of Coupon Corroded 2 Hours in 1/3 
Strength Seawater.

In this equation Cx is the concentration of element X, Px is the 
peak to peak height for the transition, and Sx is the relative 

sensitivity factor for element X. Pi and Si are the peak to peak
heights and sensitivity factors for all i elements detected in 
the sample16.

The most useful mode in which the scanning auger microprobe 
was used in this study was depth profiling. The ion gun 

(Figure 4) sputtered away the uppermost layer on the corroded alloy 
enabling data collection on subsurface layers. Argon ions were
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Ep =5 keV
He Be C O Ne Mg Si S Ar Ca Ti Cr Fe Ni Zn Ge Se Kr Sr Zr Mo Ru Pd Cd Sn Te Xe Ba Ce NdSmGd Dy Er Yb Hf W Os Pi Hg Pb Po
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r j - T  ■ Prt •

ATOMIC NUMBER

Figure 6. Relative Auger Sensitivites of the Elements16.

accelerated to the surface and rastered over an area much larger 
than the area in which data is collected (where the electron beam 
is rastered). It was crucial to line up the two beams by means of a 
device called a faraday cup, so one could be sure data was taken 
from the center of the sputter crater. The rate of ion milling may 
be varied by means of a bleed valve controlling the quantity of argon 

let into the system, altering the accelerating voltage applied, 

and also by varying the area over which the ion beam is rastered.
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With calibration the sputter time may be converted to depth, ■ thus 
yielding more quantitative and useful data.

Several problems may be encountered while ion milling samples, 
including knock on" effects, preferential sputtering, and sample 

damage. "Knocking on" may occur if the incident argon ions have 
sufficient energy to penetrate the surface and be retained. This 
will have the effect of diluting the surface concentration of the 
elements of interest, and may . also disrupt the lattice by pushing 
surface metal atoms into underlying layers. This only occurs at 

high acceleration energies and can be avoided by using moderate 
etch rates.

Preferential sputtering is a situation in which one component 
in a sample is sputtered away faster than another component, 

resulting in concentration data which is non-representative of the ; 
sample. Researchers have reported this to be a problem with cupro
nickel alloys23'"25< However, the results of this study showed no 

change in surface composition with sputtering on clean, uncorroded 
samples over long time periods Olhr). The difference in results 

is probably attributable to the higher etch rates employed in this 

study (more than twice that of the other researchers), resulting in 
higher sputter yields.

Sample damage may occur even with moderate etch rates and low 
incident electron beam energies if the surface of the sample is 
delicate. This problem was encountered while attempting to study 

the organic inhibitors on the surface of the alloy, and will be 
discussed later.
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The auger instrument also permits one to do scanning electron 
microscopy (SEM), elemental mapping, line analysis, and point 

analysis. SEM provides an image of the surface and with the other 
techniques permits certain areas or surface features to be examined 

in detail. Photomicrographs can be taken showing surface features 
and these can be correlated with auger data.

Material Balance
J

The majority of corrosion reactions are electrochemical in 
nature, and thus it is quite natural to utilize electrode methods 
to study them26. A basic disadvantage of this approach is the 

interference of the electrochemical' measurements with the corrosion 

reactions themselves. The assumption that a freely corroding metal 
will behave in the same fashion as the metal placed in an 
electrochemical cell is certainly questionable^.

Material balance studies do not suffer from this problem since 
they do not interfere with the corrosion process. This technique, 
when used in conjunction with the surface analytical techniques, 
can provide detailed information on the fates of metals involved in 
the corrosion processes and is helpful in determining mechanisms.

In this study AES is utilized to analyze the corrosion 
products formed On the metal surface. Atomic absorption 
spectrophotometry is employed to determine metals lost to 

solution^, and microbalance readings are used to monitor weight 

changes. From these analyses the data for examining the majority of 
corrosion reactions can be collected. Alloy samples are pretreated
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to remove sample history and ensure a clean surface which is 

representative of the bulk alloy29. The samples are weighed prior 
to corrosion; after corrosion they are dried and reweighed. The 
corroding medium is analyzed by atomic absorption and the samples 
are analyzed by AES. The corrosion product is then removed 
chemically (or mechanically) before measuring the final weight of 
the alloy sample30-32. The. data are then combined through mass 
balance equations to determine the fate of each component during 
corrosion. The material balance equations are presented in the 
experimental section.

Due to the low levels of copper and nickel lost to the 
corroding medium and possible interferences in the seawater, it was 
necessary to preconcentrate the samples for solution analysis^
The method chosen involved passing the seawater over an ion- 

exchange column which retains heavy metals (Cu, Ni, Cd) while 
allowing alkali and alkaline earth metals to pass through. The 

resin chosen was Chelex-100 (Bio-Rad Labs, Richmond, Ca) consisting 
of a styrene lattice with iminodiacetic acid groups to retain the 
copper and nickel. If pH is maintained above 5, copper and nickel 
will be quantitatively removed. After elution with small 
quantities of nitric acid they are analyzed by atomic absorption2 .̂ 

Precipitated metal or insoluble metal complexes will pass through 

Chelex-100 unretained24'25, enabling calculation of insoluble as 
well as soluble corrosion products lost, to solution.



17
Inhibition

Tho best way to limit corrosion is to select the appropriate 
metal or alloy for a particular corrosive service. Providing the 
proper choice has been made there are still methods one can employ 

or materials one can use to diminish the Corrosion, thus prolonging 
service life and reducing costs.

One method involves changing the corrosive medium. Several 
changes often employed include (I) lowering temperature, (2) 
decreasing velocity, (3) removing oxygen or oxidizers, and (4) 
changing concentration1. Care must be taken when applying these 
methods, as they are not effective in all systems.

Another method useful in many situations is the application of 
cathodic or anodic protection. Cathodic protection is achieved by 

supplying electrons to the metal, suppressing metal dissolution and 
increasing the rat6 of the cathodic reaction (hydrogen evolution 
for example). There are two ways to protect a structure 
cathodically, one is to impress a current and the other is by 
appropriate galvanic coupling. Such methods are commonly employed 
to protect buried iron pipes and also hot and cold water tanks36.

In impressing a current one connects the negative pole of a dc 
power supply to the structure to be protected. The positive 

terminal is connected to an inert anode such as graphite. Current 

Easses to the metal Structure and corrosion is prevented. Galvanic 
coupling to a metal anodic to the metal structure to be protected 
is also effective. In the case of iron or steel, connection is
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made to a sacrificial anode" such as magnesium, which corrodes 
preferentially and is consumed during protection of the steel.

Anodic protection is relatively new in. contrast to cathodic 
protection and is more complex. It is based on the formation of a 

protective film on metals by externally applied anodic currents. A 
requirement for the method to be effective is an active-passive 
transition. The anodic current shifts the potential from active to 
passive. A potentiostat is required to maintain the metal at a 
constant potential with respect to a reference electrode1. 
Advantages of this technique are its applicability in extremely 
corrosive environments, and its low current requirements.

Paints and other coatings prevent or reduce corrosion and 
provide the basis for several industries. Coatings can be 
metallic, inorganic, or organic in nature.

Metallic coatings are generally applied to the object to be 
protected either by immersion in a molten bath of metal (hot 

dipping) or by electroplating from an aqueous electrolyte.

Coatings may be classified as noble or sacrificial. Noble coatings 
such as chromium on steel must be carefully prepared with few pores 
if corrosion of the base metal through galvanic action is to be 
minimized (Figure 7). To prevent this the coating must be made 
thick and sometimes the pores filled with an organic lacquer.

Sacrificial coatings such as galvanizing (zinc on iron) 
protect the base metal cathodically. The degree of porosity is not
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Figure 7. Sketch of Electron Flow at Defects in Noble and 
Sacrificial Coatings37.

as critical with sacrificial coatings, but in general the thicker 
the coating, the longer the cathodic protection will last.

Inorganic coatings include vitreous enamels, Portland cement, 
and chemical conversion coatings. The vitreous enamels are glass 
coatings fused on metals. They are applied in powdered form to a 

cleaned metal surface and heated in a furnace to soften the glass 
and allow it to bond to the metal. They are used mostly on steels, 
but can also be used on other metals, including copper and its 

alloys. The glasses are composed of alkali borosilicates and are 
effective in resisting strong acids and other corrosives.

One criterion in coating technology is agreement of the 

coefficient of expansions of metal and coating. With heat changes 
the coating must expand and contract in a fashion similar to that of 
the metal to avoid cracking and buckling. Cement coatings which 

are relatively inexpensive, are used widely with steels as the 
coefficients of expansion are similar. The coatings are applied by
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centrifugal casting, troweling, or spraying; and have shown good 
service records.

Chemical conversion coatings are formed in situ by reactions 
which involve the metal surface. Examples include phosphate 
coatings on steel, sulfate coatings resulting from the exposure of 
lead to sulfuric acid, and oxide coatings on aluminum (anodizing). 
Such coatings can be very effective in reducing corrosion.

The application of an organic coating which provides a 
relatively thin barrier between the metal and the environment is 
the method of choice in many cases. Paints, varnishes, and lacquers 
protect more metal than any other method, a primary reason being 
cost effectiveness. The method. involves . pretreatment of the 
substrate (cleaning), a primer, the organic coating, and the mode 
of application, all of which are important for successful
preservation^.

Although coatings represent the largest technique for 
corrosion prevention, many applications are not amenable to 
coatings and coating technology. Included are cooling, 

recirculating, and heating systems; condensation lines; internal 

combustion engines and turbines; high chloride systems; and systems 
exposed to acid solutions. Because of environmental factors, 

extremely corrosive systems, high temperatures, high flow rates, 
friction, and mechanical wear, it is simply impossible to use 
coatings to prevent corrosion in many systems.

Some of these systems can be protected with inhibitors, either 
in solution or in a pretreatment step. An inhibitor is a chemical
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that effectively decreases the corrosion rate when added in a small 
concentration to an environment or pretreated on the surface prior ■ 
to use. Inhibitors function as chemically or physically adsorbed 

films which either alter the electrochemical characteristics of the 
metal or serve as mechanical barriers to corrosion^. They may 

interfere with the anodic or the cathodic reactions, or act as 
diffusion barriers. In some applications they help prevent fouling 
and organic layer buildup.

Most corrosion processes can be simply defined by two 
reactions, as given in equations 7 and 8. The rate of corrosion

M ----> Mn+ + ne^ (7)
ne“ + O x ----> Red- (8)

depends upon the rates of the two conjugate reactions proceeding on 
the metal surface; the anodic metal dissolution reaction, and the 
cathodic reaction in assimilation of the electrons liberated by the 
anodic reaction. Inhibition may be achieved by interference with 
either or both of these reactions.

There are many different types of inhibitors in use today, 
depending upon environmental factors and the particular application. 
Inorganic inhibitors are used primarily in neutral electrolytes, 
and affect the anodic process and the passive state of the metal. 
Organic inhibitors on the other hand are used primarily in acid 

electrolytes. After adsorption, they alter the kinetics of the 

cathodic reaction40. The division on the basis of medium is not 
complete however, as some inorganic inhibitors are used in acid
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systems and some organic inhibitors have applications in neutral 
electrolytes.

A list of inhibitors as applied to certain metal—environment 
combinations is given in Table I. It is important to notice that 
these inhibitors are specific in terms of the metal, environment, 
temperature, and the concentration range. Certain inhibitors are 
considered "safe" while others are "dangerous". If present in too 
small or too large a concentration some inhibitors will actually 
stimulate rather than inhibit the corrosion processes.

Consequently great care must be taken in inhibitor application.

Anodic inhibitors, compounds that reduce the rate of corrosion 
by retarding the anodic reaction, are often referred to as 
passivators. Passivators act as depolarizers and initiate high 

current densities at anodic areas in excess of iQritical* 0nlY 
ions with an oxidizing capacity in the thermodynamic sense (noble 
oxidation-reduction potential) and which are readily reduced 

(shallow cathodic polarization curve) may act as passivators, as 
shown in Figure 8. Only metals which display an active/passive 
polarization curve are amenable to protection with passivators, and 
the passivator concentration must be great enough to exceed

■‘■critical or stimulation of the corrosion may result. Thus anodic 
inhibitors or passivators can be "dangerous" and must be applied in 
the proper concentrations.
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Table I. Corrosion Inhibitors Reference List1.
M tta l Environment Inhib itor

A d m ira lty A m m onia , 5% 0.5% hydro fluo ric  acid
A d m ira lty Sodium  hydroxide, 4° Be 0.6 moles H iS  per m ole N aO H
A lum inum Acid hydroch loric , I N 0.003 M  a  phenylacrid ine, (J naphthoquinone, 

acridine, th iourea o r 2-phenylqum oline
A lum inum Acid  n itr ic , 2-5% 0.05% hexamethylene tetramme
A lum inum Acid n itr ic , 10% 0.1% hexamethylene tetramme
A lum inum Acid n itr ic , 10% 0.1% a lka li chromate
A lum inum Acid  n itr ic , 20% 0.5 hexamethylene tetram ine
A lu m in u m Acid  phosphoric A lk a li chromates
A lu m in u m Acid  phosphoric, 20% 0.5% sodium  chromate
A lum inum Acid phosphoric, 20-80% 1.0% sodium  chromate
A lum inum Acid  su lphuric, cone. 5.0% sodium  chromate
A lum inum A c o h o l an ti freeze Sodium  n itr ite  and sodium  m olybdate
A lu m in u m Brom ine water Sodium silicate
A lum inum Brom oform Amines
A lum inum Carbon tetrachloride 0.05% form am ide
A lum inum C hlorina ted aromatics 0.1-2.0% nitrochlorobenzene
A lum inum Chlorine  water Sodium silicate
A lum inum Calcium  chloride, sat A lka li silicates
A lum inum Ethano l, ho t Potassium dichrom ate
A lum inum Ethanol, com mercial 0.03% a lka li carbonates, lactates, acetates or 

borates
A lum inum Ethylene g lyco l Sodium  tungstate o r sodium  m olybdate
A lum inum Ethylene g lyco l A k a li  borates and phosphates
A lum inum Ethylene g lyco l 0.01-1.0% sodium  nitrate
A lum inum H ydrogen peroxide, alkaline Sodium  silicate
A lum inum H ydrogen peroxide A k a li metal nitrates
A lum inum Hydrogen peroxide Sodium  m ctasilicatc
A lum inum M e th y l a lcohol Sodium  chlorate plus sodium  n itr ite
A lum inum M e th y l ch loride Water
A lum inum Polyoxyalkene g lyco l flu ids 2% Em ery’s dim er acid (d ilin o le ic  acid), 1.25% 

N (C H M c z )I1 0.05-0.2% mercaptobenzothiazole
A lu m in u m Seawater 0.75% sec. amyl stearate
A lu m in u m Sodium  carbonate, d ilu te Sodium  fluosilicate
A lum inum Sodium  hyroxide, 1% A k a li silicates
A lum inum Sodium  hydroxide, 1% 3-4% potassium permanganate
A lum inum Sodium  hydroxide, 4% 18% glucose
A lum inum Sodium  hypo ch lo rite  contained 

in  bleaches
Sodium  silicate

A lu m in u m Sodium  acetate A k a li silicates
A lu m in u m Sodium  chloride, 3 5% 1% sodium  chromate
A lum inum Sodium  carbonate, 1% 0.2% sodium  silicate
A lum inum Sodium  carbonate, 10% 0.05% sodium  silicate
A lum inum Sodium  sulfide Sulfur
A lum inum Sodium  sulfide 1% sodium  metasilicate
A lum inum 50% sodium  trichloracetate soln. 0.5% sodium  dichromate
A lum inum Tetrahyd ro fu rfu ry l alcohol 1% sodium  nitra te or 0.3% sodium  chromate
A u m in u m Triethanolam ine 1% sodium  m ctasilicatc
Brass Carbon tetrachloride, wet 0.001-0.1 an iline
Brass Furfural 0.1% m ercaptobenzothiazole
Brass Polyoxyalkcnc g lyco l flu ids 2.0% Emery's acid (d ilin o le ic  acid), 1.25%

