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Abstract:
A comprehensive evaluation of the effects of bacto-agar coatings on the corrosion behavior of 70/30
cupro-nickel alloy in seawater is presented. The study provides a data base for isolating physical effects
of bacterial caused biofouling layers from their specific chemical effects. Bacto-Agar (Difco, Detroit
Mi.) is shown to be a good candidate material to represent a nonviable biofouling layer because of their
chemical and physical similarities. Agar layers ranging in thickness from 0 to 60 microns can be
reproducibly applied to tubular section samples of the alloy. Once applied, the agar acts primarily as a
diffusion barrier to corrosion reactants and products. It will significantly affect the tarnish rate and
corrosion product growth morphology if applied prior to corrosion. Its effects are minimal if applied to
a sample that has been precorroded in excess of one day. The major corrosion parameters considered
include specimen geometry, exposure time, flow, seawater chemistry, temperature, and sample
pretreatment. Data is presented that systematically evaluates each of these parameters when agar is
present and when it is absent. Diffusion of OH^- ions generated by the cathodic reduction of O2 at the
solution-metal interface appears to be the rate controlling factor during initial exposure. Times in
excess of one hour show rate dependence from diffusion through the tarnish layer. Appropriate
mechanisms are proposed and discussed. In addition, numerous analytical techniques are developed for
study of the micro-thin layers at the sample surface. The combination of mass balance and scanning
auger analysis is shown to be crucial toward understanding the corrosion process. Procedures for
characterization of the microstructure of agar are also presented. 
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ABSTRACT

A comprehensive evaluation of the effects of bacto-agar 
coatings on the corrosion behavior of 70/30 cupro-nickel 
alloy in seawater is presented. The study provides a data 
base for isolating physical effects of bacterial caused 
biofouling layers from their specific chemical effects. 
Bacto-Agar (Difco, Detroit- Mi.) is shown to be a good candi
date material to. represent a nonviable biofouling layer 
because of their chemical and physical similarities. Agar 
layers ranging in thickness from 0 to 60 microns can be 
reproducibly applied to tubular section samples of the 
alloy. Once applied, the agar acts primarily as a diffusion 
barrier to corrosion reactants and products. It will 
significantly affect the tarnish rate and corrosion product 
growth morphology if applied prior to corrosion. Its 
effects are minimal if applied to a sample that has been 
precorroded in excess of one day. The major corrosion 
parameters considered include specimen geometry, exposure 
time, flow, seawater chemistry, temperature, and sample 
pretreatment. Data is presented that systematically 
evaluates each of these parameters when agar is present and 
when it is absent. Diffusion of OH- ions generated by the 
cathodic reduction of C>2 at the solution-metal interface 
appears to be the rate controlling factor during initial 
exposure. Times in excess of one hour show rate dependence 
from diffusion through the tarnish layer. Appropriate 
mechanisms are proposed and discussed. In addition, 
numerous analytical techniques are developed for study of 
the micro-thin layers at the sample surface.' The combi
nation of mass balance and scanning auger analysis is shown 
to be crucial toward understanding the corrosion process. 
Procedures for characterization of the microstructure of 
-agar are also presented.



I

INTRODUCTION

Uses of Cupro-nickel Alloys

Copper and its alloys have been used extensively during 
the past 60 years for many fresh water and marine 
applications. Ship hulls and propellers, piping, and 
condenser tubes are frequently made of copper alloys because 
of special properties not seen in other metals. Good 
mechanical workability, excellent electrical and thermal 
conductivity, and good fouling and corrosion resistance are 
the main reasons for the widespread acceptance of copper 
alloys. Fouling and corrosion resistance are the most 
interesting properties to study from an academic as well as 
practical standpoint. Fouling resistance is assisted by the 
release of cupric ions as corrosion products during

i Ocorrosion. Cu has been shown to be toxic to marine 
organisms that attach to the metal surface.^ Even if a 
resistant species gains a "foothold", It will eventually be 
swept away because of a buildup of nonadhering, 
nonprotective corrosion' products such as paratacamite 
(CU2 (OH)3CI) or cupric hydroxide (Cu(OH)2) between the 
organism and the metal surface.

Actual metal loss due to corrosion is low, on the order



2 I

of 0.001 ipy (inches per year) in quiet seawater for 70/30 
and 90/10 cupro-nickels. Both alloys have been exposed in 
service to seawater for periods of 14 to 16 years and still 
exhibited a similar low corrosion rate.3 Figure I, A-Dz sum
marizes the applications' of many copper alloys and their 
corrosion rates in seawater.

Figure IA shows corrosion rate data in mils per year 
for one year immersion tests of copper alloys used as 
condenser tubing and other heat transfer applications. Each 
alloy was tested for loss of tensile strength, weight loss, 
degree of impingement (erosion) , and pitting susceptibility 
in cXean, flowing seawater. The close grouping of points 
for a given alloy indicates a very dependable material while 
badly scattered data indicate the alloy would be a poor 
choice for seawater applications. The data indicate that 
the 70/30 cupro-nickel alloy containing higher Fe levels 
(0.42%) is superior to all other alloys tested.

Figure IB shows the same type of corrosion data for 
copper and certain bronzes high in copper. The usefulness 
of the materials depend on the conditions of service. For 
example, if the metal is to be used under low velocity flow 
conditions, the rate of impingement data can be ignored. 
The data show Duronz IV ( 95%Cu,5%A l ,0.25%As) to be most 
suitable in general seawater applications, especially if 
impingement effects are unimportant. Duronz V (98%Cu, 2%Si.) 
shows the poorest performance of all of the alloys tested.
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as indicated by the high point scatter and elevated rates 
for all of the corrosion types.

Figure IC shows data for modified Muntz (60%Cu,40%Zn) 
and other brasses containing alloy modification metals such 
as As, Sn, and Pb. Arsenical Muntz (63%Cu,37%Zn,0.l%As) 
shows the best dependability of this group of copper alloys. 
Muntz metals find more use in condenser systems for fresh 
water (Great Lakes) applications than in seawater systems. 
Most of the alloys in this group are especially susceptible 
to dealloying or dezincification, which will be discussed 
shortly. As the zinc content increases, the rate of dezin- 
cification and sensitivity to stress corrosion cracking 
increase while the rate of impingement attack decreases. 
Low zinc levels (<15%), additions of 1% tin, or a few 
hundredths percent As, Pb, or P , will provide enough de
alloying immunity for the metal to be useful in seawater. 
Easy machinability and corrosion resistance make these 
alloys a more economical choice for prolonged use than 
nonalloyed copper.

Figure ID presents data for Cu-Zn alloys without 
alloying additions. The alloy containing 60% Cu appears to 
be most suitable, especially if tensile strength degradation 
is unimportant as in condenser tubing and water transport 
applications. Nonalloyed copper shows' very poor seawater 
corrosion behavior, but is still used because it is the 
least expensive and can be easily machined.
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The corrosion resistance of a copper alloy depends on 

the presence of a surface oxide film which protects the 
metal from the corrosive environment. The film is mainly

Ccomposed of Cu2O which - can contain significant:-.levels of 
alloying metals that give the film its special corrosion- 
proof properties. The main alloying metal of interest to 
this study is nickel. Cupro-nickel alloys are the most 
resistant of the copper alloys, especially in marine 
applications, due to doping of the Cu2O lattice with N i + + 
ions. The Ni + + ions appreciably lower the electrical and 
ionic conductivity of the protective film,, making it more 
protective against electrochemical activity. Other metals 
such as Fe and Mn are frequently added to the alloy to 
assist nickel's incorporation into the oxide lattice and 
provide a more protective layer. This synergistic effect of 
Fe and Ni in Cu2O layers occurs at less than 1% added Fe 
without much benefit at higher levels.^ Similar benefits 
are seen when Fe is added as ferrous sulfate to the corro
ding solution”̂'® or from Fe released as corrosion products 
from upstream components. Whether the protective mechanism 
is the same for the two Fe sources is not known.

Table I lists the composition of two of the most popular 
cupro-nickel alloys as determined by metal dissolution in 
nitric acid followed by Atomic Absorption Spectrophotometry 
(AA) of the diluted acid solutions. The samples were com
mercially obtained tubes from Clin, (East Alton, 111).
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Table I. Composition of Cupro-nickel Alloys

Alloy %Cu* %Mi %Fe ■ %Mn %Zn %Other

CDA706** 88.0 10.3 1.20' 0.40 0.03 0.07
CDA715 68.6 29.7 0.55 0.59 0.09 0.47

* Weight Percent
** Copper Development Association Number

Alloys CDA706 and CDA715 will hereafter be referred to 
as 90/10 and 70/30 cupro-nickels, respectively. Most of the 
work in this study was performed on 70/30 alloy with a very 
limited amount of research on the 90/10 alloy. The 90/10 
alloy is the subject of a similar on-going research task.9 
Based on the discussion so far, it can safely . be assumed 
that a study of the environmental effects on the growth of a 
protective oxide layer on cupro-nickel alloys used for con
denser applications will be of utmost economic importance 
and will be the topic of a subsequent chapter.

A more detailed account of the behavior and uses of 
copper alloys in seawater can be found in references 3, 10., 
and 11. Reference 3 describes general corrosion behavior as 
related to Ocean Thermal Energy Conversion (OTEC), and has 
been very useful throughout this study.
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General Corrosion Behavior

Copper alloys can be attacked in a variety of ways when 
placed in a seawater „ environment. 3 r 3-° / H  The most, common 
reason for failure is localized attack rather than general 
metal loss. Localized forms of corrosion include 
impingement (erosion) , • crevice corrosion, dealloying, 
pitting, cavitation, stress corrosion cracking, fouling, and 
sulfidation. It is possible for all forms to be active at 
the same time, however, impingement, crevice corrosion, 
sulfidation, and fouling will be the most significant when 
using copper alloys for heat transfer applications in
seawater.

Impingement:

Impingement or erosion corrosion occurs under flow 
conditions that generate enough surface shear stress to tear 
away the protective oxide film. Flows in excess of 5-6 
M/second will usually be sufficient to cause impingement 
damage on 7 0/3 0 cupro-nickel a l l o y . I m p a c t s  by air 
bubbles or silt can also remove protective corrosion product 
layers where contact is most probable, such as at elbows, 
valves, or around obstructions. The exposed area will 
■usually be small relative to protected areas and will become 
anodic. Under conditions of small anode to cathode ratio, 
corrosion products cannot form on the anodic surface and an
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active electrochemical cell will be set up. The 
electrochemicalIy assisted dissolution of the exposed area, 
plus further mechanical erosion, result in corrosion rates 
many times larger than those seen in the protected areas. 
The data in Figure IA indicate alloys like Admiralty metal 
(70%Cu,29%Zn,I%Sn) , or low iron 7 0/30 cupro-nickels are 
especially susceptible, while higher iron 70/30 cupro-nickels 
(>0.4%Fe) are much more resistant. If an alloy forms a 
dense, wel'l adhering corrosion product layer, the rate of 
failure by impingement can be diminished. The rate of 
impingement failure can also be lowered or eliminated 
altogether by allowing a protective oxide layer to form 
before subjecting the alloy to high flow conditions. A 
comprehensive literature review has been conducted on 
erosion corrosion of copper-nickel alloys in seawater. J

Cavitation:

Cavitation corrosion is very similar to impingement and 
occurs primarily in the same places. Cavitation is caused 
by gas bubble bursting upon surface contact and results in a 
torn or damaged oxide l a y e r . T h e  local forces generated 
by bubble bursting can be significant and more than adequate 
to penetrate the oxide layer. Although this form of 
corrosion is uncommon, it can be significant under well 
aerated conditions, such as when cooling towers are 
employed. The placement of a degasifying unit upstream of
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the affected metal will limit bubble damage. An alloy that' 
resists impingement will also perform better under 
cavitation conditions.

Crevice Corrosion:■

Another important cause of localized failure is crevice 
corrosion. This form of metal loss occurs around protected 
areas or crevices such as blockages and cracks, or under 
gaskets or deposits. Crevice corrosion is especially 
important to this study because the presence of biofouling 
d e p o s i t s  will p r o m o t e  this form of attack. Two 
electrochemical processes are responsible for crevice 
corrosion. When oxygen is depleted under a deposit or in a 
crevice, while the rest of the metal surface has an adequate 
supply, the depleted region will become anodic and corrode 
more rapidly.

This oxygen depletion may be aggravated by aerobic 
activity in viable biofilm deposits, especially under well 
aerated conditions. Many rod shaped bacteria such as 
Pseudomonas, Flavobacterium, Achromobacter and other slime 
producers are the first to attach and populate a metal 
surface under aerobic c o n d i t i o n s . As the slime layer 
thickens and picks up silt and corrosion products, O 2 
transport to the surface is limited, leading to differential 
oxygen cells. The most depleted areas become anodic and 
increased metal loss occurs, resulting in n u m e r o u s ,'
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overlapping shallow pits in the area.

Copper alloys are not as likely to suffer from this 
mechanism as steels and high nickel alloys are. The 
extremely passive behavior of these metals makes them more 
susceptible to pitting and corrosion types similar to 
pitting when placed in aerated NaCl solutions. (See the 
discussion on pitting mechanisms to follow)

Copper alloys are more susceptible to crevice corrosion 
via a metal-ion concentration cell mechanism. Whenever 
metal ions are allowed to build up, (such as under a deposit 
or in a crevice), in contact with the corroding metal, that 
metal will become enobled. This behavior can be described 
by the Nernst equation for electrochemical activity:

E = E° - (RT/nF)In A^+n (I)
E is the actual potential of the metal in contact with 

the metal ion, E° is the standard electrode potential for
the reaction M --^ M+n + ne- , R is the universal gas
constant, T is the absolute temperature, F is Faraday's 
constant, and A^+n is the activity of the metal ion. By the 
equation, if the metal ion concentration increases, the 
activity will increase causing E to become more negative 
than the standard electrode potential. This is a more 
noble direction in standard electromotive force tables^ for 
anodic dissolution. Since the metal in a crevice is in 
contact with its own ions, it will become more noble, 
whereas areas outside the crevice will be in contact with
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fewer metal ions and will become more anodic. Dissolution 
of metal will occur in areas adjacent to the crevice where 
the metal ion levels diminish. High flow tends to 
accelerate this form of attack by causing higher metal ion 
concentration gradients near a crevice or deposit. The 
potential difference given by the Nernst equation will 
increase with the increasing concentration gradient and 
anodic activity or metal dissolution must increase. Also, 
high flow shear forces can strip off patches of biofilm or 
other deposits, setting up new crevice corrosion sites where 
metal ion and oxygen concentration cells can develop. This 
is of particular concern to this study. Table 2 indicates 
the relative resistance of selected metals against crevice 
corrosion.

Table 2. Relative Crevice Corrosion Resistance of Metals in
Seawater. 6

Excellent Very Good Good Fair , Poor

Titanium* 90/10 Cu/Ni H .S .M .Cu Copper Type 304 SS
Aluminum Admiralty Arsenical Type 316 SS

Copper
Bronze Aluminum Type 400 SS

Brass
70/30 Cu/Ni

* low temperature 
+ stainless steel
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If fouling or equipment design causes numerous crevice 

corrosion sites, alloys to the left in the table should be 
used. Alloys to the right .in the table should not be used in 
seawater, particularly when conditions favor fouling. Type 
304 stainless steel (19%Cr,9%Ni,2%Mn,rest Fe), Type 316 SS 
(17%Cr,12%Ni,2%Mn,0.3%Mo,rest Fe), and Type 400 stainless 
(17%Cr,1%C,M n ,S i) are especially susceptible to crevice 
corrosion in seawater mostly because of the agressive nature 
of Cl- ions toward all ferrous alloys. The highly passive 
nature of stainless steel' and high Ni alloys coupled with 
increased reactivity with the chloride ion are conditions 
that promote both crevice corrosion and pitting. The actual 
mechanisms of crevice corrosion and pitting are somewhat 
similar, the main difference being the size of the affected 
area. Pitting is highly localized while crevice corrosion 
affects large areas, depending on the size of the crevice. 
Both types are frequently encountered together.

Pitting;

Pitting is not usually a problem with copper alloys in 
s e a w a t e r , a s  long as the right alloy is matched to the 
service conditions. Susceptibility to pitting attack for 
various copper alloys is shown in Figure I. ’ Muntz metal 
(60%Cu,40%Zn) and other noninhibited Cu/Zn alloys are more 
subject to pitting than are the condenser tube alloys. 
Pitting also increases as the nickel content is raised.



13
Methods of measuring pit depths and conditions for 

formation have been studied. A scanning microprobe poten- 
tiometer^ has been used to measure potential differences 
near pits and map active pits or possible pitting sites 
across the surface of a corroding metal; The method is 
more accurate than the usual optical microscopy method of 
studying pits which is slower and more tedious. Since pit
ting causes failure as soon as one pit penetrates through 
the metal, the determination of the growth rates of only the 
deepest pits is of concern. The search for the deepest 
pits is tedious and often misleading, thus making prediction 
of pitting behavior more difficult.

Whether or not a pit can form depends on the metal and 
the degree of reactivity of the protective corrosion product 
layer. Metals with extremely inert layers on the surface 
coupled with inherent reactivity with the Cl" ion, such 
as stainless steels and high nickel alloys, are especially 
susceptible to pitting. The exact reason for this behavior 
is somewhat complex, and the process illustrated in Figure 
2 is simplified. The figure shows a metal exposed to an 
aerated sodium chloride solution.

Pitting corrosion is an autocatalytic process, where 
corrosion reactions within an existing pit produce conditions 
that are self-stimulating and self-propagating towards 
continued growth of the pit. Rapid growth and catastrophic
failure are the result.
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When a metal or oxide layer is sufficiently nonreactive, 
with time, a pit can nucleate by preferential adsorption of 
a Cl ion in place of Og or an OH- ion at an imperfection or 
defect in the protective oxide layer. The presence of Cl- 
near the metal surface promotes dissolution by the following 
reaction sequence:

M — I--> e- + M +
Cl- 2 -> MCI 

+
H2O 3 ■> MOH + HCl
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The formation of metal chlorides by Step 2 tends to 

accelerate Step I and an anodic current develops. Adjacent 
areas, where O2 reduction takes place, must become cathodic 
and what is called an active-passive cell develops. If the 
cell is sufficiently active, a surplus of positive metal 
ions will develop and Cl . ions will migrate to the vicinity 
to balance charges. The newly formed metal chlorides can 
hydrolyze by Step 3 to form insoluble hydroxides and 
hydrochloric acid which further accelerates corrosion. If 
the pit becomes deep enough, the effects of flow cannot 
dilute the hydrochloric acid by. mixing and thus the 
concentration raises. The density of the pit solution will 
be greater than the surrounding salt water and will increase 
towards the bottom of the pit. This explains why pits grow 
faster in the direction of gravity. Formation of HCl 
promotes further metal dissolution which in turn makes more 
HCl. It is easy to see why the process is autocatalytic'.

Potential differences within an active-passive cell 
have been measured up to 0 . 5 V . At potentials this large, a 
pit will actually cathodically protect the metal for some 
distance away. This will lead to the worst kind of pitting 
where there are few, very deep, and rapidly growing pits. 
The best defense against pitting is to choose an alloy that 
is proven resistant to pitting in a given environment. 
Alloys that form an oxide layer that is not completely 
"passive" or alloys that are not very reactive with chloride
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ions (high copper alloys), will be resistant to pitting in 
seawater.

Dealloying:

Dealloying of cupro-nickels is not a problem' as long as 
temperatures are kept low (ClOO0C). Although condenser 
alloys rarely experience temperatures above IOO0C, local 
"hot spots" may exist, causing dealloying and possible local 
failure if the process penetrates the metal. Copper-zinc 
alloys (brasses) are the most susceptible of the copper 
alloys to dealloying or specifically, dezincification. The 
exact mechanism is largely unresolved, but there is evidence 
that zinc diffuses to the alloy surface faster than copper 
and reacts there preferentially to be lost to solution. A 
copper rich alloy residue with little mechanical strength is 
left behind in a uniform "layer" type or localized "plug" 
type of dealloying. Pipe splitting and perforation are the 
usual result. Addition of inhibitors like Al, Sb, Sn, Pb/
■ and P , or lowering the zinc (<15 %) content will slow Zn 
diffusion and solve dezincification problems.

Stress Corrosion Cracking:

This form of localized corrosion occurs . when a metal 
is placed in tensile stress in a specific environment. 
Minute cracks form at the 'surface and accelerate 
intergranularIy until penetration through the metal occurs,
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causing failure. Copper alloys (especially brasses) in 
tension will crack if exposed to NH3 or nitrogen oxides in 
the presence of oxygen and moisture. The problem is 
frequently encountered with telephone equipment exposed to 
urban atmospheres, especially in Los Angeles where higher 
levels of nitrogen oxides occur.