N (C H M ez)*, 0.05-0.2% mercaptobenzothiazole
Brass
Cadm ium  plated

50% sodium  trichloracetate soln. 0.5% sodium  dichromate

steel 55/45 ethylene g lyco l—water 1% sodium  fluorophosphate
Copper Fatty acids as acetic H -S O 1, (C O O H ) i m  H iS iF i

Copper Hydrocarbons conta in ing  sulfur P hydroxybenzophenone
Copper Polyoxyalkene g lyco l fluids 2% Emery's acid (d ilin o le ic  acid), 1.25% 

N (C H M c i) i,  0.05-0.2% mercaptobenzothiazole
Copper & brass Acid su lfu ric , d il Benzyl thiocyanate
Copper & brass Ethylene glycol A lk a li borates &  phosphates
Copper &  brass Po lyhydric a lcohol an ti freeze 0.4-1.6% Na* P O i plus 

0 3- 0.6 sodium  silicate plus 
0 2-0.6% sodium  mercaptobenzothiazole

Copper &  brass Rapesccd soil Succinic acid
Copper &  brass Sulfur in  benzene so lu tion 0.2% 9. 10 anthraquinone
Copper &  brass T e trahydro fu rfu ry l alcohol 1% sodium  nitra te o r 0.3% sodium  chromate
Copper &  brass W ater-alcohol 0.25% benzoic acid, o r 0.25% sodium  benzoate

at a p H  o f  7.5-10
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Table I (continued)

M eta l Environment

Galvanized iro n  D is tilled  water
Galvanized iron  55 /4 ) ethylene g ly c o l-w a te r
Iron Nitroarylam ines
Lead Carbon tetrachloride, wet
M agnesium A lcoho l
M agnesium A lcoho l, m ethyl
M agnesium A lcohols, po lyhydric
M agnesium G lycerine
M agnesium G lyco l
M agnesium Trich lorethylene
M agnesium Water
M onel Carbon tetrachloride, wet
M onel Sodium  chloride, 0.1%
M onel Tap water
N icke l St silver Sodium  hypoch lorite  contained 

in  bleaches
Stainless steel Acid  su lfu ric . 2.5'Ti
Stainless steel Cyanamide
Stainless steel, Potassium permanganate con-

18-8
Stainless steel.

earned in  bleaches

18-8 Sodium  chloride, 4%
Steel A cid  c itr ic
Steel A c id  su lfuric, d il
Steel Acid su lfuric. 60-70%
Steel Acid  su lfu ric , 80%
Steel A lu m in u m  ch loride—hydrocar

bon complexes formed durin g  
isom erization

Steel Am m oniacal am m onium  nitra te
Steel A m m on iu m  n itra te—urea solns.

Steel Brine conta in ing  oxygen

Steel Carbon tetrachloride, wet
Steel Caustic—crcsylate so lu tion  as in 

regeneration o f  refinery caustic 
wash solutions, 240-260F

Steel E thy l a lcohol, aqueous or pure
Steel 55/45 ethylene g lyco l—water
Steel Ethylene glycol
Steel Ethylene glycol
Steel E thy l a lcohol. 70%

Steel Furfura l
Steel Halogcnated d ielectric flu ids

Steel Halogenated organic insu la ting  
materials as chlorinated di- 
pheryl

Steel Herbicides as 2, 4 d in itro —6—
alky l phenols in  arom atic o ils

Steel Isopropanol, 30%
Steel 1 :4  m ethanol—water

Steel N itro g e n  fe rtilize r solutions
Steel Phosphoric acid, cone.

Steel Po lyoxyalklenc glycol flu ids

Steel Sodium  chloride. 0.05%
Steel 50% sodium  trichloracetatc soln.
Steel Sulfide conta in ing  brine
Steel T e trahydro fu rfury l alcohol
Steel Water
Steel Water fo r flood ing  operations
Steel W ater saturated hydrocarbons !
Steel Water, d is tilled

Inhib itor

15 ppm . m ix tu re  calcium  and zinc metaphosphate
0.025% trisodium phosphate
Dibenzylanilinc
0.001-0.1% an iline
A lka line  metal sulfides
1% ole ic o r stearic acid neutralized w ith  am monia
Soluble fluorides at pH  8-10
Alkaline metal sulfides
Alkaline metal sulfides
0.05% lorm am ide
1% potassium dichromate
0.001-0.1% an iline
0.1% sodium  n itr ite
0.1% sodium  n itr ite
Sodium  silicate

5-20  ppm . C aSO i.5H iO
50-500 ppm . am m onium  phosphate
Sodium  silicate

0.8% sodium hydroxide 
Gidmium salts 
Aromatic amines 
Arsenic
2% boron tr ifluo ride
0.2-2.0% iod ine , hyd rio d ic  acid o r hydrocarbon 

iod ide

0.2% thiourea 
0.05-0.10% am monia 
0.1% am m onium  thiocyanate 
0.001-3.0 m ethyl, e thyl or p ropy l substituted 

dithiocarbam atcs 
0 001-0.1% an iline  
0.1-1.0% trisod iu m  phosphate

0.03% ethylam ine or d iethylam inc 
0.025% trisod iu m  phosphate 
A lk a li borates Be phosphates 
G uanid ine or guanidine carbonate

0.15% am m onium  carbonate plus 1% am m onium  
hydroxide

0 .1% mercaptobcnzothiazole 
0.05-4% C7C i H jS)! Sn 7 (C .H j)jS n  o r 7C i H jS 

SnPh1
0.1% 2. 4 (N H :) iC s H jN H P h , o—M e H iN H i or 

p—N O iC e H iN H  2

10-1.5%  furfura l

0.03% sodium  n itr ite  plus 0.015% o le ic acid 
T o  4 I. water and I I. m ethanol add I  g. pyrid ine  

and 0.05 g. pyragallol 
0.1% am m onium  thiocyanate 
0.01-0.5% dodecylam ine or 2 am ino b icyclohexyl 

and 0.001% potassium iodide, potassium  iodate 
or iodacetic acid 

2% Emery's acid (d ilin o le ic  acid)
1.25% N (C H M c 1)J 
0.05-0.2% m ercaptobenzothiazole 
0.2% sodium  n itr ite  
0.5% sodium  dichromatc 
Formaldehyde
1% sodium  n itra te  o r 0.3% sodium  chromate 
Benzoic acid 
Rosin am ine 
Sodium  n itr ite
Aerosol (an io n ic  w e tting  agent)
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Figure 8. Polarization Curves That Show 
Concentration on Corrosion. the Effect of Passivator

If ionization of the metal is assumed to be limiting in the 
anodic dissolution of metals, then the rate of the anodic process 

can be expressed in terms of the anode current density ia :
ia = k exp (an 4>a F/RT) (9)

where k is the rate constant, a is the transfer coefficient, n is 
the number of electrons liberated when an ion-atom of metal 

dissolves, and *a is the anode potential40. Thus the more positive 
the anode potential the greater the dissolution rate will be. An 
expression for the overvoltage tte of the anodic process is obtained 
by taking the log of this equation and substituting in the value of
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the equilibrium potential:

Na = a + b ln(ia) . q q )

where a and b are constants and ia is the anode current density.
The rate of the anodic reaction can be described by a Tafel 

line, until one reaches the passivation potential <pp where the Tafel 
dependence is lost. The reaction rate drops off until one reaches 
a very low value of the potential of complete passivation 0 . At
this potential the metal becomes completely passive due to a 
retardation of the anodic process41.

Examples of anodic inhibitors include sodium benzoate4 ,̂ 

sodium polyphosphate4 ,̂ and sodium chromate44 for passivating steel 
in neutral solutions. Chromates, phosphates, and borates are 
employed for passivation of copper and copper alloys in some 

applications (Table I) and are also utilized in combination with 
organic inhibitors.

As mentioned previously, organic inhibitors are used primarily 
in acid electrolytes and function by adsorption and its effect on 
the kinetics of the cathodic reaction. They are quite commonly 
employed during the pickling process of steel. Recently they have ■ 

found applications in neutral electrolyte solutions, and several 
are employed for inhibition of copper and copper alloy corrosion. 
They are also used in lubricating oils, greases, antifreeze for 

internal combustion engines, and protection of water pipes and heat 
exchangers.

The majority of organic inhibitors contain nitrogen, sulfur, 
or oxygen, although several hydrocarbons are employed as well.
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The nitrogen-containing compounds include amines, pyridines, the 
quaternary salts of pyridine bases; and others. The sulfur- 
containing compounds include mercapto compounds, thiourea, and 
others. Some inhibitors contain both sulfur and nitrogen. The 

compounds containing oxygen are generally the aldehydes or alcohols.
Pioneering work in the field of organic inhibitors was 

performed by Chappell, Roetheli, and McCarthy^ on quinoline 
ethiodide protection of iron and steel in sulfuric acid and 
concluded that inhibition was cathodic. Charles Mann at the 

University of Minnesota carried out extensive experiments on 
nitrogen and sulfur containing inhibitors and proposed a 
comprehensive theory of inhibition by organic compounds^. He 
proposed that these organic inhibitors are all capable of forming 
onium ions and exist as cations in acid solutions. They are 

cathodically adsorbed by electrostatic attraction, covering cathodic 
areas. The resulting film increases resistance to the passage of 
current by preventing hydrogen ions from reaching the surface. 
Variations in the inhibiting efficiency of different molecules 

depends on the extent of adsorption, the cross-sectional area of the 

molecule, and steric factors. The structure of the ion determines 
the packing of the ions in the layer which determines the 
imperviousness to hydrogen ions.

Cathodic polarization studies have supported this theory, but. 
a major problem with these is the high current densities and 

very negative potentials. These conditions are very different from
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the open circuit situation during corrosion, so conclusions 
regarding these experiments may be in error47.

There are several problems with acceptance of Mann's theory.
One is the change in open circuit potential cathodically upon 
addition of inhibitors. This may be explained if one assumes the 
inhibitor effects mainly the anodic reaction, but not the cathodic 
reaction. Another problem is both anodic and cathodic effects have 
been found in polarization studies at small current densities48. 
Finally the specific cases where sulfur compounds are more 

effective inhibitors than corresponding nitrogen compounds is 
unexplainable with the theory of cathodic inhibition. The 

foregoing evidence shows other forces besides electrostatic 
interactions must have some effect.

The difficulties with Mann's theory have led to a theory of 
general rather than cathodic adsorption, as favored by Hackerman 

and Mackrides49. Adsorption is postulated to be both physical and 
chemical in nature. Physical adsorption is a direct result of weak 
van der Wals forces over the entire metal surface. These dispersion 
forces, together with chemisorption at cathodic areas, contribute 
to the overall inhibition. The chemisorption is a result of 

sharing a pair of electrons from the inhibitor with the metal. The 
chemisorptive bonds may cause inhibition either by decreasing the 
metal dissolution or by increasing the activation overpotential for 
hydrogen discharge.

Although there is no particular reason why the effect of 
chemisorbed inhibitors should be greater on anodes than on
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cathodes, experiment indicates the action is largely anodic 
(cathodic shift of open circuit potential on addition of 

inhibitors). The anodic polarization is basically chemisorption 
with stabilization of the metal ion in the surface lattice, or 
surface complexation. Overall the inhibition can be considered to 
be a result of (a) increased resistance to current flow 
(electrostatic adsorption at cathodic areas) and (b) anodic 
polarization (chemisorption). Which effect contributes more 
depends upon the particular inhibitor/metal combination.

Three groups of organic inhibitors may be identified at this 
point. The first group consists of compounds which function by 
polarizing anodic dissolution, such as the sulfides. Members of 
the second group are mixed inhibitors, functioning both by general 
adsorption (cathodic polarization) and by chemisorptive 

stabilization of the metal ions in the lattice. The amines and 
thiols are typical of this group. Cathodic polarizers make up the 
third group. They cannot function by chemisorption as there is no 

possibility for electron transfer. Quaternary amine salts are an 
example.

Chemisorptive bond formation is intimately related to the 

nature of the metal as well as the adsorbing inhibitor. The 

strength of the bonding depends on the electronic structure of the 
functional group of the inhibitor as well as the metal. This 
bonding may be described as surface complex formation. Unfilled 
atonic orbitals on the metal are a prerequisite, as is the 
availability of electrons from the adsorbed group for bond
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formation. This is a function of the electron density and 
polarizability of the adsorbed functional group or atom in the 
molecule which is bonded to the metal.

It should be noted at this point that chemisorption, like 
other chemical reactions, is reversible. Thus the extent of 
chemisorption is a function of the solubility of the inhibitor; the 
less soluble the inhibitor in the corrosive medium, the greater the 
extent of chemisorption.

Purpose of Investigation

Cupro-nickel alloys are used extensively in marine 

applications because of their excellent corrosion resistance and 
for this reason were chosen for study. The alloy derives its 

corrosion resistance from the thin cuprous oxide layer which forms 
upon exposure to seawater. This corrosion resistance may be 
greatly improved with the addition of organic inhibitors, and 
consequently this inhibition is of great practical significance.

Four organic compounds were chosen for study: mercaptothia-

zoline (MT), mercaptobenzothiazole (MET), mercaptobenzimidazole 
(MBI), and mercaptobenzoxazole (MBD). The first two (MT and MBT) 
were selected to evaluate the effects of an additional aromatic 

ring on inhibition. The three larger molecules (MBT, MBT, and. MBO) 
were chosen to investigate the effect of variation of the 

heteroatom 3 to the mercapto sulfur on the ability of these 
compounds to inhibit cupro-nickel alloy corrosion.
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In order to evaluate these inhibitors it was necessary to 
characterize the corrosion behavior of the 90/10 cupro-nickel alloy 
without the inhibitors present. Several parameters of particular 
interest were identified, including exposure, temperature, 
salinity, and dissolved oxygen.

Because of possible interferences of electrochemical 
measurements with the corrosion processes, alternate methods to 
study the corrosion were devised. A material balance technique was 
developed in conjunction with surface analytical measurements to 
fully characterize the fates of metals in the corrosion. This 
required the use of a microbalance, ion exchange preconcentration 
coupled with atomic absorption spectrophotometry, and scanning 
auger microprobe analysis.
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EXPERIMENTAL

Coupon P re p a ra t io n

Specimens of 90/10 cupro-nickel alloy (CDA-706) were cut from 
13 mm I.D., 16 mm O.D. tubular stock with a fine toothed metal saw. 
The wall sections were cut and filed to a 8 mm width and 145° arc, 
then fitted to a 15 mm glass test tube by removing sharp edges and 
burrs. The resulting coupon dimensions are shown in Figure 9.
Once cut the coupons were pretreated and then placed in a corrosion 
cell.

---------  14.5 mm ----- —  >

8.0mm

1.8 mm

Figure 9. Coupon Dimensions.

Reactor Design

Two types of corrosion reactors were employed in this study. 
The simplest was the stirred beaker shown in Figure 10. This 
reactor was used primarily for experimentation utilizing mass 
balance and the analysis of solution losses, where it was
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experimentally unfeasible to use large volumes of seawater.