The most favored mechanism for stress corrosion 
cracking involves adsorption of complexing species from the 
environment which weakens the cohesive bonds between 
surface metal atoms. If the metal is under tensile stress, 
there is an increasing tendency for a crack to develop. 
Cohesive forces are then disrupted at the crack tip where 
new complexing species can penetrate, causing the crack to 
grow. Stress corrosion cracking is rarely encountered for 
copper alloys used in condenser applications because tensile 
stresses are low and the specific atmosphere required for 
crack growth is uncommon. Since stress corrosion cracking 
has little relevance to the theme of this study, it will not 
be covered in more detail. Reference 10, pages 312-320 has 
a detailed discussion on stress corrosion mechanisms.

Sulfidation:

Sulfidation is one of the more serious localized 
corrosion problems for condenser alloys. The breakdown in 
structure and passivity of existing oxide layers is 
responsible. Sulfur enters the oxide layer as S-  ̂ ions.
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substituting for O-2, which raises the ionic and electrical 
conductivity. This offers lowered resistance to anodic 
(metal-dissolution) reactions and the corrosion rate 
increases. The protective layer develops numerous defects 
and pores, allowing the corrosive environment to reach fresh 
metal. 90/10 and 70/30 cupr o-nickel will experience 
accelerated localized corrosion when exposed to sulfide 
levels as low as 0.01 mg/1 for a few days.^  The effects of 
this sulfide exposure will be seen for several months after 
the metal is placed in sulfide-free seawater. Sulfide 
occurs in seawater as a product of decay of marine 
organisms, plant tissues, and other coastal debris that 
contain organically-bound sulfur. The oxidation of organic 
matter during decay can also deplete the seawater's oxygen, 
leading to anaerobic conditions. Anaerobic sulfate- 
reducing bacteria like Sporovibrio desulfuricans can thrive 
and reduce naturally occurring sulfate salts in sea
water to sulfides. Other sources of sulfide include munici
pal sewage discharge, with its well known rotten-egg smell 
(H2S), polluted rivers, and SOg contaminated coastal air.

Ammonia is also found in this type of environment and 
is known to accelerate corrosion by forming strong, soluble 
complexes with Cu. An extensive review of cupro-nickel 
applications in ammoniacal environments is presented in 
Reference 3 which discusses the use of cupro-nickel alloys 
as candidate materials for OTEC heat exchangers.



19
If sulfide species are present, the seawater must 

contain low levels of oxygen, since sulfides are rapidly 
oxidized. A sulfide halflife of only 20 minutes in aerated 
seawater has been o b s e r v e d . A c t u a l  metal oxidation 
fates are very low in anaerobic, sulfide polluted waters due 
to supply limitations on the cathodic oxygen reduction 
reaction. Although oxidation rates are low, the rate of 
weight loss for 70/30 and 90/10 cupro-nickels increases by 
an order of magnitude in the presence of sulfide over the 
rate seen in sulfide-free deoxygenated seawater. The reason 
for the accelerated corrosion rate is due to a significant 
shift in the corrosion potential to the -0.45 to -0.72 V 
(SCE) range when cupro-nickels are placed in sulfide 
polluted, anaerobic seawater. This shift is sufficient to 
allow hydrogen ion reduction as a new cathode reaction. 
Anodic metal dissolution can then be supported at an 
accelerated rate. The growth of highly defective Cu2S as 
the primary corrosion product replaces the normally 
protective CugO layer. If oxygen is brought to the surface

O Aby higher flow rates or the incoming tide, corrosion rates 
soar because oxygen reduction can occur without formation of 
a protective CU2O layer. Cu2O is prevented from forming in 
the presense of existing Cu2S , which is nonprotective.

The anodic dissolution of. metal can occur unabated at 
defects and pores in the Cu2S layer resulting in localized 
corrosion damage. Even if protective Cu2O does form.
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anaerobic sulfide polluted conditions can return ,when the 
tide goes back out causing more CugS formation. It is 
alternate exposure to anaerobic, sulfide polluted seawater 
that is responsible for the high corrosion rates of cupro
nickel naval equipment operating in coastal areas.21'22 
Localized corrosion rates as high as 19 mm/year have been

o rjmeasured.
It has also been proposed that sulfide oxidation

9 4products can be agres.sive towards cupro-nickeI alloys. 
Species such as sulfate (SO^2-)., sulfite (SO32-) , thio
sulfate (S2O32-), and polysulfides (S2_3) can . be formed 
■under aerobic conditions by actions of bacteria such as 
ThiobacilIus thiooxidans, or by the direct'reaction of 
sulfides with dissolved oxygen. When the oxidation products 
of sulfides encounter the corrosion potentials at the 
surface of the metal, they can be' reduced back to sulfides 
and contribute in part to the cathode reaction even if 
oxygen is not present. Any time alternative cathode 
reactions become possible anodic dissolution currents will 
increase and corrosion rates will rise.

Other mechanistic and kinetic studies of sulfide 
effects bn cupro-nickeIs have been performed,2^'2  ̂ but are 
somewhat removed from the theme of this study. Although 
sulfidation is a very important cause of localized cor
rosion, its interference with biofilm corrosion activity on 
cupro-nickels has not been established, or studied here.
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Fouling:

Two major problems associated with fouling are lowered 
heat transfer efficiency and inhibited f I o w .  ̂ Both 
problems are economically important, requiring expense.of 
energy to overcome. Ocean Thermal Energy Conversion (OTEC) 
systems require maximum heat transfer efficiency to be 
economical due to the low temperature differences between 
warmer surface waters and cold, deep waters. Power plant 
condenser pipes must effectively remove waste heat in order 
for the system to operate correctly. Heat transfer 
efficiencies can be lowered as much as 50% by a deposit 
layer only 250 urn thick due to the layer's insulating 
properties.27 Reduced flow due to.blockage by films■and 
debris also lowers heat transfer efficiencies because of 
cooling water supply problems. Pumping systems must work 
harder to overcome rougher tube walls and decreased internal 
diameter. Complete blockage of a pipe can occur in extreme 
cases.

Causes of these pipe blockages can be grouped into 
four different categories:^

(1) Corrosion fouling due to growth of corrosion 
products that are bulky and insulating.
(2) Biological fouling due to attachment and 
growth of bacteria, algae, and larger organisms 
such as mussels and barnacles.
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(3) Suspended solids fouling due to silt or other 
debris that may settle out or become trapped in 
other fouling layers.
(4) Scale formation fouling due to crystallization 
of compounds with inverse solubility, ie. , 
solubility decreases as the temperature is raised. 
Calcium carbonate, calcium sulfate and other hard
ness causing ions are mainly responsible.

The first two types are of most concern to this study 
because of their significant relationship to corrosion. 
Scale formation fouling,if nonuniform,can promote crevice 
corrosion by protecting the surface from flow and 
turbulence, allowing metal ion concentration cells to form. 
(See previous discussion on crevice corrosion.) The cor
rosion is due to blockage only since the crystalline scales 
have little or no corrosive properties of their own. Of 
more interest is biological fouling due to a blocking effect 
and active corrosion participation caused by biological ac
tivity. ' This subject will be covered in more detail later.

Fouling control can be accomplished in a variety of 
ways.^  Mechanical scouring and chemical methods are 
routinely used. Chlorine and other oxidizing agents can be 
particularly effective when closely monitored, but are 
hazardous and can be expensive. Condenser biocide soaking 
and antifouling coatings with control released toxic
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ingredients have also been tried. Nonchemical methods 
include flow reversal, heat soaking, irradiation, and 
ultrasonic vibration. Not generally feasible techniques 
include osmotic shock, (fresh water is introduced to remove 
saltwater species), and anoxic water treatment where water 
is allowed to stagnate and become anaerobic in order to re
move aerobic organisms. Generally," mechanical scouring and 
chlorination are the most effective ways to control fouling.

The best way to prevent fouling is to choose an alloy 
that is resistant. Fouling tests indicate most copper 
alloys are resistant and a relationship exists between 
resistance and alloy composition.^ 9 0\10 cupro-nickeI 
alloy and low iron 70/30 cupro-nickel alloys are more resis
tant to biological fouling than high iron 70/30 cupro-nickel. 
The corrosion product on the higher iron alloy is more 
protective and highly adherent, which cuts down on release 
of toxic cupric ions and sloughing.of attached deposits. 
The less "passive" the corrosion product layer becomes, the 
more resistant the alloy will be to fouling, however, it 
will be more susceptible to corrosion. In this regard, a 
trade-off must occur and high iron 70/30 cupro-nickel 
(C D A 715) will be a good dependable alloy in seawater 
condensers. Figure 3 shows the relative fouling resistance 
of some cupro-nickel alloys in terms of amount of biological 
species such as barnacles and microorganisms that lost their 
"foothold" to the surface.
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Figure 3. Relative Fouling Behavior of Cupro-nickel Alloys?®

The data show that low Ni alloys with less passive 
oxide layers are more resistant to biological fouling. High 
Ni alloys, especially Monel (70%Ni,30%Cu) , are likely to be 
covered by biological fouling and suffer from increased pit
ting attack.10'29'30
It is hoped that the preceding discussion of the uses and 
corrosion behavior of copper alloys will aid in identifying 
the role of biological fouling layers and artificial gel 
(agar) layers in the corrosion process. Three general refe
rences have been most helpful in the development of these 

10,11,29areas.
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Protective Layer Formation 

Importance and Properties:

When a metal is placed in a corroding medimny"such as 
seawater, it will be attacked and consumed unless some form 
of passivation occurs. Passivation takes place because of a 
physical blockage of corroding reactants from the surface 
caused by corrosion product buildup. The study of corrosion 
product buildup is therefore fundamental to understanding a 
metal's corrosion resistance.13,16,31-33

Good corrosion performance depends on the right choice 
of metal for a given environment, since a metal will only 
form protective corrosion products under certain conditions. 
If conditions are right for ample amounts of corrosion 
product to form, the metal will generally be protected. 
However, if the coating material is porous or adheres 
poorly, it will afford little or no protection. As was 
mentioned, this condition is common with cupro-nickels ex
posed to sulfide polluted seawater. The amount of corrosion 
product formed and its structure are the key elements of 
study for prediction of good corrosion performance.

Extensive research has been conducted on corrosion 
products formed on cupro-nickeI alloys because of their 
simplified mathematical treatability and practical impli
cations .34,35 copper and nickel are mutually soluble at all 
concentrations and have nearly the. same atomic weight, molar
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volume, and crystal structure (body centered cubic). This 
makes the mathematical treatment of the formation of dual 
oxide layers much s i m p l e r c o m p a r e d  to other two metal 
alloys such as brass or bronze.

The corrosion product layer that forms on the surface 
of cupro-nickeI alloys is considered "passive", which 
implies nonreactivity. The "passive" description can only 
be used to indicate a slowing down of the corrosion rate to 
low levels since the tarnish layer is anything but non
reactive. Oxidation of the surface metal, provides a 
continuous source of protective material which will be 
soluble to some extent in the corrosive medium. Chloride 
ions in seawater will cause copper oxides to dissolve while 
new oxides form at the same time. As a result, the tarnish 
layer is continually changing thickness and reaches a 
steady state only after several days. Time exposure studies,
which will be shown later, indicate at least three days are

!
required for equilibration of initially formed Cu2O layers 
on 70/30 cupro-nickel exposed to seawater. Other tests per
formed in real seawater service show surface oxide layers 
will still be equilibrating after 16 years of exposure.3

The formation of a protective layer is actually part of 
the corrosion process and contributes to the overall 
corrosion rate. Initially, it will add to the rate until it 
reaches a thickness sufficient to block reactant from fresh 
metal. After this occurs, further growth actually slows the
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overall corrosion rate t making oxide layer formation a 
beneficial form of corrosion. It is the oxide layer that 
.must ■ withstand the corrosive environment and prevent 
localized metal loss.

The unusual "passive" behavior .of the oxide layer 
formed on cupro-nickeI alloys is responsible for their 
resistance to macrofouling by mussels and barnacles and 
microfouling by algae and bacterial slimes.. When an 
organism attaches to the Cu/Ni surface, insoluble, non- 
adhering corrosion products such as C u (OH)2 or Cu^(OH), 3C I 
build up between the organism and the metal oxide layer. 
This causes the organism to lose its "foothold" and be swept 
away under flowing conditions. ' The addition of
chlorine for biological film control may also promote the 
formation of nonadhering corrosion products, hastening the 
removal of organisms by the above mechanism. This possi
bility is discussed more specifically in the section on 
chlorination effects.

The growth of the oxide layer follows several distinct
stages before it reaches a steady state with the seawater-
environment. As soon as the metal is placed.in a corroding
medium that will allow corrosion product formation,
initiation of protective layer growth begins.' Growth during
this stage is usually rapid due to the thinness of the layer
and will taper off parabolical Iy with time according to

3 9 -diffusion theories proposed by Wagner.

)
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If the initial tarnish rate is high enough, damage from 
impingement or sulfidation can be readily repaired and 
failure may be prevented. Since impingement and sulfidation 
are the most common modes of failure for cupro-nickels., the 
conditions for rapid formation of initial tarnish layers 
will be most desireable. One of the main topics of this 
work addressed determination of conditions that allow rapid 
oxide formation on a short term basis. It was found that 
warm, well aerated, flowing seawater that has been diluted 
by fresh water, will promote the most rapid oxide formation. 
These conditions can be quite common in coastal waters.

After initiation, the corrosion product layer will begin 
to equilibrate with the environment. Any change in con
ditions such as establishment of a biofilm or attachment of 
a macroorganism will cause the passive layer to change its 
composition and thickness to a new steady state. The 
corrosion product formed on an alloy must also equilibrate 
with respect to the individual oxide phases since they may 
not be mutually soluble. As the phases equilibrate, the 
scale morphology will change, which may alter the corrosion 
protection characteristics and growth rate of the passive 
layer. Completely separate oxide phases with significantly
different corrosion protection properties can form on the

4 0surface of alloys such as brass and bronze due to 
solubility differences between Cu, Zn, and Sn oxides.

As has been previously mentioned, oxides on cupro
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nickel alloys have special properties not seen in most other 
copper alloys. During the equilibration stage, the 
initially formed Cu2O layer will become doped with Ni and Fe 
ions from the alloy, which lowers the electronic and ionic 
conductivity. Since the rate of the anodic half reaction 
(metal dissolution) depends on the oxide layer's electrical 
resistivity, the overall corrosion rate, will be stifled as 
more and more dopant ions enter the Cu2O lattice. This 
self-limiting characteristic prevents undue corrosion 
product formation and limits the overall corrosion rate. 
Many ferrous alloys do not form corrosion products with this 
type of self-limitation and continue to form a layer, un
checked, until a "rust through" occurs. For cupro-nickeIs, 
this stage will be referred to as the reorganization step.

After reorganization, the rate of growth of tarnish 
layer slows and becomes equal to the rate of erosion or 
dissolution of the layer, resulting in a steady,state. 
Cupro-nickel alloys studied in this work rarely, if ever, 
formed a tarnish layer more than 2000 Angstroms thick. They, 
will reach this steady state in two or three days and show 
little change unless there- is a disturbance such as biofilm 
growth on the surface. Since the induction period for the 
attachment of a biofilm is usually within two or three days, 
depending on surface roughness and nutrient availability, 
the influence of biofilm attachment will affect the equili
bration stage more than the earlier steps. Biofilm effects
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should be evaluated on metal samples that have already gone 
through the initiation and reorganization stages, to give 
the most realistic data.

Oxide Formation Mechanisms:

The formation of a protective corrosion product layer 
can be described by several mechanisms proposed by 
A r m s t r o n g . ^  The surface film is proposed to grow by a 
solid-state (SS) pathway or by dissolution-precipitation 
(DP). The SS mechanism involves migration of cations 
through existing oxide layer to the surface where they react 
with adsorbed anions without passing into the corroding 
solution. The DP mechanism, originally proposed by Muller, 
is an extension of the SS mechanism whereby the cation 
passes into the solution near the surface and precipitates 
with the anion as soon as a critical concentration or super
saturation level is reached. The main difference between 
the two models is the reaction site of the cation with the 
anion, SS being at the very surface and DP being very near 
the surface. The difference is small, thus it is con
ceivable that both mechanisms can occur simultaneously. 
However, several tests should indicate which is predominant. 
The DP mechanism will be significantly affected by flow and 
bulk fluid turbulence while the SS pathway will not. Com
plications arise when the SS and DP models appear similar. 
If the SS mechanism is accompanied by reversible metal
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dissolution, flow and turbulence will affect the rate of 
dissolution and experimental observation will indicate the 
DP mechanism is occurring. If the DP mechanism is taking 
place exclusively, flow effects will lower the critical 
concentration of anions and cations near the surface by 
diluting ions with bulk fluid. Under higher flow- 
conditions, greater amounts of metal ions will be swept into 
solution and the tarnish layer growth rate should decrease-. 
Detection of significant levels of cations passing into the 
bulk fluid will prove the DP mechanism to be occurring only 
if reversible metal dissolution is absent, j If metal 
dissolution is occurring, it will be difficult to tell if 
solution species are precursors of a precipitate or from 
metal solubility. Addition of metal ions to the bulk fluid 
will slow the dissolution reaction if it- is reversible and 
the Nernst equation will be obeyed. Any other behavior will 
be evidence for the DP mechanism. If the SS mechanism is 
■ dominant, without dissolution complications, the tarnish 
layer growth rate will be just a function of temperature and 
availability of anions to the surface.

Precautions must be taken in interpreting flow data to 
study reaction mechanisms.■ Flow rates must be sufficient to 
bring an adequate supply of reactants (O2) to the surface or 
else the tarnish layer growth rate will be dependent on 
diffusion control. Once the flow rate increases to cause 
turbulence, the supply of fresh reactants will no longer be
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diffusion controlled and flow effects can be used to 
determine if the SS or DP pathway is taking place. Even 
under turbulent conditions, there' will be a thin, laminar 
sublayer44 next to the surface. Reactants still must 
diffuse through the boundary to reach the surface. If the 
surface is too rough, the sublayer will be affected by 
turbulence and will be more difficult to characterize. Thus, 
flow effects should be evaluated on smooth walled specimens 
under turbulent conditions.

When reactions are no longer diffusion controlled, they 
are considered to be under activation control. The flow 
needed to change from diffusion to activation control on 
cupro-nickel alloys in seawater has been characterized.4  ̂ it 
was determined that the change to turbulent conditions from 
laminar usually accompanies the reaction transition. The 
change to turbulent condition can be predicted by Reynolds 
number calculations using the following equation for tubular 
flow:

Re = dV/v (2)
where d is the tube diameter, V is the fluid velocity, and v 
is the kinematic viscosity which is 0.00912cm^/sec for 
seawater. Turbulence usually occurs at Re values above 2300.

For this study, 1.45cm diameter tubes were used, making 
the critical velocity for . turbulence around 0.15m/sec to 
reach a Reynolds number of 2300. Thus, only flows above 
0.15m/sec were used to determine whether tarnish reactions
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proceed by the DP or SS pathway.

Figure 4 shows the effect of flow on the weight of 
corrosion product (Wcp) .that formed on '70:30 cupro-nickel in 
artifical seawater (12.Sg/I Instant Ocean, Mentor Ohio) for 
30 minute exposure tests.

The onset of activation control should occur above 
0.15 m/second flow and diffusion of reactants to the surface 
should not interfere with flow effect interpretation above 
this value (Point 2). The effects of diffusion to the 
surface can be seen in going from Point I to Point 2. Point I 
is for purely stagnant conditions where the only way 
reactants can be brought to the surface is by diffusion. As 
faster and faster laminar flow brings increasing amounts of 
Og to the metal surface, the corrosion product builds 
significantly. Once turbulence is reached, above Point 2, 
further increases in flow cause only slight increases in the 
corrosion product growth rate. It was mentioned that an 
increase in flow will lower the rate of tarnish layer growth 
if the DP mechanism is dominant. Since this is not the case 
in Figure 4, there is strong evidence the tarnish layer on 
70:30 cupro-nickel grows by the SS mechanism, under these 
conditions.

Further evidence that the DP mechanism is not 
significant lies in the microscopic appearance of the 
corrosion product layer on the metal samples. Since the DP 
mechanism is a precipitation process, it will involve
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Figure 4. Relative Tarnish Rate Versus Flow for 70/30 Cu/Ni

in 12.8 g/L Instant Ocean.
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nucleation and three-dimensional crystal growth. The layers 
formed by this mechanism are nonuniform and tarnish layer 
features such as pores and bumps should be evident. Also, 
the physical appearance of corroded samples with these 
features will be dull due to scattered light. Figure 5 
shows a micrograph of the corroded 70:30 cupro-nickel sample 
near Point 2 of Figure 4.^6 The smooth, even tarnish layer 
shows no features other than underlying metal topography. 
All samples corroded under conditions given for Figure 4 
show high lustre, further indicating a uniform tarnish layer.