250 ml 
bea ker

Figure 10. Stirred Beaker Corrosion Reactor.

The stirred beaker corrosion reactor consists of a 250 ml 
beaker and a one inch teflon coated stirbar. The volume of 
seawater was maintained at 150 ml and the stir rate was controlled 
by a stirring plate to maintain a constant flow past the coupon.
The coupon was placed along the outer edge of the beaker with its 

trough in line with the direction of flow of seawater in the 
beaker. Temperature was maintained by the use of a small water bath 
into which the stirred beaker was placed.

Although the stirred beaker reactor has the advantage of 
simplicity and utilizes only a small volume of seawater, it has 
significant disadvantages including the inability to control 

atmosphere and dissolved gases and the inability to monitor and 
control flow rates. For these reasons irreproducibility and
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patchiness of corrosion product layers on coupons, especially during 
longer exposure times, can result. Consequently the recirculating 
tubular flow corrosion reactor shown in Figure 11 was designed by 
Dobb^O. The major components were a pumping system, holding 
reservoir, and corrosion cell. From the reservoir the seawater was 
pumped through the corrosion cell and back into the reservoir via 5 
mm I.D. tygon tubing. The holding reservoir was a 2L Erlenmeyer 
flask, and the corrosion cell a 15 mm I.D. x 15 cm test tube with a 
6 mm I.D. x 10 cm glass tube linearly joined to the rounded end of 
the test tube. The arrangement formed a small tube to large tube 
expansion. Coupons were placed 5 cm from the open end of the large 
tube, which was then placed inside a 500 ml Erlenmeyer filter flask 
to prevent gravity effects on flow patterns past the coupon.

A 1/15 horsepower Fisher Scientifc Model MD1-30T recirculating 
pump was utilized to promote flow of seawater past the coupons.

The pump is magnetically driven with a seal-less polypropylene 
impeller housed in a polypropylene casing, the maximum capacity is 
24 liters per minute at 3000 rpm. Flow was regulated by means of 
restrictors as shown. These were sections of soft glass tubing 

drawn in a flame to form constrictions of various sizes and 
calibrated with a graduated cylinder and stopwatch.

The holding reservoir was temperature controlled by means of a
- =

water bath, the dissolved oxygen content during longer testing 012 
hours) was maintained by means of a gas bubbler consisting of a 40 
mm diameter sintered glass disk and tube. A 5 hole #10 stopper at 
the top of the holding reservoir allowed for entering and leaving
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Figure 11. Tubular Flow Corrosion Reactor.

flow tubes, a thermometer, the gas bubbler, and a vent tube which 
could be open or closed. The reservoir was large enough to 

approximate once—through flow conditions. This was necessary so 
the seawater would not be affected substantially by the corroding 
coupons and the seawater chemistry altered.

Pretreatment of Coupons

Pretreatment of the samples was found to be necessary to 
minimize the effect of different sample histories and to ensure 
tarnishing behavior is dependent only on alloy composition. The 
effects of roughness, degreasing, acid pickling, and sample storage 
were investigated and are reported in a later section. The 
recommended pretreatment procedure is as follows:
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1. Abrade the surface of the coupon with the 600 grit SiC emery 
paper to remove previous scratches and ensure homogeneous sample 
roughness between coupons.

2. Degrease the sample in reagent grade acetone by swirling in a 
small beaker for one minute. Rinse with fresh acetone and let dry
3. Pickle the sample in 25% HNDg for five seconds, and rinse 
immediately afterwards with doubly distilled water.

4. Either , place the sample directly into the corrosion cell or 
dry with tissue and store.

5. Store the coupons in dessicated vials under nitrogen.
Teflon coated tweezers were employed for sample handling to 

avoid contamination. After corrosion each sample was rinsed in 
doubly distilled water, dried with tissue, and stored in a 

dessicated vial under nitrogen prior to analysis by scanning auger 
microprobe.

Parameter Measurement and Variation

For the material balance studies several parameters were 
determined to be of importance. These included variation of 
exposure time, temperature, salinity, and dissolved oxygen. For 
comparison purposes between the 90/10 CuNi alloy and work done on 

the 70/30 CuNi alloy50, a set of base conditions were decided upon. 
While one particular parameter was varied all others were kept 

constant so as to ensure that corrosion effects could be properly 

assessed. Without a set of base conditions the number of combina
tions of parameter variations would have teen prohibitively large.



37

The reference set of conditions were 1/3 strength salinity, 
saturated dissolved oxygen, pH = 8.0, T = 30°C, flow = 15 cm/sec, 
and 30 minutes exposure time.

The seawaters used in this study included several samples of 
■Pacific Ocean water from Puget Sound, WA, Westport, WA, and 
artificial ocean water51. Salinity was varied by dilution with 

doubly distilled water and was determined by Mohr titration with 
standard AgNO3 solution52.

Temperature was varied by means of a water bath, hot plate, 
and ice for cooling below room temperature. Each temperature was 
held constant within ± 1°C.

Time was monitored with a stopwatch. A single flow rate of 15 
cm/sec was utilized. This flow rate was characterized in previous 
Work5O on corrosion of 70/30 cupro-nickel alloy in seawater.

Solution pH was monitored with an Orion combination pH 
electrode (model 91-05) and a Corning model 130 pH meter. Varian 
buffer solutions were utilized for standardization and solution pH 
was modified by addition of standard HCl or NaOH.

Dissolved oxygen was varied by nitrogen purging of the 

solutions and monitored with a Yellow Springs dissolved oxygen 
probe.

Auger Analysis

The scanning auger microprobe was a Physical Electronics PHI 

model 595 (Eden Prairie, MN) at the Center for Research in Surface 
Science and Submicron Analysis (CRISS) facility at Montana State
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University. It consists of a sample introduction system, an ultra 
high vacuum housing, a cylindrical-mirror electron energy analyzer 
(single pass) with an integral, coaxially mounted electron gun (1.5 
to 30 KV), a 10 KV ion gun for sputter etching, a TV monitor and 
storage scope for secondary electron imaging and micrographs, and a 
fully computerized data aquisition system (DEC-PDP 11/04).

Sample manipulation and alignment is achieved by manual 

control in the X, Y and Z directions of the sample carousel. The 
carousel is capable of holding 12 samples on 60° sample holders. 
Special stainless steel clips for securing the samples to the 
holders were designed by Dobb^O. The system is microprocessor 
controlled for focussing electron optics. Data collection and 
storage involved two dual density floppy disks, and hard copies of 
the graphics display terminal were obtained by means of a dry 
silver copier.

The basic analysis procedure begins with securing samples in 
the sample holders and loading them on the sample carousel. After 
the samples are loaded, the pressure is reduced to 10-9 _ iq-IO 
torr by diffusion and ion pumps. The sample is brought to the 
focal point of the electron gun and cylindrical mirror analyzer by 
energy analyzing backseattered electrons at 3 KV beam voltage, a 

technique called elastic peak adjustment.

The ion gun is focussed and aligned with the electron beam by 
measuring the ion current in a device called a faraday cup, a 

ceramically insulated molybdenum cup for collection of ions. This
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procedure was necessary to ensure that data collection during depth 
profiling was taken from the center of the sputter crater.

General surveys were taken of the sample's surface with the 
analysis conditions given in Table 2. If interesting features were 
noticed scanning electron micrographs of the surface were taken at 
various magnifications.

Table 2. Auger Analysis Conditions.

Parameter Value
Beam Voltage 5.00 KV
Filament Current 1.65 A
Beam Current 0.35 UA
Emission Current 75 y A (optimized)
Emission Current 190 V (optimized)
Magnification 1000 X
Beam Current Density 6.5 yA/cm^
Aperture Large
Vacuum 10-9 _ iQ-10 torr

After the surfaces were surveyed fot qualitative information, 
the samples were depth profiled with the ion gun to gain 
quantitative information about the corrosion products as a function 

of depth. To calibrate the ion spattering time with depth in 

angstroms, standards of 1000 A SiOg on Si and 1500 A TagOg on Ta
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were employed. A typical depth profile of Si02 on Si is shown in 
Figure 12. The 1000 A of SiC^ are completely sputtered away in 
approximately 16 minutes, as the intensity of oxygen drops off to 
zero. This corresponds to an etch rate of roughly 60 jVmin and is 
achieved by the ion beam conditions given in Table 3. The 
assumption that Q ^ O  and SiC>2 are sputtered away at approximately 
the same rate under these conditions is made at this juncture.

This was necessary as standards of Cu2O were not available. This 
etch rate was found to be quite effective for the samples in this 

study, although profiling times approached I hour for samples 
corroded 2 to 4 days. The depth profile was taken until the oxide 
peak disappeared and only base metals were detected.

Table 3. Argon Ion Beam Conditions.

Parameter 
Ion Voltage 
Condenser Lens 
Objective Lens 

Raster Size 
Ion Current Density

Etch Rate (Si02^ 
Argon Pressure

Value 
1.5 KV
820 (optimized) 
900 (optimized) 
1.8 mm x 1.8 mm 
300 yA/cm2 
~60 iVmin 
20 mPa
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c ^ * t> 8 10 12SPUTTER TIME (MIN.)
Figure 12. Depth Profile of 1000 X SiCb <

Taking data in depth profile mode required setting voltage 
windows for the data aquisition system to measure the peak to 

peak heights in the differential spectra. The multiplex data 
parameters for Of Nif Cuf and Si (in calibration) are given in 
Table 4. Other elements detected occasionally were Cf Cl, and S; 
but since they usually were sputtered away during the first minute 
they were not utilized routinely. Depth profiles overcrowded with 
elemental curves are very difficult to interpret.

The auger data collected during the course of this study is 
stored both on floppy disks and in hardcopy form in several 

laboratory notebooks. The volume of data collected to too large to
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Table 4. Multiplex Data Parameters;,

Element SI Ni2 Cill Sil
Lower Limit (eV) 493 755 898 70
Range (eV) 30 30 35 30
Volts/Step 1.00 1.00 1.00 1.00
Time/Step (ms) 100 100 100 100
Sweeps I I I I

include in detail in this thesis, so referral to these sources 
is made here. A hand calculator program for conversion of raw 
auger peak to peak data into atomic concentration percent was 
written by Dobb50 and utilized for all depth profiles collected. 
This was necessary as the auger computer had no provisions to 
correct for the of Cu contribution to the Ni peak. Although the 
principal peak for Ni is at 848 eV (Figure 13), the Cu peak in this 

region (Figure 14) is too great an interference. We proceeded by 
utilizing the Ni peak at 783 eV and correcting for the Cu overlap 
(776 eV) by equation 11.

Ni p-p (corrected) = Ni p-p (uncorrected)-(.17)Cu p-p (11)
The factor of .17 was calculated by a linear method employing 

standards. The multiplexing window for oxygen (Table 4) included 
the main peak at 503 eV as shown in Figure 15.

Additional information on Scanning auger microscopy can be 
found in the Auger Handbook 5̂ and other surface analysis reference
material55*54,
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Material Balance Derivations

The analysis procedure for material balance is shown in Figure 
16. Samples were weighed dry after pretreatment, corrosion, auger 
analysis, and corrosion product removal (5 second dip in 1:1 HCD. 

Weighings were taken in triplicate on a Mettler microbalance 
(Mettler Instrument Corp., Heightstown, NI) and averaged, allowing 
precision of ± I yg for samples up to 20 g.

Because of low metal ion levels the seawater solutions were 
not analyzed directly. Instead, copper and nickel ions were 
removed by chelation with Chelex-100 (Bio Rad Labs, Richmond, Ca), 
utilizing the resin column shown in Figure 17. Volumes of seawater 
were passed over the 10 cm x 2 cm^ volume, and rinsed with doubly 
distilled water. The metals were eluted with 20 mis of 2 N HNO3 
and analyzed by atomic absorption on a Varian Techtron model 1100 
AA spectrophotometer. The atomic absorption conditions are given 
in Table 5.

To describe the fate of the metals involved in the corrosion 
processes using a material balance technique in conjunction with 

AES, it is necessary to introduce several terms. -Those listed in 
Table 6 include weights directly from microbalance measurements, 
weights derived from atomic absorption solution analysis, empirical 
values specific to the alloy studied, auger analysis parameters, 
and weights derived from experimental data following calculations. 
Although many terms are introduced, these are the minimum required 
to describe the weight and composition of the corrosion product as



47

PR ETREAT COUPON 
I

DRY N2

WEIGH Wbcj.
CORRODE -------

i
RINSE

A
DRY N2 4

WEIGH ^Wac

AUGER ANALYSIS  
4

WEIGH Waa

REMOVE CORROSION
PRODUCT ( I  = I H C I ) 

4
RINSE

4
DRY N 2 

4
WEIGH Wf

SURFACE AREA

»  SOLUTION ANALYSIS 
4

ION EXCHANGE  
CHELEX - IOO  

4
RINSE

4
ELUTE 20ml  HNO3 

. 4
RINSE /  COLLECT  

j, 25 m '
ATOMIC ABSORPTION 

Cu,Ni

Figure 16. Material Balance Flowchart.

table 5. Atomic Absorption Conditions for Cu and Ni.,

Parameter Ql m
Wavelength (ran) 324.7 232.0
Slit Width (ran) 0.2 0.2
Sensitivity (mg/1) 0.04 0.066
Detection Limit (mg/1) 0.003 0.0Q8
Lamp Current (ma) 3 5
Flame - Air/Acetylene Oxidizing
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Figure 17.
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Resin Column for Recovery of Copper and Nickel.

well as the quantity of soluble and insoluble metals lost to 
solution.

The series of derivations which follow are specific for copper- 
nickel alloys corroding in seawater. These equations may be 

adapted to alternate systems, providing one has the capability to 
analyze for the particular metals lost to solution.

The corrosion product weight (Wcp) is the difference between 
the weight after corrosion (Wac) and the final weight after
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Table 6. Definition of Material Balance Terms.

Wj3c Weight before corrosion
Wac Weight after corrosion
Waa Weight after auger analysis
Wf Weight after corrosion product removal
Wcp Weight of corrosion product on coupon
Wcu Weight of copper in corrosion product
Wni Weight of nickel in corrosion product
Wo Weight of oxygen in corrosion product
Ws Weight loss of alloy to solution
Wsc Weight of soluble copper in solution
Wsn Weight of soluble nickel in solution
Wic Weight of insoluble copper lost to solution
Win Weight of insoluble nickel lost to solution
Wlr Alloy weight loss during corrosion product removal
Wla Alloy weight loss during auger analysis
Fcu Fraction of copper in alloy
Fni Fraction of nickel in alloy
A Gecmetrical surface area of coupon
As Area of sputter etch crater
Aa Auger analysis area
Oa Oxygen area under profile (corrected)
Of Oxygen area to weight factor
Cape Copper atomic percent concentration
Nape Nickel atomic percent concentration
Oapc Oxygen atomic percent concentration

corrosion product removal (Wf)f less any metal losses 
between weighings.

Wcp = Wac - W f -  Wla - Wlr (12)

Wlr is the metal loss which occurs while removing the 

corrosion product with 1:1 HC1. It was experimentally determined 

by dipping a clean, uncorroded coupon into 1:1 HCl for 5 seconds, 
and was found to be 1.0 Ug + 0.8 Hg.

Wla is the metal loss during auger analysis and results from 

scratches during loading of coupons into sample holder clips, and
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from sputter etching, into base metal during depth profiling. The 

scratches which occur while fitting the samples into the clips are 
very low. in surface area, and hence the corrosion product lost can
be ignored. Corrosion product lost while sputter etching is

!
calculated from the ratio of sputtering area (As) to the total 
surface area (A), multiplied by the weight of corrosion product 
(Wcp). The metal loss (Wla) is then calculated as the difference 
between the weight after corrosion (Wac) and the weight after auger 
analysis (Waa), and subtracting corrosion product lost while 
sputtering.

As
Wla = Wac - Waa ----- Wcp (13)

A

The area of the sputter crater was determined to be 0.054 cm2, 
and the average surface area of the coupons by caliper measurement 

was 3.37 cm2. This gives the ratio As/A ~ 0.016, and substitution 
of calculated values into (12) and (13) and combining gives:

Wcp = Wac - W f -  (Wac - Waa - 0.016 Wcp) - 1.0 ug (14)
which upon rearrangement yields:

Waa - W f -  Wlr Waa -Wf - 1.0
Wcp = ------------  = -------------  (15)

As Q.,984
A

Note that all gram weights must be converted to micrograms for 
these calculations.

The surveys taken on corroded coupons reveal the corrosion 
products are principally composed of copper, nickel, and oxygen.
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Hence we may describe Wcp as the sum of the weights of elements 
composing the layer.

Wcp = Wcu + Wni + Wo (16)
There are two methods to determine the weight of oxygen in the 

corrosion product (Wo). The first involves determining the area 

under the oxide depth profile (Oa) as shown in Figure 18. This 
area in At%*A units is proportional to the weight of oxide in the 
auger analysis area, and thus when multiplied by the ratio of coupon 
surface area (A=3.37 cm2) to analysis area (Aa = 4.37 x ICT4 cm2 at 
IOOOx magnification) is proportional to Wo.

A
Wo = Of x O a --- (17)

Aa
The oxygen area (Oa) is calculated by conversion of the 

sputter time axis to & by the etch rate in &/min. The resulting 
area units are converted to weights by the oxygen area to weight 

factor. Of. This constant has been calculated from the lattice 

parameters of CU2O and MO, which comprise the oxide layer^. The 
unit conversion factors were determined5*) to be 0.895 x 10“12 g/AT%& 
for CU2O and 1.275 x IO-I2 g/AT% & for MO. If we assume the 

corrosion product to be primarily Cu2O in a ratio of 3:1 Cu2OsNiO, 
then:

3(0.895 x IO-I2 g/AT%&) + (1.275 x IO-I2 g (AT% &) 
....... .......................................... (18)Of

4
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Plateau Region

A X IOO

Figure 18. Auger Depth Profile of Coupon Corroded Under Base 
Conditions.

By conversion of units to yg we get:
Of = 9.9 x 10"8 Jjg q/AT%-A (19)

It should be mentioned that Cu2° formed on cupro-nickel alloys can 
accept varying quantities of Ni2+ without significant changes in 

crystal structure56. This suggests that accurate weighting factors 
are unnecessary.
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Substitution of the calculated values for Af Aaf and Of into 
(17) gives:

Wo = Oa x 7.63 x 10_4 Ug 0/AT%« A (20)

The second method for determination of the weight of oxygen in 
the corrosion product film is by. an empirical rather than a 
theoretical means. The weight of corrosion product has been plotted 
versus the weight of oxygen in the corrosion product as shown in 
Figure 19. The relationship was linear with a slope of 14.21 and a 
correlation coefficient of .975. Thus when the weight of corrosion 

product has been determined we may evaluate Wo by the theoretical 
method or by substitution into equation (21).

Wcp = 14.21 x Wo (21)
The two methods can be employed as checks for accuracy, and it 

is interesting to note that with equations (20) and (21) one can 
estimate the weight of corrosion product without weighing by 
utilization of auger data alone.

In the area of the plateau region (Figure 18) we may calculate 
the relative atomic concentration percent of each element. Cape, 
Nape, and Oapc for copper, nickel, and oxygen respectively. The 

calculations involve the relative sensitivity factors for peak to 
peak heights!6 and correction for the copper interference on 
the nickel peak (equation 11). Since

Wcp = Wcu + Whi + Wo (16)
and we may calculate Wo by either of the two methods previously 
described, it is necessary only to solve for Wcu or Wni as the 
other may be calculated by difference.
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14.21 X W1

W0 (u g )

Figure 19. Relationship Between Wo and Wcp.50

The ratio of weights of copper to nickel in the corrosion 
product is expressed in terms of the atomic concentration percents 
and atomic weights in equation (22).

Wcu Cape 63.54
= x ----  (22)Wni Nape 58.71

Rearrangment yields:

Nape 58.71
Whi = ---- x ----- Wcu

Cape 63.54

Substitution into equation (16) and simplification gives:

(23)
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Wcp - Wo
Wcu = ------------------ :------ (24)

Nape
I + 0,924 :---  .

Cape

To gain a complete understanding of the corrosion processes it 
is also necessary to characterize the metals lost to solution.
This includes soluble and recoverable metals as well as insoluble 
or precipitated metals. The total weight of metal lost to 
solution may be described as:

Ws = Wsc + Wsn + Wic + Win (25)
where Wsc and Wsn are the recovered copper and nickel as measured 
by atomic absorption, and Wic and Win are the weights of insoluble 
copper and nickel lost to solution.

Ws is determined by the difference in weights of the coupon 
before and after corrosion, plus the weight of oxygen added in 
formation of corrosion products.

Ws = Wbc - Wac + Wo (26)
As it is possible for selective dissolution of Cu relative to 

Ni to occur, there is no direct method to determine how much of Ws 
is due to Cu or Ni. It is therefore necessary to calculate Wic and 
Win by an independent method.

Utilizing the total alloy weight loss, the total weight of 
copper and that of nickel can be determined. These totals provide 
a means of calculating Wic and Win as follows.

Considering Fcu as the fraction of copper in the alloy (0.88); 
the material balance accounting for corrosion product formation,
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copper lost to solution, and other copper losses can be described 
as:

(Wbc -,Wf) Fcu = Wcu + Wsc + Wic + (Wla + Wlr)Fcu (27)
which upon rearrangement yields:

Wic = Fcu (Wbc - W f -  Wla - Wlr) - Wcu - Wsc (28)
Substituting equation (13) into (28) we get:

As
Wic = Fcu (W)3c - W f -  Wac - Waa + W c p ---- Wlr) - Wcu - Wsc (29)

and a similar treatment for nickel gives:
As

Win = Fni(W)3c - W f -  Wac - Waa + W c p -----Wir) - Wni - Wsn (30)
A

As a final check for accuracy one may utilize the following 
equation:

Wbc - Wf + Wo = Wcp + Ws (31)
This series of derivations were adapted with several changes 

and revisions from previous work performed on 70/30 cupro-nickel 
alloySO. The application of these is given in the Results and 
Discussion section.

Inhibitor Experiments

The organic compounds chosen for study are 2-mercaptobenzo- 

thiazole (MET), 2-mercaptobenzimidazole (MBI), 2-mercaptobenzoxa- 
zole (MBO), and 2-mercaptothiazoline (MT), and are shown in Figure 
20. All were obtained in reagent grade form from Aldrich Chemical 

Company, Milwaukee, WS.
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Figure 20. Structures of MBT, MBIf MBOf and MT.

The compounds were tested for inhibition of cupro-nickel alley 
corrosion in seawater by two methods. The first method involved 
dissolving the inhibitor in the seawater solution prior to 

corrosion testing, and the second method involved pretreating the 
alloy surface prior to corrosion. The solubilities of the three 

inhibitors containing a benzene ring were 10"3 U in seawater, while 
that of 2-mercaptothiazoline (MT) was greater (10~2 #).

Preliminary testing was done over a concentration range of IO-  ̂

M to 10-6 M for MBTf MBI and MBOf and from 10-2 to 10-6 # for 
MT. These tests were run at 30°Cf pH = 8, and 1/3 strength 
artificial seawater for a duration of one hour utilizing the
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stirred beaker reactor. The efficiencies of the inhibitors were 
calculated by comparison to a blank utilizing equation (32).

AW
8 =  1 - ------AWo (32)

In this relationship 0 is the inhibition efficiency, A W  is the 
total weight loss with inhibitor present, and A W o  is the total 
weight loss without inhibitor5?.

A second set of tests with the inhibitors in solution was 
carried out utilizing the flow reactor and inhibitor concentrations 
at IO-5M and 10"*%. The experimental conditons were T = 30°C; pH = 
8, 1/3 strength artificial seawater, and flow at 15 cm/sec. The 
tests were run for periods of 10 min, I hour, 4 hours, 16 hours, 
and 48 hours for each inhibitor at both concentrations. A blank was 
run at the same time intervals for comparison purposes, and to 
calculate inhibition efficiencies.

At certain concentrations some inhibitors produced very thick 
layers of organic material on the surface which were examined by 
scanning electron microscopy. In order to measure the overall 

weight loss during corrosion those bulky layers were removed by 
ultrasonic agitation in distilled water55, and the corrosion 

products removed by a five second dip in 1:1 HCl as discussed 
previously.

A complete material balance was not utilized in the inhibitor 

experiments because the organic inhibitors in solution formed films 
on the Chelex-100 resin and prevented solution analysis. Problems
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encountered with organic layers on the coupons during the surface 
analysis procedures are discussed in a later section,

A third set of tests involved pretreating the coupons by 
dipping in 60°C distilled water solutions of the inhibitors for two 
minutes. Copper dipped in 0.25% benzotriazole in water at 60 0C for 
two minutes forms a thin adsorbed or reaction-product film that 

protects the metal from tarnishing37. In the current study a 0.25% 
solution of MT was used. The other three inhibitors would not 
dissolve to that extent, so saturated solutions were employed. 
Samples were corroded for periods of 30 min., I hour, 6 hours, 12 
hours and 48 hours in the flow reactor under the Standard 

conditions of T = 300C, pH = 8, 1/3 strength artificial seawater, 
and flow = 1 5  cm/sec.

In addition to the weight loss experiments and surface 
analysis, UV spectra of the inhibitors were taken with a Varian 
634 UV-VIS spectrophotometer. The inhibitors were dissolved as 5 x 

IO-3 M solutions in 0.1 M NagSOy, and the pH was adjusted to 3, 6 
and 9 with standard HCl and NaOH in order to investigate spectral 
changes with pH.

Infra-red spectra were taken of the inhibitors in carbon 
tetrachloride solutions, and attempts were made to obtain 

reflection infra-red of the surface films on copper sheet metal.
An internal reflectance attachment (R.G. Wilkes, Inc.) was utilized 

in conjunction with a Nicolet ET-IR but no meaningful data could be 

obtained. It was determined that reflectance IR data could only be
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obtained with mirrored surfaces, and a AgCl58 or gold wire59 
polarizer, all of which were unavailable.

All weight loss experiments were run in duplicate to ensure 
good reproducibility. Larger coupons (7 cm long) were also used in 
an attempt to increase weight changes. Difficulties arose because 
of flow effects in the reactor With the turbulent conditions 
employed, and were abandoned in favor of the original design.
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RESULTS AND DISCUSSION

PRETREATMENT

The depth profile shown in Figure 18 is typical for coupons 
corroded using the prescribed pretreatment procedure given in the 
experimental section. The depth profile shows how the atomic 
concentration percents of copper, nickel, and oxygen vary with 
depth of penetration of the etching ion beam through the corrosion 

product layer. Specific information can be derived from these plots 
concerning the corrosion product tarnish layer:

a) stoichiometry
b) surface coverage
c) layer thickness

d) rate of formation

e) elemental distribution with depth
The stoichiometry of the corrosion product is given by the 

atomic percent (AT%) level of the plateau of the oxide profile. In 
this region there is a uniform corrosion product composition with 

depth which allows estimation of metal to oxygen ratios.
Indications of the degree of nickel doping and the composition of 
the most stable oxide are apparent. The main oxide is associated 

with copper in a high metal to oxygen ratio, which eliminates CuO 

as a likely species. Hie formation of Q y O  is much more probable
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and has been identified as the main protective oxide on cupro
nickel alloys in Seawater^OfGl4

Other x-ray diffraction and x-ray photoelectron studies of 
cupro-nickel alloys in seawater®?-®^ have determined the presence 
of dual corrosion product layers, namely an inner protective layer 

of CU2O and an outer porous layer of Cu2(OH)3CI. However, the 
presence of the outer porous layer could not be substantiated in 
this study. In no case could chlorine be detected even though it. 
is one of the most sensitive.elements in the auger analysis16, in 
addition, the presence of an oxide plateau in the depth profiles is 
consistent with only one corrosion product layer having constant 
composition with depth. The lack of an outer porous layer can be 
explained by the approximate once-through conditions of the flow 
reactor, coupled with relatively short exposure tines «96 hours). 

These conditions may not allow enough of a concentration buildup of 
metal ions in solution for precipitation of an outer porous layer of 
Cu2(OH)3CI.

Despite indications of the presence of a protective layer of 
Cu2°f the depth profile plateaus display a copper to oxygen ratio 
that is slightly higher than two to one. In fact, the atomic

percent data is consistent with an intimate mixture of NiO:Cu20:Cu 
in a ratio of 1:5:7 for the 90/10 alloy as well as the 70/30 

alloy50. Even if these speciation assignments are not entirely 

accurate, there is simply too much copper enrichment to consider a 

pure CU2O layer. A lack of detectable anions other than o2~ and
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the requirement of charge neutrality can only suggest that enriched 
copper Ifevels are present in reduced form.

A likely source for reduced copper enrichment is the simple 
equilibrium reaction '

2 Cu+ ? Cu + Cu2+ (I)
which is displaced far to the right2?. Conceivably, cuprous ions 
in the oxide layer near the oxide-solution interface can transfer 
an electron by the above reaction. This would leave reduced copper 
and a cupric ion near the surface. The divalent ion could then 
become solvated and diffuse away to the bulk seawater or become 
complexed with chloride ions and pass to the solution as a soluble 
complex. In either case, the reduced copper would remain with the 

CugO, producing enrichment without disturbing the charge balance of 
the corrosion product- layer. A competing reaction can occur, 
namely complexation of cuprous ions from the oxide surface with 

chloride ions to form soluble CuClx1-x. Formation of CuClx1-Xf 
where x = 2, could still represent the major dissolution product2?, 
and the reaction would simply limit the amount of corrosion product 
left on the metal surface. It should be pointed out that even 

though this competing reaction could shift the displacement 
equilibria more to left (equation I), it is still kinetically 

feasible for the forward reaction to occur and lead to the observed 
metal enrichment of the oxide layer. Other factors that apply to 

this mechanism have been discussed elsewhere2 .̂ Since information 
of the type just discussed is necessary for proper evaluation of an 

alloy's performance, the presence of a plateau in the oxide depth
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profile is a major criterion that a pretreatment procedure should 
meet under the corrosion conditions of this study.. The absence of 
a plateau indicates a non-homogeneous corrosion product layer.

Surface coverage of oxide on a microscopic scale is also 
indicated by the oxide depth profile. This information can be used 
to supplement macroscopic observations of patchiness to predict non- 

reproducibility, excessive roughness, inadequate degreasing, and 
incomplete removal of surface history. It has been shown by auger 
element mapping and partial ion beam etching that tarnish layer 
coverage varies in thickness over the sample surface5®. A more 
variable oxide coverage will be indicated by immediate exposure of 
small areas of clean alloy during etching. The oxide layer will 
immediately and continually diminish until the last traces of oxygen 

are removed, without showing a significant plateau in the depth 

profile. This behavior is usually accompanied by a dull or patchy 
corroded coupon appearance and poor reproducibility. In contrast, 

an even oxide coverage will show a well defined reproducible oxide . 
plateau and a uniform, lustrous coupon appearance.