Figure 5. 70/30 Cu/Ni Corroded Surface at 1000 X Magnifi
cation Showing a Uniform Layer Under Turbulent Flow.
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The SS mechanism will involve nucleation and two 

dimensional growth across the surface until a monolayer is 
reached.^  The layer will build in thickness uniformly as 
metal cations diffuse to the surface and react with adsorbed 
anions. Based on physical and microscopic appearance, and 
observed behavior of rates on flow, it can be concluded that 
the SS path is dominant for oxidation of Cu/Ni in seawater.

Auger Emission Spectroscopy

This study made use of Auger Emission Spectroscopy 
(AES) for direct observation of protective oxide layers 
formed on 70/30 cupro-nickel alloys in seawater. The use of 
AES was invaluable and in fact, there are few other surface 
analytical techniques available that can provide the 
information for adequate understanding of the growth of such 
thin layers. The ultra-high surface sensitivity is 
essential to detect the thin corrosion product layers that 
form during the early stages of corrosion, toward which this 
study was directed.

The origin of Auger spectra is shown in Figure 6. An 
electron in the core level of a surface atom is removed by 
an electron or x-ray beam in the 1-10 Kev range. The 
excited ion will decay to a lower energy state by electronic 
rearrangement, whereby a valence shell electron will replace 
the ejected core level electron, with ejection of another 
valence electron that carries away the excess energy.
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Figure 6. Electronic Origin of Auger Electrons.
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The second valence electron (Step 3) for this diagram 
is more commonly called a KLL Auger electron to signify that 
it is a part of a multielectron rearrangement process. 
Because the process is multistaged it will be very element 
specific,allowing unambiguous element identification.

Another important feature of AES is the surface 
sensitivity. The only way for the Auger electron to escape 
the solid without losing its energy by collision or by 
interaction with other atoms is if it originates at or near 
the surface. An escape depth on the order of a monolayer 
(-10 A) is typical for most Auger transitions. Also, if 
there are a number of atoms of the same type at the surface, 
the probability of many Auger transitions will increase and 
more Auger electrons will be counted.

Thus, Auger analysis allows good surface resolution



and the ability to unambiguously identify the composition 
of surface layers. Detection limits will be from 0.02 to 
0.2 atomic percent and precision can be as good as ±5%y de
pending on how much care is taken to control parameters, 
making quantitative analysis certainly possible. Also, all 
elements above He in the Periodic Table have characteristic 
Auger spectra, increasing the method's versatility.

Electrons must be counted in a ultrahigh vacuum system 
(-IO--*-̂ Torr) which can be a disadvantage for many in situ 
studies. Great care must be taken to assure the vacuum is 
not contaminated by polluting species such as organics or 
water vapor. Otherwise, the deposition of these materials 
upon the surface will occur in a matter of minutes. The 
elements of interest will be masked by contaminating species 
which must be removed before analysis can proceed.

Besides an ultrahigh vacuum system; the Auger instru
ment must have an electron gun for sample excitation and an 
energy analyzer for counting the number of electrons at var
ious energies. Electronic signal processing and computer 
control are helpful accessories. Since Auger electrons 
counted at a certain energy (N(e) or counts) are superimpos
ed on a continuous background of secondary electrons, peaks 
are more easily distinguished by differentiating the energy 
distribution function, N (e) , with respect to energy to give 
dN(e)/d(e) spectra. A typical Auger spectra for 70/30 
cupro-nickel corroded in seawater is shown in Figure 7.
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The principal energies used for this study are 

indicated by arrows. Quantitative data can be taken from 
the peak to peak distances as indicated by the horizontal 
bars. When the peak to peak height is divided by an 
appropriate, empirically determined sensitivity factor, then 
summed with similar data for other detectable elements, the 
atomic percent of that element can be calculated as shown in 
the following equation:

Px/Sx 100iPi/Si
where Cx is the atomic percent of element x and Sx is the 
sensitivity factor for the transition which is tabulated in 
the Auger spectra handbook, ̂  relative to the Ag MNN Auger 
peak. Pi and Si are the peak to peak distances and 
sensitivity factors, respectively, for the other i 
detectable elements.

In routine quantitative analyses, narrow energy regions 
are scanned and differentiated for calculation of atomic
percents, without having to scan the entire energy spectrum. 
This time-saving mode of taking data is referred to as 
multiplex data and is used for most analytical features 
offered by the Auger instrument. There are several good 
references available concerning Auger Analysis of . cupro
nickel alloys.48-51 More details on general Auger theory 
can be found in References 47 and 52-55.
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Depth Profiling:

Auger analysis would be somewhat limited in usefulness 
if depth profiling, were • not available. ■ . Because.. of the 
narrow escape depth of Auger electrons, the method is highly 
surface sensitive, however, sampling of the surface is

Orestricted to only the top 10 to 20 A. Most tarnish layers 
are many times that thickness so some form of etching away 
the surface, as Auger data is collected, is required. An 
Argon ion beam is scanned over the surface of the sample 
covering an area larger than the Auger analysis area. This 
will assure uniform removal of material within the analysis 
area. The beam mills away the surface as multiplex Auger, 
data is collected until the tarnish layer is penetrated. The 
milling or sputter time is then plotted against atomic 
percent value's calculated from the Auger data to provide 
the depth profile. If the etch rate is calibrated on a 
layer, of known thickness, the sputtertime can be related 
to actual depth, making the data more useful.

The use of the depth profile was invaluable to this 
study. Tarnish layers that formed on 70/30 cupro-nickeI 
exposed to seawater for several days reached a limiting

Othickness of around 2000 A. This thickness is easily 
analyzed in about 30 minutes milling time at moderate etch 
rates making the analysis experimentally feasible. If the 
layers were much thicker, however, too much time would be
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required for analysis or else a very .fast, etch rate would- 
be needed.

At the high energies required for fast etch rates, 
"knocking on" effects can occur. Argon ions penetrate the 
surface far enough to be retained and become part of the 
surface atom population. The resulting dilution by Argon 
lowers relative metal levels affecting the accuracy of the 
Auger analysis. Surface metal atoms can also be pushed or 
crowded into underlying layers resulting in concentration 
alteration.

Another problem associated with ion milling is 
preferential sputtering where one of the alloy components 
sputters away faster than another component. This results 
in enrichment of the . latter component at the surface. A 
quantity called sputter yield is responsible. Sputter yield 
is the number of a particular atom removed from the surface 
per Argon ion collision and is a function of the atom's 
atomic weight and binding energy. For cupro-nickel alloys 
the following equation can be used to calculate surface 
concentration alteration due to sputter yield differences:

tjS (equilibrium) “ R - Nj3 + R Nj3) (4)

where Ng and Nj3 are the surface and bulk alloy nickel 
compositions respectively, and R is the ratio of copper 
sputtering yield to nickel sputtering yield. As indicated, 
the equation applies at equilibrium. Equilibrium conditions



43
will be established if enough sputter time elapses, (usually 
within 5 to 10 minutes) allowing nickel surface atoms to 
reach a saturation level.' ' The equation predicts a 45% Ni, , 
55% Cu surface composition at saturation for a bulk alloy 
composition of 70/30 Cu/Ni when R = 1.9. This value is 
obeyed for a 0.5 Kev Argon, ion beam at a current density of 
15-20 uA/cm2. R is insensitive to changes in the beam 
energy if energies above 15 0 ev are employed.51 R is also

tinsensitive to current density changes being 1.9 at 15-20 
uA/cm2 and 1.6 at 500 uA/cm2. ̂  Changing the angle o.f 
incidence of the ion beam with respect to the sample surface 
also has little effect. The problem of preferential sput
tering can be very serious since atomic percent data from ' 
the depth profiles will be inaccurate.and independent of 
corrosion processes.

Although other researchers^5-51 reported preferential 
sputtering to be a problem with cupro-nickeI alloys, the 
results of this study showed no surface composition 
alteration. Depth profile information indicated the surface 
metal composition remained the same as the bulk metal, for 
very long sputter times (in excess of I hour) when analyses 
were performed on clean, uncorroded specimens of alloy. It 
is proposed that the difference in etch rates is responsible 
for the discrepancy. This work utilized a relatively high

O ' 0etch rate of 60 A/minute for a 300 uA/cm^ beam at 1.5Kv, 
compared to a maximum of 23 A/minute for other studies.48,49
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The ion beam alters the surface composition to a depth "d". 
If the Auger sampling depth is less than d then the Auger 
data will be affected by preferential sputtering. . If the 
etch rate is very fast,, (as for this work) material is 
removed too quickly for d to become significant and the 
Auger sampling depth will be greater than d. The equili
bration requirement for the previous equation cannot be met.
Thus, the Auger data for fast etch rates (in excess of 23
oA/minute) will not show the effects of preferential 
sputtering. Although unplanned, the lack of sputtering 
enrichment in this work was very fortunate and accurate, data 
was obtained without realizing sputter yields could be a 
problem.

oCalibration of etch rates was performed on 1000 A SiC^
oon Si and 1500 A Ta2O5 on Ta wafers. The SiO2 etch rate was 

very similar to the Ta2O 5 rate de.spite the differences in 
the two oxides. Thus, a similar rate was assumed for copper
and nickel oxides. For simplicity, the sputter conditions

0were adjusted slightly to give an etch rate of 60 A/ minute 
so that the sputter time in seconds corresponded to 
thickness in Angstroms. Once the thickness and atomic 
percent axes of the depth profile were determined to be 
accurate, the depth profile information could be used to 
evaluate surface corrosion product layers with confidence.

Depth profile's of Cu, Ni, O , Cl, S , and C were 
routinely run on corroded samples. If all of these profiles
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were placed on the same graph, confusion would result from 
all of the line crossings. ■ Since the levels of Cl, S., and C 
were always at or below the detection limit they., can be 
omitted from the profile graphs, relieving the confusion. 
The remaining profiles of Cu, Ni, and 0 were the most 
important, especially 0 , because oxide layers were the main 
corrosion product.

The oxide profiles can have a variety of shapes, as 
illustrated in Figure 8. Type I profiles show an oxide 
plateau indicating a definite boundary between the oxide 
layer and underlying alloy. The presense of a plateau 
allows estimation of the stoichiometry of the oxide layer by 
comparing the height of the plateau to the copper level at 
the same depth. The thickness of the oxide layer can also 
be estimated by the location of Point C on the depth axis 
where the oxide .level approaches the background. This shape 
was the most common of the profiles seen in this study.