The average thickness of the oxide layer can also be quantified 
by the oxygen depth profile, provided that a plateau exists.
Ideally, a completely uniform oxide coating will produce a block 
shaped profile where the oxygen concentration immediately drops to 
zero at the oxide-metal interface. In this case the average 
thickness would be very easy to determine by the sharp dropoff.
The closest approach to the block shape is shown in Figure 18 where 
the oxide dropoff region is about as wide as the plateau region.
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No combination of pretreatment parameters tried would yield, a 
thinner relative dropoff region in a profile. This suggests the 
limiting shape is controlled by alloy composition-environment 
interactions and auger instrumental parameters rather than 
pretreatment. Any further extension of the oxide dropoff rate will 
have pretreatment procedure dependence which may interfere with 
interpretation of alloy corrosion properties. Also, the oxide 
thickness determination will become increasingly difficult and 
unreliable if the profile gradually diminishes since the average 
thickness, rather than the last trace of oxide detectable, is 
desired.

A practical significance of thickness determinations is in the 
calculation of tarnish rates. ' However, the pretreatment can 

complicate thickness determinations, making comparison of tarnish 
rates difficult. A more useful quantity is derived from the 

graphical area under the oxide depth profile from the surface to 
the deepest oxide penetration.

This quantity is independent of profile shape and can be 
related to the weight of oxide present on the coupon's surface.

The area to weight correlation can be made by calculations with 

oxide lattice parameters, as discussed in the experimental section. 

A more reliable correlation can be made by direct comparison with 

oxide weights obtained with a microbalance. The relationship 

between Wcp and Oa as given in Equations 20 and 21 (Experimental 

Section) may be utilized to calculate Wcp directly, and the tarnish 
rate is given by dividing Wcp by the exposure time in minutes.
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Comparison of tarnish rates provided another means of 
evaluating pretreatment procedures. A significantly depressed 
tarnish rate coupled with a patchy coupon appearance suggested 
inadequate degreasing where the surface was blocked by 
contaminants. In general, a higher tarnish rate and a plateau in 
the depth profile is a good indication of a clean and well prepared 
surface.

The goal was to develop a pretreatment procedure yielding a 
reproducible profile with a high tarnish rate and sharp plateau 

shape. Specific effects of each pretreatment parameter were 
evaluated based on these criteria.

Roughness .

The ASTM Standard Practice gl-81 for preparing, cleaning, and 
evaluating corrosion test specimens recommends abrading a metal 

surface with an appropriate abrasive or abrasive slurry32.
Although no specific grit sizes are suggested for copper and copper 
alloys, it was assumed those available commercially would suffice. 
SiC emery paper of 80, 180, 240, 320, 400, 600, and 1200 grit 

sizes, as well as A^Og polishing paper (~5000 grit) were utilized. 
These were chosen to cover a wide range in roughness. It should be 
noted that most new tubing surfaces are at the smooth end of the 
scale (above 600 grit sizes), so smaller size grits, are recommended 
to better approximate commercial surface roughness.

After abrasion with the appropriate grit emery paper, samples 

were degreased in acetone and dried under N2 before corrosion. The
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auger analyses were performed and the depth profiles were studied 
for shape and area under the oxide curve. With an increase in 
roughness it was noted that the plateau as in Figure 18 changed to 
an immediate linear decrease from the surface to the bottom of the 
tarnish layer. This was seen with all the rougher grits (320, 240, 
180, 80). Micrographs of surfaces that exhibited the linear depth 
profile shape revealed a nodular three dimensional oxide growth 
morphology. This is in contrast to the two dimensional surface 
covering morphology associated with oxide depth profiles that 
exhibit a plateau. Nodular growth is consistent with a 
dissolution-precipitation mechanism that is dominated by nucleation 
and crystal growth. This is in contrast to a smooth and uniform 
tarnish layer consistent with a solid-state growth mechanism^.

Nodules appear as separate entities with areas of uncorroded 
or slightly corroded, alley between them. An immediate and constant 
decrease in the oxide level occurs as nodules of varying size are 
removed during sputter etching of these types of tarnish layers. 

Dobb et al. have provided a complete discussion of nodule
formation*^ 67.

Since nodule coverage is not expected to be as protective as 

layer coverage, rougher surfaces should be avoided from a practical 

point of view. Also, nodular growth is too dependent on flow 
conditons to allow proper assessment of alloy composition and 
tarnishing behavior trends. For these reasons, the use of grits 

larger than 320 should be avoided.
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Several problems exist that discourage the use of very smooth 
grit polishing papers. The first involves a smearing phenomenon 
that occurs when roughness elements lose mechanical strength as 

they get smaller68- Ridges are smeared and metal is deposited in 
smears across the surface. Since the deposited metal is highly 
deformed and may not retain ttie metal crystal structure, the 
corrosion behavior is expected to be different than for a fresh 
metal surface. Pickling the surface by short term «5 sec) 

exposure to concentrated HNDg will remove some of the deposited 
metal, but may be insufficient to remove a larger quantity. Longer 

exposure to HNOg will remove more metal, but pitting and etching 
will also occur which greatly increases the roughness. Evidence of 
extensive smearing is seen with grit numbers in excess of 600 
whereby residue buildup on the abrasive paper is clearly visible.

Another problem lies in the vigorous strokes required to 

produce a smooth finish with the finer grits. Such conditions can 
work-harden the surface and affect the corrosion behavior. Since 
ASTM32 cautions against steps that cause work-hardening, the use of 
finer grits is discouraged.

Figure 21 shows the tarnishing rate behavior versus roughness. 
The tarnishing rate in y-g cm-2 min"3 was determined by microbalance 
weighings before and after corrosion product removal in 1:1 HC1, 
and the grit sizes were converted to scratch widths in microns as 
determined from micrographs of coupon surfacesSO.

The recommended roughness is given by use of 600 grit SiC 
paper and corresponds very near to the maxima in the curve shown
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in Figure 21. The decrease in tarnish rate for very smooth coupons 
is due to smearing and/or work-hardening. This problem is minimal 
at 600 grit, however, a pickling step to remove any smeared metal 
is still recommended. Coupons abraded with grit sizes rougher than 
600 also show decreased reactivity. This behavior is due to nodule 
formation which exhibits slower growth kinetics and a nucleation 
induction period that can last up to one hour after the corrosion 
test is begun.

6 0 0  grit

SCRATCH WIDTH (urn)

Figure 21. Effects of Surface Roughness on the Corrosion Rate. 

Degreasing

ASTM recommends degreasing in an organic solvent or hot
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alkaline cleaner with or without ultrasonic cleaning to remove 
machine oil and debris from the alloy manufacture and sample 
handling^. Surface contaminations affect the tarnish rate as well 
as reproducibility, hence seme step is necessary for removal. Also 
the auger analysis requires an ultra high vacuum which is adversely 
affected by volatile organic compounds.

Three organic solvents were tested: acetone, methanol, and 
carbon tetrachloride. Acetone was found to allow the greatest 
reactivity and is the recommended solvent for organic degreasing^. 
It is felt that the organic degreasing step may provide a more 
uniform surface for the acid pickling step which follows.

Aci^ Pickling
The recommendation of ASTM32 is to pickle copper and cupro

nickel alloys in 50% HCl or 10% H2SO4 for one to three minutes 
prior to corrosion testing. Preliminary testing on the 70/30 
alloy29 showed an uneven tarnish layer and poor reproducibility 
with these acids, whereas concentrated HISD3 was found to be 
effective as an acid pickling agent.

Although the concentrated HlSD3 worked well for the 70/30 
alloy, a 5 ,second dip in concentrated HNO3 resulted in excessive 
roughness and pitting with.the 90/10 alloy. After testing the two 

alloys in a range of concentrations of HNO3 from 5% to 
concentrated, it was found that a 5 second dip in 25% HISD3 provided 
the most uniform surface and reproducible results for both alloys, 
and is the recommended pickling agent29„
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Sample Storage

Cleaned coupons left open to the atmosphere will develop a 
tarnish layer quickly, making some form of sample storage 

necessary. Coupons stored in small dessication vials over CaCl2 
and under N2 showed no variation in analyses over a six month time 
period. Also cleaned coupons stored in this manner showed no 
detectable oxide layers forming over the same time period. It is 
felt, therefore, that this method of sample storage is 
satisfactory.

Pretreatment Summary
The recommended pretreatment procedure, as described in the 

experimental section, gives a clean and reproducible surface. The 
surface is representative of the bulk alloy and assures that 
tarnishing behavior is only a function of alloy composition.

The pretreatment parameters exhibiting the greatest effect on 
subsequent short term corrosion behavior of cupro-nickel alloys in 
seawater were determined to be surface roughness and acid pickling. 

Degreasing was found to have less influence on the corrosion 
behavior, but can significantly affect reproducibility. Sample 

storage in individual CaCl2 dessication vials under N2 was found to 
be satisfactory.
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MATERIAL BALANCE

The data for the mass balance analyses are given in Tables 7- 
11. Table 7 describes the conditions of each experiment or run, 

and how they differ from the base conditions given previously (1/3 

strength salinity, saturated dissolved O2, pH = 8.0, T =  30°C, flow 
= 15 cm/sec, and 30 minutes exposure time). Table 8 is the raw 
mhss balance data, microbalance weights and the oxide area 
calculated from the depth profiles. The data in Table 9 include 
the calculated atomic concentration percents of elements in the 
oxide layer, the calculated weight of corrosion product deposited 
on the coupon, and the elemental composition of the corrosion 
product. Solution losses, both recoverable and insoluble, are 
listed in Table 10.

To evaluate trends in the corrosion processes and to show how - 
different parameters effect these processes. Table 11 was 
constructed. The (Wcp-Wo)ZWs column compares the metal in the 

corrosion product to the metal lost to solution. If this ratio is 
high, the corrosion process results primarily in formation of a 

protective layer on the coupon and is desirable from a corrosion 
prevention point of view. If the ratio is low, alloy dissolution 
is favored.
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TABLE 7. Material Balance Data Set I.

Run Parameter Value
I Base *
2 Time 6 hr.
3 12 hr.
4 24 hr.
5 48 hr.
6 Temperature 5 °C
7 IO0C
8 20°C
9 30°C
10 . 40°C
11 Salinity 2 g/kg
12 5 g/kg
13 10 g/kg
14 20 g/kg
15 30 g/kg

16 Dissolved Og 0.4 ppm
17 0.7 ppm
18 1.4 ppm
19 4.0 ppm

*30 min, 3 O0C, 10 g/kg salinity, 7.5 ppm dissolved Og
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TABLE 8. Material Balance Data Set 2.

Run

10
11
12
13
14
15
16
17
18 
19

Wbc Wac Waa Wf Oa
(g) (g) (g) (g) (AT%-A)

1.4718160 1.4717907 1.4718027 1.4716540 7,392
1.5810823 1.5810006 1.580 9837 1.5805273 8,850
1.5095133 1.5093030 1.5092850 1.5087157 12,168
1.3784603 1.3780813 1.3780433 1.3774333 19,062
1.3469847 1.3460967 1.3460873 1.3455417 20,022
1.2975240 1.2975057 1.2975040 1.2974433 3,549
1.3515373 1.3515097 1.3515333 1.3514517 3,870
1.3086973 1.3086860 1.3086743 1.3085727 6,900
1.4273287 1.4273167 1.4273073 1.4271917 6,654
1.3455380 1.3455097 1.3455150 1.3453713 7,011
1.4031750 1.4031517 1.4031793 1.4030910 2,871
1.3439247 1.3439143 1.3439257 1.3438033 3,510
1.4718160 1.4717907 1.4718027 1.4716540 7,392
1.3862420 1.3861777 1.3861773 1.3861463 2,904
1.3477667 1.3477333 1.3477420 1,3477197 21
1.383 0257 1.3830293 1.3830260 1.3829730 2,439
1.2945980 1.2946186 1.2946150 1.2945637 5,532
1.3487853 1.3487540 1.3487563 1.3486850 6,585
1.3462363 1.3462280 1.3462287 1.3460850 13,373

I
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TABLE 9. Material Balance Data Set 3

Run Cape Nape Oapc Wcp Wcu Wni Wo
(%) (%) (%) (pg) (yg) (yg) (yg)

I 75.4 3.3 21.3 150.1 138.1 5.6 6.42 68.0 10.9 21.1 462.8 396.5 58.7 7.6
3 73.5 6.1 20.4 577.5 526.6 40.4 10.5
4 68.1 11.,I 20.8 618.9 523.6 79.0 16.4
5 67.6 12.8 19.6 553.5 456.4 79.8 17.3
6 73.5 9.3 17.2 60.7 51.6 6.0 3.1
7 78.3 2.5 19.2 81.9 76.3 2.3 3.38 68.4 10.0 21.6 102.2 84.8 11.4 . 6.0
9 74.4 5.0 20.6 116.5 104.3 6.5 5.710 68.4 10.6 21.0 145.0 121.6 17.4 6.0
11 76.5 9.1 14.4 88.7 77.7 8.5 2.512 69.7 12.0 18.3 123.4 103.9 16.5 3.0
13 75.4 3.3 21.3 150.1 138.1 5.6 6.4
14 76.0 10.1 13.9 30.5 25.0 3.0 2.5
15 88.2 9.3 2.5 21.6 19.7 1.9 <0.1
16 78.8 2.6 18.6 52.8 49.2 1.5 2.1
17 68.2 12.7 19.1 51.1 39.5 6.8 4.8
18 70.9 9.1 20.0 71.4 53.6 6.4 11.4
19 . 71.0 8.1 20.9 145.0 116.4 12.3 16.3
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TABLE 10. Material Balance Data Set 4.

Run Ws Wsc Wsn Wic Win
(Ug) (Ug) (ug) (ug) (ug)

I 31.7 18.0 15.0 1.82 89.3 85.0 42.3 8.6 —

3 220.8 98.0 52.5 85.1 —
4 395.4 128.0 61.8 246.5 . — •

5 905.3 220,0 86.4 620.9 -

6 21.4 10.1 5.8 9.4
I 30.9 17.0 7.1 5.3 1.68 17.3 13.7 8.5 3.7 — '
9 17.7 ' 20.4 12.0 — —
10 34.3 26.5 . 12.3 7.9 -

11 25.8 5.0 7.0 18.112 13.4 10.0 10.0 6.5 —

13 31.7 18.0 15.0 1.8 —

14 66.8 63.0 12.0 — —

15 33.4 27.0 10.0 2.8 -

16 7.5 4.0 3.5 0.1
17 10.5 6.5 4.0 —

18 42.7 11.0 6.5 25.8 —

19 24.6 17.0 12.0 1.5 —
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TABLE 11. Material Balance Data Set 5

Run
Wcp-Wo 
■ Ws

WcuAJni ■ Wsc/Wsn WcuAfsc Wni/Wsn Wbc-Wf
(ug)

I 4.53 24.7 1.20 7.67 0.37 162
2 5.10 6.75 2.01 4.66 1.39 555
3 2.57 13.0 1.87 5.37 0.77 798
4 1.52 6.63 2.07 4.09 1.28 1027
5 0.59 5.72 2.55 2.07 0.92 1443
6 2.69 . 8.60 1.74 5.11 . 1.03 81
7 2.54 33.2 2.39 4.49 0.32 86
8 5.56 7.44 1.61 6.19 1.34 125
9 6.25 16.1 1.70 5.11 0.54 137
10 4.05 6.99 2.15 4.59 1.41 167
11 3.34 9.14 0.71 15.5 1.21 84
12 8.99 6.30 1.00 10.4 1;65 121
13 4.53 24.7 1.20 7.67 0.37 162
14 0.42 8.33 5.25 0.40 0.25 96
15 ■ 0.64 10.4 2.70 0.73 0.19 47

16 6.76 32.8 1.14 12.3 0.43 53
17 4.40 5.81 1.63 6.08 1.70 34
18 1.41 8.38 1.69 4.87 0.98 100
19 5.23 9.46 1.42 6.85 1.03 151
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The Wcu/Wni column compares the copper to nickel ratios in the 
corrosion product layer, and is a measure of the Ni incorporation 

into the CU2O lattice. With higher Ni, the electrical and ionic 
resistivity of the oxide layer increases, resulting in increased 
passivity. For the 90/10 alloy there is considerable uncertainty 
as very small changes in the Ni will result in large deviations in 
Wcu/Whi ratio.

The Wsc/Wsn column compares the metals lost to solution, and 
the relatively low values suggest Ni is preferentially dissolved 
with respect to Cu (if simple alloy dissolution were occuring one 
would expect the ratio to be around 9 for 90/10 cupro-nickel 

alloy). Thus copper is preferentially retained in corrosion 
product formation.

The ratios Wcu/Wsc and Wni/Wsn compare the Cu and Ni in the 
corrosion product to their losses to solution. A high ratio of 
Wcu/Wsc is desirable as initial corrosion results in protective 
layer formation. These columns represent the breakdown of (Wcp- 
Wo)/Ws into the individual alloying components and the conclusions 
which can be drawn are similar.

The last column (Wbc-Wf) gives the total weight of the alloy 
involved both in corrosion product formation and solution loss.
This term is utilized as a measure of the total corrosion rate, and 
is the factor utilized determining which conditions result in 

,increased corrosion.
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Exposure

A primary reason for studying short term corrosion behavior of 
an alloy is to ascertain how a protective layer forms. The tarnish 

layer is critical in helping the alloy resist chemical attack, and 

if it has the ability to reform when penetrated, the alloy will be 
protected. Tarnishing is detectable by auger analysis and visually 
during the first hour of exposure to seawater. The color changes 
through light yellow, brown, purple, blue, and blue-green during 
this time period. Gradually the surface finish is dulled, and 
takes on a grey color after two days of exposure.

Figure 22 shows how total alloy weight loss varies with 
exposure time. In the initial phase the alloy loss is high due to 
solution losses as well as the formation of protective oxide. As 

the oxide layer increases in thickness the rate of alloy weight 
loss significantly decreases. Eventually this approaches a steady 
state condition where the rate of continued growth of the oxide 
layer is the same as the rate of oxide dissolution. This is 
evidenced by the leveling off of the curve and is supported by other 
experiments ranging in duration up to 96 hours. The auger depth 
profiles of coupons corroded 96 hours showed oxide layers 

approximately 2000 A thick. Some enrichment of NiO in the Cu2° 
lattice was also evidenced in coupons corroded for the longer 

exposure times. This shows that a reorganization in the oxide 
layer is occuring.

Tarnish growth during the first hour is rapid and essentially 
linear with time. Previous studies^^O have shown linear tarnish ;
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Figure 22. Dependence of Total Alloy Weight Loss on Exposure.

behavior to be evidence for a porous and nonprotective film, but 
the actual coverage for 90/10 CuNi alloy during short exposure 
times is quite uniform, as evidenced by scanning electron 

microscopy in Figure 23. Fractures in the oxide will also result 
in linear tarnishing with time, as described by Pilling and 

Bedworth71- There is no evidence for a nonprotective film forming, 
but during early growth stages migration through the relatively thin 
oxide layer is probable.
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A criterion for protective oxide formation is the volume 

increase of the oxide formation relative to the metal69'70. When 
the oxide of a metal occupies too small a volume pores and 
fractures will form. If the oxide occupies too large a volume, 

fractures and buckling occurs. Q ^ O  is in between the two cases 
and forms a tightly packed and protective tarnish layer.

At the flow rate utilized in this study, diffusion control and 

concentration polarization can determine the corrosion rate60. 
Cathodic polarization is evidenced and the linear growth of the 

oxide layer results from diffusion of 0H~ away from the surface. 
This is independent of the thickness of the oxide layer during 
early stages.
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Since this study involved only relatively short term experiments 
and the precision of the data is limited, a definitive rate law 
cannot be established. Linear, parabolic, and logarithmic rate laws 
are proposed in the literature^r72,73 and have been applied to 
exposure data50.

If the rate were linear throughout, the rate of tarnish layer 
thickening, dY/dt, would be constant and the thickness given by:

Y = kJt (33)
This is limited to diffusion controlled, processes, such as OH- 
migration at the solid-solution interface.

Parabolic behavior results when migration of electrons or 
cations through the existing oxide layer becomes rate 
controlling5 ,̂ and the rate decreases as the layer grows. In this 

case the rate of growth of the tarnish .layer, dY/dt, is a function 
of the thickness and can be expressed as:

dY I
----= k2 —  (34)
dt Y

Before parabolic rate control can occur a tarnish layer must be 
present, so this rate law cannot be utilized to describe initial 
oxide growth.

Landsberg74 proposed the logarithmic rate law:

Y = kg log(t/to + I) (35)

where k3 and to are constants. Although this equation is adaptable . 
to the intial corrosion processes, its correlation with theory is 
questionable^4.
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It has been proposed^74,75 ^ iat oxide layers with anions 

adsorbed on the surface attracting cations and repelling the flow 
of electrons will retard the anodic reaction. The electrons become 
trapped in lattice vacancies and when the oxide layer is thin 
enough to reduce the loss of electrons from the metal to the 
oxide^O, logarithmic growth is evidenced.

Although none of the rate laws presented can be fitted over 

the entire range of exposures, there are ranges over which the laws 
may hold.

Initially a linear rate law is followed which may be described 
mechanistically as resulting from solution diffusion limitations. 
Diffusion of O2 to the surface and OH- away from the surface limit 
the rate of corrosion.

After a tarnish layer has been established the logarithmic or 
parabolic rate laws fit the data better. If one chooses the 

logarithmic description, then the escape of electrons from the metal 

to the oxide is rate determining. On the other hand if one chooses 
the parabolic rate law, the transport of reactants through the oxide 

layer is rate determining.
Although assignment of a tarnish layer growth rate law is 

uncertain, the foregoing discussion describes some of the mechanisms 
by which the protective tarnish layer forms. This information is 

helpful in descriptions of the action of the organic inhibitors to 
follow.
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Temperature

This study focusses on the corrosion of 90/10 CuNi condenser 
tubing which is utilized extensively in heat exchange applications. 
Consequently a study of temperature effects on corrosion is 
necessary. During heat transfer applications the temperature can 
vary significantly. Rather than studying corrosion changes during 
a temperature drop or increase, it was decided to use isothermal 
conditions at several temperatures between and 5 and 40°C The 
results are shown in Figure 24.

TEMPERATURE (0C)

Figure 24. Dependence of Total Alloy Weight Loss on Temperature.

The literature contains reports whereby increasing the 

temperature may cause little change76, a decrease77, or an 

increase78 in corrosion rates for cupro-nickel alloys in seawater.
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These conflicting results presumably stem from differences in the 
seawater chemistry and dissolved oxygen content. There are two 
competing factors which can alter the corrosion during temperature 
changes. An increase in temperature will increase reaction 
kinetics and oxygen diffusivity, but at the same time the 
solubility of oxygen in the seawater will decrease.

Thd linear increase shown in Figure 24 results from the 
increase in reaction kinetics and oxygen diffusivity, as the closed 
system did not allow for a significant decrease in dissolved Ĉ .
If the temperature had been increased further the rate would 
decrease as O2 solubility decreased.

The corrosion product solubility also increased with 

increasing temperature, as evidenced by the increase in Ws to a 
maximum at 40 0C. It is thought that incomplete precipitation of 
the oxide rather than direct dissolution caused an increase in 
solution loss. This has been substantiated by direct dissolution 

experiments of bulk CU2O in seawater at varying temperatures^.

Salinity

Salinity is a measure of the concentration of dissolved salts 
in seawater. In this study both natural and artificial seawaters 

were employed. The natural seawaters were collected off the coast 
of Washington state, and artificial ocean water was prepared by the 

ASTM method^. All the seawaters showed similar corrosivities when 
diluted to the same salinity, as determined titrimetrically.
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Full strength seawater was found to be roughly 30 g/kg salt 
concentration, and the salinity was varied in this study between 2 
g/kg and 30 g/kg. Total alloy weight loss is plotted versus 
salinity in Figure 25, and shows a maximum at 10 g/kg for the short 
term exposure tests.

—  200

SALINITY (g/kg)

Figure 25. Dependence of Total Alloy Weight Loss on Salinity.

The maximum at 1/3 strength seawater indicates that there are 
two competing processes. If the rate is enhanced by one component 
and decreased by another then the maxima can be explained.

The material balance data show a decrease in (Wcp - Wo)/Ws as 

the salinity increases, which indicates more alloy is lost to 
solution rather than to corrosion product formation at high
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salinities. At lower salinities the decrease in concentration of 
agressive ions reduces the corrosion rate both in corrosion product 
formation and in solution losses. However, the material balance 
data show that corrosion product formation is favored at lower 
salinities.

Several researchers have explored the corrosivity of seawater 
to determine which components were responsible for increasing 
corrosion. Chloride and bicarbonate when both are present have 

been shown to stimulate corrosion 50,79, which provides evidence that 
NaCl solutions do not adequately represent corrosion in seawater.

Chloride has been postulated80 to act by the following 
reaction:

cuciX1^x (ag) + 2 OH" (aq) ---> Cu(OH)2- (aq) + xCl- (36)
The cuprous chloride complex forms when Cl- is adsorbed on the 
surface, and then reacts with OH- to form the soluble cuprous 
hydroxyl complex. This complex dehydrates with subsequent 
precipitation of Cu2O:

2 Cu(OH)2- (aq) ---> Cu2O(S) + H2O + 20H- (aq) (37)
When bicarbonate is not present in the system, the surface can 

become blocked to O2 by adsorbed OH-. With bicarbonate present the 
adsorbed Off" can be removed by the formation of carbonate anion and 
water resulting in a greater number of surface reaction sites.

As the salinity increases in the lower range from 0 to 10 g/kg 

salinity, chloride ions promote anodic dissolution of the copper 

free for complexation (equation 36). In the higher salinity range 
(10-30g/kg) more of the cuprous chloride complexes can form and a
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greater percentage is swept away prior to reaction with an OH~(aq) 
ion. Thus at the higher salinities a greater proportion of the 
alloy is lost to solution rather than in formation of oxide. At 
high salinities it is also possible to dissolve Cu^D by the 
following reaction^!;

t-

Cu2O + 4Cl- + H2O ---> 2 CuCl2- + 2 0H“ (38)
This explains the very low weight of corrosion product formed at 
high salinities as shown in the material balance data.

Dissolved Oxygen

At the base conditions of the study the dissolved oxygen 
content was determined to be 7.5 mg/L Other concentrations were 

achieved by bubbling N2 through the system prior to corrosion 
testing. Reported values are averages of probe readings before and 
after corrosion.

A plot of total alloy weight loss versus dissolved O2 is shown 

in Figure 26. The amount of dissolved O2 appeared to not 
significantly affect the corrosion until it was reduced below about 
3 mg/1, where the rate of corrosion drops off. This shows that the 
rate is controlled by dissolved oxygen when it is below 3 ppm. The 
material balance data show both solution losses and corrosion 
product formation are diminished.

In neutral or alkaline solutions the most common cathodic 
reaction in corrosion processes is the reduction of dissolved 

oxygen. The overall reduction reaction is:

2H20 + O2 f 4 e” ----> 4 OET (39)
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Figure 26. Dependence of Total Alloy Weight Loss on Dissolved 
Oxygen.

and is suggested to proceed via hydrogen peroxide as an 

intermediate®^.

O2 (ads) + H+ + e" = HO2 (ads) (40)
HO2 (ads) + H"*" + e~ = H2O2 (sds) (41)
H2O2 (ads) + 2e~ = 20H" (42)

The initiating reaction (40) is slow and may determine the 

overall rate of reaction, but since O2 must diffuse to the surface 
the dropoff at ~3 ppm may be diffusion controlled or dependent on 

the rate of the initiating reaction.

Material Balance Summary

A material balance technique was employed to study the 
corrosion processes of 90/10 CuNi alloy in seawater. Four 
parameters were decided upon as being of particular interest and
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were studied using this technique. The effects of exposure, 
temperature, salinity, and dissolved oxygen were investigated, and 
mechanistic interpretations of the data were developed.

It has been shown that auger spectroscopy in conjunction with 
microbalance weighings and solution analysis can be utilized to 
determine the fates of elements involved in the corrosion 
processes. An advantage of this technique is the metal is allowed 
to corrode freely as opposed to popular electrochemical techniques 
which interfere with the corrosion reaction itself. The 
methodology is adaptable to many other alloys and corrosive media.

/
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INHIBITION

Studies have been carried out on two of the inhibitors under 
investigation prior to this work. Batel and co-workers^ studied 
2-mercaptothiazoline (MT) as a corrosion inhibitor for copper in 
acetic acids, ahd concluded that inhibitive action was due to its 
chelate forming tendency toward copper ions. They showed by 
potentiometric methods that the reaction was cathodically 

controlled.
Ohsawa and Suetaka^ studied the corrosion inhibition of 

copper by mercaptobenzothiazole (MBT) by spectro-electrochemical 
methods. They found that a Cu(I)MBT film formed on the metal 
surface as an anodic corrosion product of the reaction between MBT 
and cuprous ions diffusing through existing surface films of Cu^O 
and/or Cu(I)MBT. The reaction occurred with adsorbed MBT by a 
discharge and nucleation mechanism^O rather than by deposition of 
the complex from bulk solution (dissolution and precipitation 
mechanism). The film grew rapidly to be several hundred molecules 
thick in the first several minutes and the growth rate decreased as 
film thickness increased. Infrared spectra of Cu(I)MBT showed that 

MBT coordinates to cuprous ion through S(=C) atoms and forms a S- 

bridged polymeric complex with the aromatic rings of Cu(I)MBT 

oriented nearly parallel to the metal surface. Evidence for a 
bulky disulfide precipitate forming on the exterior of the Cu(I)MBT
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was also found from infrared data. This is referred to as 
dibenzothiazoly 1-disulfide, or DBDS, and its formation will be 
discussed in a later section.

Preliminary Testing

The four organic compounds selected for study were tested for 
inhibition of the seawater corrosion of 90/10 cupro-nickel alloy in 
1/3 strength seawater. Tests were conducted utilizing the micro
balance to determine the weights of the coupons both before 
corrosion and after corrosion product removal in 1:1 HCl (5 second 
dip). The tests were run for one hour utilizing the stirred beaker 
corrosion reactor.