If the surface of the sample is rough, the oxide layer . 
will be difficult to remove with the Argon ion beam. .As a 
result, the oxide profile will gradually taper off linearly 
to background levels. Profiles with this shape are 
classified as Type 2 profiles and are uncommon when good 
pretreatment procedures are used.

When corrosion conditions are adjusted to suppress 
corrosion product formation, or when exposure times are very 
short. Type 3 profiles will be seen. The only appreciable
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Figure 8. General Types of Auger Depth Profiles.
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level of oxides is at the very surface located by Point A. 
One or two monolayers of oxide is sufficient to give this 
profile shape.

Type 4 profiles were the most complicated due to the 
reorganization of the oxide layer to higher levels of Ni. A 
two phase oxide layer is formed with copper oxide overlying 
nickel oxide as indicated by the dip in Cu levels. On 
longer term samples, the dip can grow and extend to the 
surface causing the profile to appear like a Type I profile 
with the Cu and Ni lines switched. The boundary between the 
two oxides is marked by Point B and the center of the nickel 
oxide layer is marked by point C. Samples exposed to 
seawater for more than a day showed nickel oxide extending 
to the surface by the loss of the Point A to B segment.

Type 5 profiles were typical of oxide layers that were 
two phase across the surface of the sample instead of into 
the sample. Samples that were treated with agar showed a 
very thin layer of nickel oxide surrounding much thicker 
islands or nodules of copper oxide. As soon as the thinner 
nickel oxides were removed (Point B) , the nodules of varying 
size were removed gradually until background levels were 
reached (Point C). Sputter times in excess of I hour were 
sometimes required to reach Point C .

Depending on the experimental conditions, the depth 
profiles can be a combination of these. shapes, making 
interpretation more difficult. However, the majority of
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profiles can be classified as one of these types. These 
shapes will be referred to throughout the rest of the 
discussion and more detail will be given where appropriate.

One of the most important pieces of information 
obtained from the depth profile, besides layer thickness, is 
the area under the oxide profile. This value can be related 
to the weight of corrosion product (see mass balance deriva
tion section) providing a good estimate of the tarnish layer 
growth. By using standard exposure times of 30 minutes, 
comparisons of oxide layers will give relative tarnish rates 
which can be'evaluated for different experimental condi
tions. This simple rate determination method was used 
extensively throughout the parameter evaluation section to

Obe presented. Relative areas (AT%-A) at 30 minutes exposure 
were plotted against each corrosion parameter to evaluate 
its effect on formation of a tarnish layer.

Other Features:

Other analytical features available on most Auger 
instruments include Scanning Electron Microscopy (SEM), 
element mapping, line analysis, and point analysis. The SEM 
allows precise imaging of the surface over which Auger data 
is taken allowing correlation of surface features with 
elemental analysis. Analyses can be taken over the entire 
surface shown on the SEM imaging screen or across a line 
drawn across the surface for relative element level
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comparisons on surface features. Precise points can also be 
defined for analysis for ' exact feature identification. An 
element map across the surface can be made by defining a 
grid of point analyses and letting the atomic percent level 
at each point regulate the brightness of a dot placed at 
each analysis position on the screen. Photomicrographs can 
then be taken and correlated with surface features. All of 
these features were used to study the corrosion reactions of 
70/30 Cu/Ni in seawater. More information on each feature 
will be given in the experimental section.

Material Balance

Electrochemical reactions that occur during corrosion 
of metals are complex and depend on the corroding medium and 
environmental conditions. Because of the complexity of 
these processes, any one analytical technique cannot 
provide enough data to understand the corrosion process.

Historically, most corrosion reactions were studied by 
electrode methods because the majority of corrosion 
reactions are electrochemical.56 However, one of the dis
advantages of electrochemical measurements is their

c n ■interference with the corrosion reaction itself. It must 
be assumed that a freely corroding metal will behave the 
same way as a metal placed in the electrochemical cell. 
With the recent development of several surface analytical 
techniques5 6 coupled with more conventional corrosion
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measurements, many corrosion reactions can be successfully 
studied. Electron Spectroscopy for Chemical Analysis 
(ESCA), also known as X-ray Photoelectron Spectroscopy 
(XPS), and Auger Emission Spectroscopy (AES), which' has 
already, been discussed, are the most popular surface tech
niques.^^ ' ESCA provides chemical state information with 
depth when ion milling is used to erode the surface away. 
Both ESCA and AES can only be used to evaluate the tarnish 
layers on the corroded metal, however, and cannot provide 
information about the overall corrosion process. Also, in 
situ corrosion analysis is impossible because of the ultra- 
high vacuum requirements of the techniques. Raman Spectros
copy has in situ capability, but may not be sufficiently 
s e n s i t i v e . I t  also has the advantage of being non
destructive to the sample being studied.

Any of the surface methods, when supplemented with 
material balance techniques, will provide a more detailed 
analysis of the corrosion process. Material balance 
accounts for all weight losses and gains with respect to the 
corroded metal and corroding medium. By. using AES to 
analyze the corrosion product layer on the metal surface. 
Atomic Absorption Spectroscopy (AAS)63 to determine metal 
levels - lost to solution, and microbalance readings ' to 
monitor weight changes in the coupons, the data required for 
adequate understanding of the corrosion of cupro-nickeI 
alloys in seawater can be generated.
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The closed system used in this study (see experimental 

section) allowed easy monitoring of solution losses by AA. 
Other experimental designs where metal samples are exposed to 
open ocean waters or large volumes of seawater,.will not be 
amenable to solution analysis due to the extreme dilutions 
and lack of containment.. If analytical detection limits and 
interference levels are low, and containment of the used sea
water is possible, the course of the corrosion reaction can 
be followed as it occurs by direct analysis of small aliquots 
of the corroding seawater for various exposure times. If 
detection limits and interferences limit the analysis, the 
procedure becomes much more complicated since direct analysis 
cannot be performed. One method of eliminating interferences 
and improving detection limits at the same time is to pass 
the used seawater over ah ion-exchange resin column which 
rejects interfering species like major seawater ions, and 
retains the metals of interest. The metals can then be 
eluted with a small volume of acid and analyzed on the AA. 
Once the total level of weight losses to solution are known, 
by microbalance readings, the amounts of metal not recovered 
by the resin can be calculated^ completing the solution 
analysis. •

The best ion-exchange resins to.use are Chelex-100 (Bio^ 
Rad Labs, Richmond Ca.) and Dowex A-I (Dow Chemical), the 
latter being an impure form of Chelex-100. Both resins have 
a styrene lattice with iminodiacetic acid groups that have a
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high, affinity for heavy metals such as Cd, Cu, and Ni, and a 
low affinity for Na, Ca, and Mg. As long as the pH is kept 
above 5, Cu and Ni ions will be quantitativeIy removed from 
solution at recoveries better than 96% and over 99% of the 
major seawater species will be rejected. The method is 
patterned after a paper by Riley and Taylor®^ who used the 
procedure to determine background.levels of heavy metals in 
various seawaters. The method works equally well for Cu and 
Ni introduced by corrosion and forms a key part of the mass 
balance procedure. Several precautions must be taken, 
however, if the metal species are in non-retainabIe 
form.^”*'^ Precipitated metal or insoluble metal complexes 
will not be removed by Che I ex-10 0 and errors will occur if 
the method is used to determine total metal background 
levels. This is an advantage for this- study since it allows 
calculation of insoluble corrosion products lost to solution.

Once solution data, Auger data on the , tarnish layers, 
and mass loss data from microbalance readings are collected, 
they are entered into the material balance equations' 
presented in a following chapter. The equations predict the 
fate of each metal species involved in the corrosion process 
as well as the role of oxygen in the tarnish reactions. Due 
to the complexity of the mass balance procedure, a more 
detailed discussion of the method is warranted and will be 
presented in subsequent chapters. The material balance 
is one of the most important parts of this study.
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Biofilm and Organic Gel Properties

The previous discussion on general corrosion behavior 
pointed out the importance of biofouling and other forms of 
fouling on the cupro-nickel corrosion process. A discussion 
of the physical properties of biofilms and "synthetic bio- 
films", such as organic- gels (agar-agar and gelatin), is 
appropriate and leads the way to answering the' questions of 
how and why an organic layer affects corrosion. Once the 
physical effects oh corrosion are determined, the chemical 
effects due to specific corrosive byproducts originating from 
a viable biofilm can be singled out. This will be one of the 
major applications of this study.

Biofouling Processes:

In order to understand the properties of a biofilm a 
knowledge of the structure and changes in the .structure 
during the establishment and growth periods is required. 
Figure 9 summarizes the major processes of biofilm formation 
in chronological order from left to right.

When a cupronickel alloy is placed in natural seawater, 
it rapidly forms its protective oxide layer before any 
significant biological activity can be established. The 
relatively inert oxide layer then becomes the substrate for 
the biofilm to form upon. Growth then proceeds in five 
consecutive stages:^



1. TRANSPORT AND ADSORPTION OF ORGANICS
2. TRANSPORT OF MICROBIAL CELLS
3. ATTACHMENT OF MICROBIAL CELLS
4. GROWTH WITHIN THE BIOFILM
5. DETACHMENT

Figure 9. Biofilm Growth Stages.
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(1) Transport and adsorption of organic macromolecules 

on the inert surface.
(2) Transport of microbial cells to the surface.
(3) Attachment of microbial cells.
(4) Multiplication of cells'and formation of extra

cellular material.
(5) Detachment or spalling of material due to shear- 

forces of flowing seawater.
The first stage is reported to occur within the first 

few minutes of exposure to natural waters containing 
nutrients, microorganisms, and organic macromolecules such as 
glycoproteins'and polysaccharides. These molecules will 
adsorb to an inert surface at a rate not greater than 0.5 
nm/minute and will reach a limiting thickness of less than

/TO '0.1 urn. There is, undoubtedly, some effect on'" the
adsorption rate due to continual renewal of the surface by 
oxide layer formation during initial exposure to seawater. 
Some time may have to pass before the surface is "inert" 
enough for an organic layer to be established. Since estab
lishment of this organic layer is thought to be a precursor 
of a developing biofilm, the formation of a biofilm may have 
to wait until sufficient oxide layer has formed. Although it 
is very important, the question of how the oxide layer for
mation affects the deposition of an organic layer and biofilm 
is unanswered at this point. This study strived to answ-er 
part of the opposite question, ie;, how does a biofilm affect 
the corrosion process? ■



Once it forms, the organic layer will have a thickness 
that is too small to have a significant effect on the heat 
transfer or fluid flow characteristics at the surface. This 
will continue to be the case as long as the layer is thinner 
than the laminar sublayer thickness. The layer will, 
however, alter the surface properties of wettability, surface 
tension, and electrophoretic mobility in such a way that a 
specific microbial cell finds the surface hospitable.

Colonization of the surface by rod-shaped pioneer 
bacteria such as Flavobacterium, Achromobacter, and Pseudo
monas then occurs as represented by stages 2 and 3. The cells 
are brought near the surface by turbulence or chance and 
enter the thin boundary flow layer having a thickness cf. 
(The calmer conditions in this area give a cell a chance to 
attach to the surface if it touches the surface.) The cell 
will adhere reversibly by electrostatic attraction, 
interfacial tension, covalent bonding, or Van der Waals 
forces which are influenced by the surface characteristics. 
Since the preadsorbed organic layer affects the surface 
characteristics, its role is more clear. The surface proper
ties are also influenced by multivalent cations such as Ca+^, 
Mg+^, and Fe+ ,̂ which are commonly found in seawater. These 
ions are complexed with surface organic macromolecules, 
altering the overall surface layer.

Held under the actions of these surface forces, the 
cells can be easily removed by downward turbulent bursts in
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the boundary layer. If there are no appreciable, lift - forces 
available, the cell will roll along the surface until it 
reattaches. If, by chance, it remains in one place long 
enough, extracellular polysaccharides will be produced by the 
cell forming a permanent or irreversible form of adhesion to 
the surface.

Once the cells are firmly attached, they extract 
nutrients and energy from breakdown of organic or inorganic 
compounds and undergoe growth, reproduction, maintenance, and 
extracellular product formation. These processes are 
illustrated as stage 4 in Figure 9. The usual growth pattern 
involves formation of a network of connecting fibers of 
extracellular material which give the film a rigid structure. 
Silts and sediments, if present, will be captured, adding to 
the density and lowering the permeability. If the layer be
comes thick enough or impermeable, diffusion limitations will 
cut off the supply of nutrients and oxygen to lower layers 
resulting in death or lysis of the underlying cells. Selec
tive establishment of anaerobic organisms such as Thio- 
bacillus Thiooxidans, that derive their energy from reducing 
inorganic ions like SO42-., will usually occur, leading to 
changes in the film's structure. The resulting 1'oss of 
adherence under the influence of shear forces of the flowing 
seawater will lead to spalling or removal of the biofilm in 
patches. Also, if the layer becomes thick enough and extends 
above cf, shear forces can be excessive resulting in "tearing
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away" of the upper parts of the layer, as shown by stage 5. 
I f scavengers such as Flavobacterium or Agarbacterium 
proliferate, the polymer structure can be dissolved since 
these species are actively proteolytic. The loss in 
structural integrity can result in further spalling.

Whether the layer undergoes lysis in the lower regions 
or is torn away by shear forces, it will reach a limiting 
thickness in the 0 to 1000 urn range in a matter of days or 
weeks. The net growth rate will be determined by flow, 
temperature,- oxygen availability, and nutrient levels. The 
layer will also have a structure that can be physical Iy 
characterized and approximated by artificial means (agar) as 
will be discussed shortly. , -

The influence of corrosive cellular byproducts or oxygen 
deprivation due to cell metabolism will be considered direct 
effects of the biofilm on corrosion processes. .The physical 
presense of a biofilm and the associated hindrance to mass 
transfer will be considered as indirect effects on corrosion 
and are the main topic .of this study.

Biofilm Properties;

As a biofilm forms, it acquires many easily measured 
properties that characterize the film.^  The various 
properties that can be determined are summarized in Table 3 
which indicates directly measureable properties and 
properties that must be inferred from direct measurements.
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Table. 3. Measureable Properties of Biofilms.69

Direct Measurement:
Thickness Biofilm Fiber Count
Mass

Indirect Measurement
Frictional Resistance to Flow 
Density Heat Transfer Resistance

. Mass Transfer Resistance (Diffusion)
Constituents:

Polysaccharide Nucleic Acid
Organic Carbon' Protein
Chemical Oxygen Demand (COD)■

Viable Cell Constituents:
Viable Cell Count Lipopolysaccharide
Adenosine Tri-Phosphate (ATP)

The properties of particular Interest to this study 
include thickness, mass, density, fiber count, and mass 
transfer resistance, because they determine the corrosion 
behavior due to the mere presense of a nonviabIe layer. 
These characteristics can be approximated by a synthetic 
organic gel layer, allowing fast evaluation of corrosion 
properties without,growing real biofilms in the laboratory. 
Methods for measuring the -properties of Table 3 can be found 
in Reference 70, Chapters 9 and 11.

Thickness is perhaps the most -important biofilm property 
to measure since it helps define how much resistance there is 
to flow, mass and heat transfer, arid" corrosion properties.
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If the layer is thin (<40 urn), its participation in flow 
hindrance is minimal while the other properties can still be 
affected. Layers less than 10 urn are usually nonuniform and 
lack complete coverage, making properties very difficult to 
study and interpret. Sensitive measurement methods on less 
than 9-10 urn69 layers are not available, thus, a lower limit 
of 10 urn wet thickness has been set for organic layer 
studies. Above 10 urn, there is adequate cross-linking of 
fibers to give the layer its distinctive properties. Typical 
thickness values are illustrated in Figure 10 where growth 
with time was monitored in two separate studies. / ^l

Figure 10. Biofilm Thickness Versus Time for Glass and 
Aluminum Tubular Specimens.
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The data on the left were collected on glass tubing 
specimens under laboratory conditions^9 while the aluminum 
fouling data on the right were collected in real Gulf of



61
Mexico seawater service. Even though the thickness axes 
are similar, the time axes do not compare well at all, 
suggesting biofilm thickness growth- rates are very dependent 
on experimental conditions and foundation material. The 
similarities in the thickness axes suggest that typical 
values of 10 urn to 60 urn will be encountered even under very 
different experimental conditions. Higher thickness values 
have been measured for. short term growth periods (days) , 
however, patchiness and inhomogeneities will become more 
prevalent making studies difficult to interpret. Thus, a 
biofilm thickness range of 10 urn to 60 urn will be considered 
typical and synthetic gel layers will be.kept in this range.

Mass of a biofilm is usually determined on a dry weight 
basis since the degree of water absorption varies. Its sig
nificance is limited except as a sensitive indicator of the 
growth rates during the latter stages of biofilm development 
where patchiness limits accurate thickness determinations. A

ntypical sensitivity of 0.1 mg/cm for mass measurements has 
been s u g g e s t e d , ^  but the use of a sensitive microbalance and 
careful handling procedures, such as were used in this study, 
should allow measurements in the 5-10 ug/cm^ range. Dry mass 
values will usually be between 30 and 200 ug/cm , while wet 
mass values will be in the 1-7 mg/cm2 range as calculated 
from density-volume data.

Mass is also used to determine density by dividing it by 
the thickness and the sample's surface area. The mass of

7 I
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water in the layer can be calculated from the weight loss on 
drying, allowing calculation of wet film density.

Biofilm density is usually reported as dry film weight 
divided by wet film volume, which are both easily determined 
quantities. Typical values and their changes with time are 
illustrated in Figure 11.

Figure 11. Real Biofilm Density as a Function of Time.
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The data were generated on aluminum tubular specimens in 
service exposure to Gulf of Mexico seawater as part of the 
same experiment as referred to by Figure IO.71 Two separate 
experiments (loop 3 and loop 5) showed a general increase in 
density with time reaching a limiting density of 680 mg/cm3 
in one case. The reason for increasing density with time is 
due to a higher level of cross linking within the extra
cellular material as it ages. Silt, deposited inorganic
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salts, corrosion products, and other .debris are also picked 
up with time, adding to the weight without much increase in 
volume. The data set showing a plateau was attributed to low 
molecular weight biofouling where cross-linking was limited.

Since short term studies (<10 days) are the main
application of this work, densities in the range of 0 to 200
mg/cm^ will be considered typical and can be easily attained
by synthetic organic gel layers used to approximate nonviable
bio-film deposits. Wet film densities are difficult to
determine because of the uncertainties in measuring the wet
film weight. Since the layers are nearly 90-99% water, wet

7  7film densities should be close to that of water, even 
though dry film densities and cross-linking are high.

An estimation of cross-linking of extracellular polymer 
fibers was made possible with glass tubing fouling 
experiments.^ The number of fibers' per unit area could be 
visually counted as the biofilm developed, resulting in the 
data shown in Figure 12.

The degree of cross-linking increases nonlinearly with 
time showing relatively higher increases at larger times. 
The fiber count follows the chemical oxygen demand very 
closely, suggesting the production of fibers is the result -of 
biological activity within the biofilm, as expected. Since 
development of-a fiber count procedure on opague specimens is 
unlikely, the estimation fiber counts for this study was 
precluded. Procedures for fiber counting in synthetic gels
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are also lacking, thus direct fiber counting was largely 
ignored by this study. Other quantities such as diffusion 
coefficient and blockage factor are directly related to 
cross-linking and were the principal quantities used in this 
study for structural measurements.

Figure 12. Change in Biofilm Fiber Count and Chemical Oxygen 
Demand per Unit Area with Time.
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As the fiber count and thickness increase, the resis
tance to mass transfer will also rise, which will be very 
important to corrosion processes. The diffusional resistance
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of reactants to the surface and of corrosion products away 
from the surface will ultimately control the corrosion rate 
of an alloy coated with a biofilm. The degree of diffusion 
can be quantified by the diffusion coefficient which has been 
measured for a number of biofilm types as shown in Table 4.

Table 4. Diffusion Coefficients of Oxygen and Glucose 
in Various Types of Biofouling Layers.

Reactant DxlO^(cm^/sec) Biomass Type

° 2 1.5 Bacterial Slime
O2 0.21 Fungal Slime

Glucose 0.048 (Zooglea Ramigera)

° 2 *  *

OCNIO Mixed Cultures
Glucose toOIIOOO

O2 2 . 2 Nitrifier Culture
* Tests conducted under a variety of experimental conditions.