Results are shown in Figure 27, where the weight loss is 

compared to a standard (no inhibitors present) in the form of the 
inhibitor efficiency (equation 32). Inhibitor efficiency is 

plotted against the log of inhibitor concentration.
Since the coupons ranged in weight from 1.3 g to 

1.6 g, it was necessary to normalize the weight loss data to an 
average coupon weight for comparison purposes. Although 
in principle normalization with respect to surface area 
would provide better comparisons, it was felt that with the 

existing experimental uncertainty, normalization by weight was 
sufficient. If one assumes a constant thickness (a reasonable 
assumption since each coupon was cut from the same pipe) then the 

thickness becomes a proportionality constant and weight a I x w, or 
weight a surface area.
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Figure 27. Relation Between Inhibitor Efficiency and Concentra
tions for One Hour Stirred Beaker Tests.

It can be seen from Figure 27 that in the concentration range 

of 1° 3 M (and 10  ̂M for MT) the inhibition efficiency is quite 
high for all the compounds tested. As the concentration of the 
inhibitor drops off the inhibition decreases until in the 10-5 ^ 

and IO-6 E range no measurable inhibition is found.

o = MT
= MBT

* = MBO

K #
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The weight of corrosion product and organic layer buildup was 

also determined by the difference in weights after corrosion, and 
after corrosion product removal. The results are shown in Figure 
28. Although the inhibition was found to be moderate (10-60%) at 
10“4 M inhibitor concentration, the corrosion product and organic 
layer buildup was quite high in this range. This was seen not only 
in the weight loss data but also in visual inspection of the 
coupons.

= MBT
* = MBO
■ = MBI

- log [inhibitor]

Figure 28. Dependence of Corrosion Product Weight on Inhibitor 
Concentration.
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At IO-3 M inhibitor concentrations the coupons maintained 

their bright yellow and shiny appearance, but at IO-4 £3 inhibitor 
concentrations the coupons were covered with a bulky precipitate 
later determined to be organic in nature. These loosely adherent 
films differed in color and were greenish for MT and MBT, and 
greyish-white for MBI and MBO. They were easily removed either by 
wiping with tissue or by ultrasonic washing in distilled water.

Spectroscopic Studies

The inhibitors can exhibit thiol-thione tautomerism as shown in 
Figure 29 for MBT. The thione-form predominates in acidic solutions 
and the ionized thiol-form predominates in basic solutions. The UV 

adsorption spectra of MBT (5 x IO-5 M) in 0.1 M Na2SC>4 are shown in 
Figure 30 at pH values of 3, 6, and 9. The band at 325 mm is due to 
the thione-form, the bands at 310 run and 230 nm are assigned to the 

thiol-form58. At intermediate pH values both forms are present. 
Thiol-thione tautomerism was not revealed in the UV spectra of the 
other three inhibitors, as spectra remained identical at the three 

pH values. The wavelengths of maximum absorbance for MBI, MBO, and 

MT were determined to be 305, 300, and 272 nm respectively.

C = S

X /X - X
H

(A) THIONE-FORM

Figure 29. Thiol-Thione Tautomerism of Mercaptobenzothiazole.

X X / 5\
ZC —  SH

(B) THIOL-FORM

C — S

(C) IONIZED THIOL-FORM
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Figure 30. UV Spectra of 5x10 5M MBT in 0.1 E NaSOdf pH = 3, 6, 
and 9.

In situ reflection UV spectra from a surface complex Cu(I)MBT 
has shown the band at 325 nm to decrease and a new band at 350 nm 
to appear^8. The adsorption spectrum of the solution showed no 

peak at 350 nm, indicating the complex was forming on the surface 
rather than precipitating out of solution. No reflection UV 

studies were attempted because the necessary reflection attachment 
was unavailable, hence, no comparisons can be drawn with regard to 
the other inhibitors.



97

Several reflection .LR. studies have been undertaken on 
corrosion inhibitors including benzotriazole84, acetylenic
compounds85, and mercaptobenzothiazole^S. The reflection

spectra of the mercaptobenzothiazole complex showed the Cu(I)MBT 

film was oriented nearly parallel to the metal surface. This was 
determined from differences between the surface film adsorption 
spectrum and the spectrum of a bulk crystal of Cu(I)MBT.

Although budget considerations rendered reflection UVr and IR 
studies impossible in this work, future studies in this area can 
benefit substantially from reflection data. Bonding in, surface 
complexes is an example of the type of chemical information 
available.

Temperature and pH
The effects of temperature and pH were investigated with IO-4 

M MT as an inhibitor in 1/3 strength seawater. One hour tests were 
performed and normalized weight loss data were utilized as a 
measure of corrosion rate.

The results of the temperature variation are shown in Figure 31. 
The corrosion rate, as determined by weight loss, increases with an 
increase in temperature up to 40°C, and then drops off at SO0C- 

60°C. Data for uninhibited corrosion tests show the same general 
trend at the lower temperatures. Presumably at higher 
temperatures, loss of dissolved oxygen in the solution results in a 
decreased corrosion rate.
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The largest contribution to the corrosion was found in the 

corrosion product layer (Wcp), also shown in Figure 31. Only at 
30°C and 40°C do solution losses characterized by the difference in 
the two curves become important in the overall corrosion.

The effects of variation in pH on the corrosion with IO-4 M MT 
inhibitor present is shown in Figure 32. One hour tests at 30°C in 

1/3 strength seawater showed a maximum corrosion weight loss in the 
pH 8 to pH 9 range. These results are again similar to the same 

experiments performed without inhibitor present. Even though the 
trend is the same without inhibitor, the total corrosion rate is 
suppressed at all pH levels by the inhibitor. At IO-4 M 

concentrations, the inhibitors decrease the corrosion 20-40%, as 
will be discussed in a later section.

Auger Analysis

A series of coupons were corroded for 48 hours in the flow 

reactor with experimental conditions of 1/3 strength seawater, T =
3O0C, pH = 8, and flow = 15 cm/sec. Each inhibitor was employed at 
10~3 M and IO-4 M concentrations, and a blank was run for 
comparison purposes.

The coupons corroded with 10-3 M inhibitors present again 

maintained their shiny appearance, but with IO-4 M inhibitors 
present bulky precipitates formed. Analysis by auger microprobe 
presented several difficulties with these samples, especially a 
charging phenomenon.



W
E

IG
H

T
 

LO
S

S
 

(u
g)

99

2000

1500

IOOO

TEMPERATURE (0C)

Figure 31. Dependence of Total Alloy Weight Loss on Temperature 
with 10 4 rj MT Inhibition.
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Figure 32. Dependence of Total Alloy Weight Loss on pH with 10 
MT Inhibition.

Figure 33 is a depth profile of the sample corroded 48 hours 
with no inhibitors present. The oxide layer was very thick and 
from the depression in the copper peak to peak height it can be 
inferred that significant incorporation of Ni into the oxide 
lattice was probable.

The differential spectra of surveys taken on the surface of 
the samples exposed to 10~3 y MT and IO-3 E MBT are shown in 
Figures 34 and 35 respectively. The alloy peaks are present as well 
as C, S and N from the inhibitors, and oxygen is present indicating 
some oxide has formed. The peak to peak heights in these
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Figure 33. Depth Profile of Sample Corroded 48 Hours.

differential spectra were utilized to calculate the atomic 
concentration percents of the elements present, and are given in 
Table 12.

Table 12. Atomic Concentration Percent of Elements on the Surface 
of Samples Exposed to IO-^M MT and IO-3 B MBT for 48 hours.

Sample 2 £ E <2 Ui £u
IO-3M WT 11 38 6 5 0 38
IO-3M MBT 14 51 7 2 7 20
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Figure 34. Auger Survey of Sample Corroded 48 Hours with 10“3 y MT 
Inhibition.

For the sample exposed to 10-3 m MT approximately 40% of the 

signal is carbon, and for the sample exposed to IO-3 M MBT over 50% 
is carbon. The presence of the benzene ring in MBT is responsible. 

It is noticeable that a higher relative concentration of sulfur is 
present with MT than MBT as expected. The alloy contribution to 

the total signal is about 25-35%, but with the depth of penetration 

of the electron beam it is difficult to ascertain the extent of 

surface coverage. The low levels of oxygen and nickel in both
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588 688KINETIC ENERGY, EV
Figure 35. Auger Survey of Sample Corroded 48 Hours with 10 3 M 

MBT Inhibition.

are indicative that the layer is a Cu(I)MBT surface complex, 
probably covering the thin cuprous oxide layer.

These samples were ion etched and the resulting depth profiles 

are shown in Figures 36 and 37. The copper and nickel levels 
increase with time to levels consistent with the bulk alloy 
composition. The sulfur level decreases gradually as the adsorbed 
inhibitors are sputtered away. Only background levels of oxygen 

are present, and inspection of the multiplexing voltage "windows" 

indicated the lack of oxide formation with these inhibitors in 
solution at ICH^ ^ concentrations. The thickness of these layers
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of adsorbed inhibitors is estimated from the depth profiles to be 
several hundred angstroms.

The situation with the samples corroded for 48 hours with 10~4 
B inhibitors present was much different. The thicker loosely 
adherent films precipitated on the surface created charging 
problems with the multiprobe. An example of a survey attempted on 
the surface of the sample corroded with 10“4 ^ m b t present is shown

02/13/85 518033 V/F

8 18 12 SPUTTER TIME !MIN.)

Figure 36. Depth Profile of Sample Corroded 48 Hours with 10 3 
MT Inhibition.
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SPUTTER TIME (MIN.)
Figure 37. Depth Profile of Sample Corroded 48 Hours With 10 3 M 

MBT Inhibition.

in Figure 38. The noise is considerable in comparison to other 
surveys shown previously. No peaks for copper for nickel are 
present, only sulfur, carbon and nitrogen from the inhibitor 

molcules are detectable. As the surface is entirely organic and 
non-conducting, severe charging occurs and the signal to noise 
ratio decreases. The situation was similar for the other three 
inhibitors at 10-4 concentrations for the 48 hour corrosion

tests.
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Figure 38. Auger Survey of Sample Corroded 48 Hours with IO-4M MBT 

Inhibition.

Depth profiling was also attempted with these samples but ion 
beam damage to the bulky organic layers rendered this impossible.
A  depth profile of the sample surveyed in Figure 38 is shown in 
Figure 39. The sulfur and carbon peak to peak heights are much 
greater than the alloy peaks, and even after considerable 

sputtering the alloy elements did not rise in concentration. 
Inspection of the sample showed a blackened area where the ion beam 

was intended to sputter away surface layers. Again similar results
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were obtained with the other samples corroded with 10-4 ^ inhibitors 
present.

SPUTTER TIME WIN.)

Figure 39. Depth Profile of Sample Corroded 48 Hours With 10_4 m 
MBT Inhibition. -

Attempts to decrease the electron beam charging phenomenon by 
decreasing the incident electron beam energy (from 5 KeV to 1.5 

KeV) did not produce satisfactory results. The signal intensity 
is severely compromised in this endeavor, which is another 

drawback. The ion gun parameters were also varied and a much 
faster etch rate at higher accelerating voltage was attempted to
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try and sputter through the organic layers. The same occurrence of 
a blackened area where the sputter crater should have been was the 
result.

For these two reasons (the charging phenomenon and ion 
sputtering damage) the auger analysis was abandoned with regard to 
adsorbed organic inhibitors on cupro-nickel alloy surfaces.

Scanning electron microscopy was utilized to examine the 
morphology of the adsorbed organic inhibitors. Figure 40 is a 
micrograph of the control sample, corroded 48 hours with no 

inhibitors present. The magnification is 1000X, and I cm equals 
approximately 10 ym. The scratches from abrasion during 
pretreatment are still evident, and the coupon surface is 

characterized as Cu20*

Figure 40. Micrograph of 48 Hour Corroded Coupon (1000X).
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With 10“3 M inhibitors present in the seawater the thin 
cuprous complexes of the inhibitors that form do not change the 
surface morphology, and the appearance is quite similar to the 
control. The sample shown in Figure 41 was corroded for 48 hours 
with 10“3 M MT present in solution. The micrographs of the other 
three inhibitors present at I O -3 m  are nearly identical, all show 
scratches left over from pretreatment abrasion and no noticable 
organic growth is apparent. As has been previously discussed the 
inhibitors are detectable by auger analysis of the surface, but as 
they are chemisorptively bound to the surface they do not alter the 
surface appearance to a large extent. The thickness is also quite 

small, on the order of 100-300 A as determined by depth profiling 
data.

Figure 41. Micrograph of Coupon Corroded 48 Hours With 10-3 M MT
Present (1000X).
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Reducing the concentration of inhibitors in solution by a 
factor of 10 causes a striking change in surface appearance. At 
10~4 M MT a bulky precipitate grows on the coupon surface which is 
loosely adherent and easily removed by ultrasonic washing in 
distilled water. The surface is shown at 1000X magnification in 
Figure 42, and a small section of this is shown at IOfOOOX in 
Figure 43. The very rough surface is covered with nodules of 
varying size, with the larger ones approximately I urn in diameter. 
The film is non-conductive and composed entirely of the inhibitor 
molecules bound to each other. No alloy components were detectable.

Figure 42. Micrograph of Coupon Corrded 48 Hours With IO-^ M MT 
Present (1000X).
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The nodular structure is very different from the surface 
coverage resulting from exposure for 48 hours with IO""* n MBT 
present, as shown in Figure 44. This micrograph at 1000X reveals 

that patches of the alloy are not covered by the bulky precipitate. 
It can only be conjectured as to whether these areas were covered 
and the loosely adherent precipitate broke off in certain regions or 

whether the film grew in that manner. The morphology of this 
precipitate showed smooth layers as well as what appears to be 
small colonies beginning to grow on the alloy surface which are 

rougher in nature. It is possible that shear forces in the flow 
reactor smoothed the surface, but why this should occur with MBT 

and not MT is unknown.
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Figure 44. Micrograt*! of Coupon Corroded 48 Hours With IO-4 U MBT 
Present (1000X).

Figures 45 and 46 reveal a rough, layered precipitate forming 
with exposure to IO-4 M MBI for 48 hours. Rie micrographs were 
taken at 1000X and 2000X, and the layered growth is evidenced by 
holes or craters in the top layer revealing the lower layers. 
Although the surface is smooth at 1000X, at 2000X the surface 
appears much rougher on a microscopic scale. It is proposed the 
outermost layer cracked during drying and small pieces broke off to 
reveal similar underlying layers. Again the only auger signals 
were due to the inhibitor molecules bound to themselves and no 
alloy was detectable on the surface.

Rie surface exposed to IO-4 M MBO suffered the most problems 
with regard to charging from the electron beam while attempting to
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Figure 45. Micrograph of Coupon Corroded 48 Hours With IO-4 M MBI 
Present (1000X).

Figure 46. Micrograph of Coupon Corroded 48 Hours With !Cr4 u  MBI
Present (2000X).
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take data. This is apparent in the micrograph shown in Figure 47, 
which at 1000X magnification reveals a very rough surface and 
brighter areas where the charging was predominant. Auger analysis 
was found to be impossible on this surface as attempts to reduce 
the charging by reductions in beam current and accelerating voltage 
did not reduce the charging and extremely high noise level.

Figure 47. Micrograph of Coupon Corroded 48 Hours With 10 * M MBO 
Present (1000X).

Although the surface morphology of the layers of loosely 
adsorbed organic inhibitors differ substantially, several 

commonalities exist. At 10~4 jg concentrations, thick and loosely 

adherent layers formed with all the inhibitors tested. Hie 
precipitated layers were all easily removed by ultrasonic washing
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in distilled water. No alloy components were detectable in any of 
the thick layers, which only produced signals of sulfur, carbon, 
nitrogen, and oxygen. The thicker layers only formed only in 10 
M solutions. At 10”3 M and 10“^ M concentrations no growth was seen.

The infrared reflection work of Suetaka and Ohsawa^ showed 

that the thicker loosely adherent layer formed on the surface of 
Cu(I)MBT was an oxidation product of the free base as shown in form 
(c) of Figure 29. This dibenzothiazoly 1-disulfide (or DBDS) is 
non-protective, as it is easily removed, and is not desirable from 
an applications point of view. It is proposed that the other three 
inhibitors at 10"^ M concentrations and pH = 8 are also easily 

oxidized to the respective disulfide compounds and precipitate on 
the surface of the metal inhibitor complex. Although only limited 
chemical information on the bulky layers was obtained, the lack of 

alloy present in the auger surveys, coupled with the charging 
phenomenon, shows the bulky layers are non-conductive organic 
precipitates. The pH utilized in this study coupled with the 

presence of dissolved oxygen^ is conducive to the oxidation of the 
free bases of mercaptans to their respective disulfides.

The structure of the surface films of the inhibitor 
complexes formed at 10"4 pg are shown in Figure 48, as presented 
previously58. The disulfide films form in neutral to basic 
solutions, and thus in seawater their formation is expected. The 

reason growth was evident at ICT^ M concentrations and not IO-5 M 
or lO”5 E is unknown.
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Figure 48. Structure of the Surface Film on 90/10 Cupro-Nickel
Alloy Formed with IO-^ M Inhibitors Present in Seawater.

■ Exposure
The four inhibitors were tested to determine how weight loss, 

tarnish rate, and inhibition efficiency vary as a function of 
exposure. Each test was run in duplicate and averages taken. The 

average relative standard deviation for the difference in total 
weight loss was 13%. This error was probably as low as could be 
expected considering the experimental uncertainties. Each inhibitor 

was tested at IO-3 M and IO-4 M concentrations and exposure times 
ranging from 10 minutes to 48 hours. Standards with no inhibitors 
present were also tested at each exposure time for a comparison and 

also for. evaluation of inhibition efficiencies.
The results of the weight loss experiments at IO-4 M 

inhibitors are shown in Figure 49. Tarnish amount in y g/cm2 is 

calculated from the normalized weight loss data by dividing by the 

total surface area of the coupon. During the first hour the 
inhibition is quite small but as exposure time increases the
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inhibition becomes more noticeable. Ihe inhibition efficiencies 
for the 48 hour exposures were calculated and are given in Table 
13. Ihe fact that all the inhibition efficiencies are less than 
40%, coupled with the growth of the non-protective disulfide 
precipitates, is evidence that 10“  ̂M is not a sufficient 

concentration for effective inhibition with any of the four 
compounds studied.

3 200

•  = BLANK 
X = M T  
O = MBI  
A = MBO 
■ = M BT

H 100

EXPOSURE ( hours)

Figure 49. Dependence of Tarnish Rate on Exposure with 10~4 ^ 
Inhibitors Present.
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Table 13. Inhibitor Efficiences for 48 Hour Tests at ICT^ m , 10  ̂
1 M and Pretreatment.

0 = 1 -

Aw
A W o

Inhibitor IO-4M IO-3M Pretreatment
MT .20 .94 .71
MBI OCO .95 .81

MBO .26 .95 .93

MBT W CO SR .96

The results of the weight loss experiments at IO-^ M inhibitor 
concentrations are shown in Figure 50. Weight loss was very small 
for all samples tested in comparison to the control samples, as 
corrosion was effectively suppressed. For 48 hour exposure times

—2it was evident that with MBT present the tarnish amount at 14 yg cm 
was the lowest for the four compounds tested. The inhibition 
efficiencies for the 48 hour tests at 10“^M concentrations are also 
given in Table 13. All four inhibitors are effective at 10~3 M 

concentrations for 90/10 cupro-nickel alloy in flowing seawater.

The differences between the inhibition efficiencies are quite 
small. However, comparison of the tarnish amounts in Figure 50 shows 

that although their inhibition efficiencies are statistically the 
same, the tarnish rates themselves differ approximately 40% between
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MBT (the most effective) and MT (the least effective). The reasons 
for the differences in inhibition are discussed in a later section.

= MT
= MBO
= MBI
= MBT

EXPOSURE (hours)

Figure 50. Dependence of Tarnish Rate on Exposure With 10~3 
Inhibitors Present.

Inhibitor Pretreatment

It has been shown that copper dipped in 0.25% benzotriazole in 

water at 60 0C for two minutes forms a thin adsorbed or reaction 
product film that protects the metal against tarnishing86. 

pretreatment procedure was tested with the four inhibitors in this 

study. However, due to low solubilities, the three inhibitors 

containing benzene could not be dissolved to the extent of 0.25% in 
water at 60°C For this reason only MT was dissolved at 0.25%, and
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MBTf MBIf and MBO were utilized as saturated solutions of less than 
0.25%. Corrosion tests of 1/2, If 6, 12, and 48 hours were 
performed on the pretreated coupons in 1/3 strength seawater, T = 
30°Cf pH = 8, and flow = 15 cm/sec. All tests were run in duplicate 

and the results averaged.
The results of the weight loss experiments are .shown in Figure 

51. The tarnish amount in g/cm2 for MBT and MBO increased during 
the first hour and then leveled off to show good protection. For 
MBI and MT the tarnish amount showed some leveling off but the 
tarnish amounts were higher than for MBT and MB0. The overall 
inhibition efficiencies for the 48 hour tests were calculated and 
are also shown in Table 13. It is apparent that with pretreatment 
the MBT and MB0 are equally as effective for a 48.hour test as they 

are in solution at IO-3 M. MT and MBI show decreased effectiveness 
when applied as a pretreatment step in comparison to IO-3 M 
solutions.

Inhibition Summary
Preliminary testing showed all four compounds function as 

inhibitors of the seawater corrosion of 90/10 cupro-nickel alloy. 
The inhibition was greatest at 10“3 M concentrations (10-2 M for 

MT) and decreased with decreasing concentration to nondetectable 
levels at IO-3 M and ICT^ m  concentrations. At ICT3 M inhibitor 
concentrations the coupons maintained their bright yellow and shiny
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appearance, but at 10 4 M inhibitor concentrations the coupons were 
covered with a bulky organic precipitate.

x = MT
O = M B l

A = MBO 
■ = MBT

CT 100

EXPOSURE (hours)

Figure 51. Dependence of Tarnish Rate on Exposure With Inhibitors 
Pretreated on the Surface.

The effects of temperature and pH variation were studied with 

IO-4 M MT as an inhibitor. Comparison with the data for uninhibited 
corrosion testing showed the same overall trends. The corrosion 
rate increased with increasing temperature up to 40°C, and dropped 
off at 50-600C. For pH variation the maximum corrosion rate was in 

the pH 8 to 9 range.
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Analysis by auger microprobe provided several interesting 

observations. Samples exposed to IO-3 M inhibitors showed alloy 
peaks as well as peaks for the organic inhibitors on the surface 
prior to sputter beam etching. The fact that oxygen was also 

present indicated that some oxide formed in addition to adsorption 
of inhibitor molecules. Depth profiles showed the adsorbed 
inhibitor layers were several hundred angstroms thick.

Samples corroded with 10~4 m inhibitors present grew thick 
organic layers which were nonconductive. Charging problems 
rendered auger analysis difficult, and no alloy peaks were 

detectable on the surface. The lack of alloy peaks on the surface 
indicates the surface is completely covered with the inhibitor 
molecules bound to themselves and not complexed with copper.

Scanning electron microscopy revealed a very interesting 
surface morphology for the bulky precipitates. Samples exposed to 

ICP4 M MT grew precipitates which were very rough and covered with 

nodules. In contrast samples exposed to 10"^ M MBT were smoother, 
and rather patchy in nature. The micrographs of samples exposed to 
l(p4 M MBI showed a rougher surface which was layered, and parts of 

the exterior layer appeared to be broken off probably from drying 
out and becoming brittle. The samples exposed to 10""4 rj MBO showed 
a rough surface morphology and severe charging problems were 
encountered during auger analysis even at low current densities.

These precipitates were all loosely adherent and easily 
removed by ultrasonic washing in doubly distilled water. Evidence
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shows these layers are disulfides formed by the oxidation of the 

free bases of the mercaptans.
Weight loss experiments were utilitized to calculate the 

inhibition efficiencies for 48 hour tests at 10”^ M and 10“  ̂M 
inhibitor concentrations, and also with the inhibitors applied to 
the surface as a pretreatment step. At 10“^ M concentrations the 
efficiencies ranged from 20 to 38%, while at IO-^ M concentrations 
94 to 96% efficiency in corrosion reduction was achieved. The 
inhibitors were all found to be effective when applied as a 

pretreatment step, with efficiencies ranging from 71 to 96%.
In all cases MBT was found to be the most effective inhibitor 

for reducing the corrosion. MT was the least effective, with MBI 
and MBO between the two extremes. Possible reasons for these 
observations are explored in the Conclusions Section.
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CONCLUSIONS

The.three basic areas of research explored in this study 
were pretreatment, material balance, and inhibition. The results 
of the experiments have been outlined in the preceding section.
The conclusions which may be derived in each of these areas are as 

follows.

Pretreatment
In order to ensure that corrosion tests were reproducible and 

representative of the bulk alloy, it was decided that some form of 
pretreatment of the surface was necessary. The auger depth 

profile shape was determined to be a useful criterion for 
evaluation of pretreatment parameters. Of the parameters tested,

surface roughness and acid pickling had the greatest effect on
'

subsequent corrosion behavior. The pretreatment method as 
outlined in the Experimental Section was found to give 
reproducibility for short term corrosion testing of 90/10 and 

70/30 cupro-nickel alloys in seawater of approximately 12% relative 

standard deviation.

Material Balance
Auger spectroscopy in conjunction with material balance 

techniques were developed and utilized for the analysis of metals 
involved in the corrosion processes. The method allowed for
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quantification of metals forming the corrosion products as well as 
metals lost to the solution. This technique was applied to the 
study of several parameters and how they affect the corrosion 
rate. The parameters studied were exposure, temperature, 
salinity, and dissolved oxygen. Through systematic variation of 
the parameters and comparison with a set of base conditions, 
several conclusions were drawn.

The effects of exposure on the tarnish layer formation can be 
described by a linear rate expression during the initial phase. 
This rate is limited by solution diffusion of O2 to the surface 
or OH- away from the surface. After an oxide layer has been 
established the tarnish layer formation can be described by 
logarithmic and parabolic rate laws. The mechanistic 

interpretation involves a buildup of negatively charged species on 
the surface such as Cl- and OET which affect the transport of 

electrons and cations to the solid solution interface. When this 
space charge effect limits the rate of tarnish layer growth, the 
rate may be best described by a logarithmic expression. As the 

layer thickens.and becomes doped with Ni2+ the growth rate depends 
on the thickness of the layer rather than adsorbed species, and is 
parabolic.

An increase in temperature from 5 to 40°C provided a linear 
increase in the tarnish rate. At lower temperatures the reaction 

is thought to be activation controlled®6, while at higher 

temperatures diffusion of OtT away from the surface is rate 
limiting.
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An increase in salinity gave an increase in the rate of 
corrosion to a maximum at 1/3 strength seawater, or 10 g/Kg 
dissolved salts. Above this concentration the tarnishing 
decreased due to incomplete precipitation and increased solubility 

of corrosion products. A synergistic effect between HCDg- and Cl 
was evidenced and a mechanism involving removal of adsorbed OH- by 
HCOg- and the formation of cuprous chloride complexes was 
proposed.

Dissolved oxygen was found to be rate limiting below 3 ppm. 

Whether the rate is controlled by O2 diffusion or is limited by 
the first step in the overall reduction reaction (equation 40) is 

unknown.

Inhibition
All four compounds tested were determined to be effective 

inhibitors of the corrosion of 90/10 cupro-nickel alloy in 
seawater. The range of inhibition efficiencies as determined by 
the weight loss method were 20-38% at 10-^ M concentrations, 94- 
96% at 10-3 jvj concentrations, and 71-96% with inhibitors 
pretreated on the surface. MBT was determined to be the most 
effective, and MT the least effective, with MBI and MBO between the 

two extremes. The possible reasons for the observed order of 

their inhibition efficiency (MBT > MBI ~ MBO > MT) include 
differences in solubility, differences in electronic structure of 

the adsorbed group or atom, differences in basic strength, and

steric factors.
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Although solubility data for the four compounds was 
unavailable in the literature, MT was determined to be the most 
soluble. The other three compounds were less soluble in seawater 
by a factor of approximately 10, with no discernible differences 
in solubility amongst themselves.

According to Hackerman and Makrides49 the effectiveness of a 
polar organic inhibitor is due to the formation of chemisorptive 
bonds, the inhibitor sharing a pair of its electrons with the 
metal. Chemisorption is similar to other chemical reactions in 

that it is a . reversible process. The extent of chemisorption is a 
function of the solubility of the chemisorbed compound. As MT is 
more soluble in seawater than the other inhibitors, it is more 
easily removed from the surface by seawater flowing past the 
surface.

This may be a sufficient explanation for. MT functioning the 
least effectively of the four inhibitors. The question remains, 
however, why MBT is more effective than MBI and MBO.

Suetaka and Ohsawa58 propose the formation of a Cu(I)MBT film 
as an anodic corrosion product in a surface reaction with cuprous 
ions. This protective film forms via a discharge and nucleation 

mechanism whereby Cu+ ions diffuse through existing CugO and/or 
Cu(I)MBT layers and react with MBT adsorbed on the surface. Their 

reflectance I.R. data also show that MBT coordinates to Cu+ ions 

through S(=C) atoms and forms an S-bridged polymeric complex as 

shown in Figure 52.
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c— s
Cu\

Figure 52. Proposed Polymeric Structure of Cu(I)MBT.58

It is likely that all the compounds tested function by this 
same mechanism. If this is true, differences in inhibition 
efficiencies must involve the electronic structure of the molecules 

and the basic strength of the mercapto sulfur.
The wavelength of maximum absorbance in the visible and UV

absorption spectrum of a molecule gives the interval between the
highest occupied and lowest unoccupied electronic energy level.

*For the molecules studies the Xmax corresponds to a it --- >  tt

transition^. The wavelengths of maximum absorbance for MET, MBI, 

MBO, and MT were determined to be 325, 305, 300, and 272 nm, 
respectively. This corresponds to an increasing energy gap for 
the tt---------> tt * transitions in the order MBT < MBI < MBO < MT.

The availability of electrons for coordinate bond formation 
is a principle criterion in chemisorptive bond formation^. The 
conclusion can be drawn from the UV data that electrons on the 

mercapto sulfur of MBT are more available for coordinate bond 
formation than those of MBI, MBO, or MT. Pauling's 
electronegativity scale also lends credence to this argument. The



129

more electronegative oxygen and nigrogen will tend to draw 
electrons away from the mercapto sulfur through the tt-system.

The basic strength of the three inhibitors containing the 
benzyl group increases in the order of increasing inhibition 
efficiency as well. Thus, the observed inhibition efficiencies 
are in agreement with the theory of chemisorptive inhibition as 
proposed by Hackerman and Makrides^.

In summary, it has been shown that all four compounds inhibit 
the corrosion of 90/10 cupro-nickel alloy in seawater. The order 
of inhibition efficiency is MBT > MBI = MBO > MT and is in 
agreement with the theory of chemisorptive inhibition. Water- 
insoluble thin polymeric films are formed by a.surface reaction 
between cuprous ions and adsorbed inhibitor molecules via a 
discharge and nucleation mechanism. This film acts as a barrier 
against corrosive environments.
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