The diffusion coefficient D defines how much mass will 
diffuse across a given boundary (biofilm) of unit area per 
second and has dimensions of c m ^/second. D is dependent on 
the diffusing molecule's size and charge if it is an ion. 
The table shows the larger glucose molecule will diffuse 
almost five times slower than the smaller O2 molecule in the 
same biomass type. If the amount of cross-linking increases, 
the diffusion rate must decrease due to a blockage effect. 
Comparison of D values between a bacterial slime and a more 
filamentous fungal slime illustrates the effect. Since O2 
is the most important reactant and bacterial slimes are more
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prevalent, D values on the order of 1-2 x I O-^cm ̂ / second 
will be considered typical, and will apply to most of the 
inorganic species involved in mass transfer during corrosion.

Data, which is presented in the next section, indicate 
how well the various properties of a synthetic agar layer 
approximate the typical properties of a real biofilm, 
assuring some applicability of this study to real biofilm 
work. Synthetic layers ranging in thickness from 10 to 60 urn 
at densities of 50 to 200 mg dry/cm^ wet and diffusion 
coefficients- on the order of 1-2 x IO-5 c m 2/ second can be 
readily prepared.^

Organic Gel Properties:

Gels have been in laboratory use since 1880 when Robert 
Koch first used the substances to study bacteriology. Since 
that time, they have been extensively used for immobilization 
of bacterial cultures allowing systematic studies of growth 
and isolation of pure cultures in the microbiological 
laboratory. One family of gelatins has been particularly 
useful for culture isolation because of their more rigid 
structure. Agar-agar, or just agar, was introduced to the 
laboratory in 1881 by the wife of Walter Hesse, (a student of 
Koch's) who used the substance in her kitchen for making 
jellies. Agar is a mucilaginous water extract of the seaweed 
Gelidium, a red alga. The use of agar is well documented in 
any microbiology text.
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Although agar has been' in heavy use for so many years, 

its properties are not at all well understood. It has been 
determined to be a heteropolysaccharide composed of agarose 
and agaropectin, for which the molecular weights are 
unknown. Whether .agar is a linear or branched polymer is 
also unknown, however, it can be regarded as an infinite 
three-dimensional network of loosely knit fibers of varying 
length. Some gels exhibit a marked Tyndall effect, (scatter
ing of light when illuminated) while others show no effect at 
all. Those gels showing no effect suggest a very fine 
grained structure. In addition, the relatively high vapor 
pressure of water over a gel and the high permeability to 
ions and molecules show that, on a molecular scale, 
properties are different from that of the bulk material. To 
bear this out, the average interval between two threads has 
been calculated to be on the order of 10"^ to IO-  ̂ um at very 
dilute gel concentrations.-̂ ' ^  Ordinary gelatins have very 
limited strength compared to agar at the same concentration. 
Due to a lower level of cross-linking, it takes roughly five 
times as much, weight percent gelatin to get the same 
structural properties as agar.

Organic gels and gelatin systems have long been studied 
by colloid investigators because of the similarities to gel
like bodies in living organisms. The fact that gelatins 
are derived from plant and animal tissues make it no surprise 
that there are close resemblances. Since agar is also a
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polysaccharide, it is chemically similar to a real biofilm 
and has a similar rigid structure. For these reasons agar 
has been chosen as a candidate material for this study to 
approximate biofilm layers found on condenser tubing. Other 
polysaccharides that could be candidates for this study 
include carrageenin and alginic acid. Alginic acid was 
evaluated in this work and was found very difficult to use.

Early experiments to study the structure of gels 
utilized small particles of Hg imbedded in gels in hopes of 
observing some interference to Brownian motion of the 
particles by the gel network.^^ When these experiments 
failed, it was concluded that the structural units lie 
somewhere between the scale of molecular size and Brownian 
motion experiments, and thus, could be studied by diffusion 
measurements. The use of diffusion coefficients have since 
become the main method of study of gelatin microstructure.

Diffusion coefficients can be determined by application 
of Pick's laws, which are;80,81

dM = - D q (dC/dX)dt 1st Law (5)
(dC/dt) = D (d2C/dX2) 2nd Law (6)

The first law states that the diffusion coefficient D 
can be calculated by measuring the change in the amount of 
solute passing through a cross-section q in time dt under a 
concentration gradient dC/dX. The second ,law is easier to 
use than the first law and is a derivation of the first law. 
It states that D can be calculated if the concentration
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change is measured with time and related to the change in the 
concentration gradient. The second law can be rearranged to 
give: Flow of Solute, J = Concentration x Velocity or J =
- D- grad C or Flow = D times the concentration gradient. D can 
be expressed in terms of Boltzmann's constant,k, times TB. 
Since k = R/N, the equation D=RTB1ZN can be written, where R is 
the gas constant, T is the temperature in 0K, N is the number 
of moles of solute and B is the mobility of a solute, particle. 
The ■ reciprocal of B is the frictional coefficient, f, and is 
given by f = I/ (6irnr) which is Stoke's law for a sphere moving 
through a liquid. The fluid viscosity is n , and r is the 
sphere's radius. The overall equation D = RT/ (N6*rnr) ■ is 
called the Stoke's-Einstein formula, and allows calculation of 
a molecule's radius, once its diffusion coefficient - is known. 
Some general relationships can.be derived from the formula as 
follows:^

1. In the same solvent and at the same temperature with 
a number of diffusing substances, we can write,

D x r =  constant. (7)
2. At constant temperature, a given substance diffusing 

in a variety of solvents should give,
D x n =  constant. (8)

3. At constant viscosity,, a substance diffusing at
several temperatures should give,

D/T = constant. (9)
Attempts to verify D x 4 W  = constant (M is the molecular 
weight) did not work in all cases. The significance of
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these relations is that once a diffusion coefficient is 
known, a new coefficient under new conditions can be found.

Experimental requirements for accurate diffusion 
coefficient measurements are:

1. Change in concentration << I.
2. No chemical reaction of solute.
3. Need a sharp initial interface between solute and 

solvent.
4. D not a function of concentration.
5. No mixing or temperature changes.
6. No change in volumes.
7. Accurate concentration measurements.
Two main pieces of information about an agar's structure 

can be derived from a study of the diffusion coefficients of 
various molecules. The pore size and blocking effect can be 
calculated for different molecules and ions using the Fried
man formula:

Dwater/Dagar = + 2.4r/R)(l + ) (I + 'TT) (10)

where r is the radius of the diffusing molecule, R is the 
average pore radius in the gel, oi, is a correction factor for 
the viscosity, and -Ch is the correction factor for mechanical 
blocking. must be introduced since part of the agar dis
solves, influencing the viscosity of the liquid in pores. It 
can be determined by the difference between D^ater anĉ  the 
diffusion coefficient extrapolated to 0% agar from a % agar 
versus D curve. <T is determined from Dumanski's formula:83
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'TI' (g/d) ̂  ̂ where g is the grams agar per cubic centimeter
and d is the agar's dry density.

Thus, the diffusion coefficient is lowered by the 
reduction of diffusion space by the volume of the agar's 
structure (I + 2.4r/R) , and increased resistance to motion 
due to the proximity of agar cell walls ((I +TT) or blocking 
effect), and an increased viscosity of the free liquid due to 
dissolution of some of the agar (I + ). The reduction in 
the diffusion coefficient caused by the above factors as the 
agar concentration is varied, is illustrated in Figure 13.

Figure 13. Diffusion in Agar Gels.^

Agar, %.

The curves are fairly linear and decrease significantly 
for an increasing agar % due to decreasing pore diameter. 
The "a" curve is for a 3% urea solution diffusing into agar, 
and the "b" curve is for 3% glycerin. The difference in the 
two lines is due to significant chemical alteration of the 
pore structure of the agar by glycerin. Other nonelectrolyte
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materials have axlso been tried, including glycerol, sucrose, 
dextrose, trimethylene glycol, ethyl and propyl alcohol, and 
pyridine. Each gave a slightly different pore size 
calculation, however. Table 5 indicates the magnitude of some 
pore sizes calculated from Figure 13 and another study 
involving gelatin- using Friedman's formula.78,79

Table 5. Radius of Pores in Agars and Gelatins for Various 
Nonelectrolytes (Nanometers),

Gel Urea G l y c e r i n e S u c r o s e

2% agar 2 . 9 * 5.65 —

5% agar 0.74 1.43 —

5% gelatin 9.4** 5.7 5.5
10% gelatin 3.0 1.7 1.4
15% gelatin ■1.6 1.0 0.5
* Reference 78 Table II data above dashed line.* * Reference 79 Table IV data below dashed line.

The table shows the significant difference in the pore
sizes between gelatins and agar explaining the differences in 
the bulk strengths of the two materials. The strength 
increases as pore size and diffusion coefficients decrease. 
Since it is experimentally unfeasable to prepare much more 
than a 7% agar suspension due to limited solubility, a lower 
limit of 0.5 nm can be placed on pore size. This is on the 
order of molecular size, explaining why the pore size
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calculation is so dependent on the type of molecule diffusing 
through the high weight percent gelatins and agars. Agar has 
difficulty setting up below 0.2%, so. an upper limit on pore 
size should be near 15 to 20 nm. At these dimensions, 
resistance to diffusion will begin to approach that of water, 
such that a layer of agar will behave much the same as a 
stagnant layer of water having the same thickness. Unless 
there is chemical interaction (as in the case of glycerin) , 
the resistance to diffusion will be minimal and the terms of 
the Friedman formula will approach one as agar is kept 
between 1% to 5%, or gelatin is made up between 5% to 15%.

The structure of agar with respect to electrolyte 
diffusion is significantly different than for molecular 
diffusion. The presense of an electrolyte in the gel network 
breaks up the loose tetrahedral structure of the water 
molecules which then associate with the ions. The immobilized 
sheath of water molecules bound to the pore walls is dis
rupted changing the effective pore diameter. Also, the 
agaropectin component of the agar contains sulfuric and 
uronic acid residues, imparting a small Cation exchange

Q  Acapacity on the order of 0.1 meq/g dry agar.  ̂ As a result, 
ionic components will diffuse slower than molecules in non
electrolyte systems. The differences have been systematically

f ,

studied by several researchers®^'^ including Debye and 
Huckel®7 ' who proposed theories relating diffusion and 
activity coefficients.
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The diffusion of electrolytes is also complicated by the 

need for charge balance across the diffusion boundary. The 
same amount of positive charge must cross the boundary as 
negative charge resulting in a slowdown of the same cation 
when associated with larger and larger anions. The self
diffusion coefficient (charge balance effects are ignored) of 
various ions can be calculated using radiotracer methods 
which seem to be very popular in the literature.^4,88-93

The obstruction effect on agar- electrolyte systems is
greater than for a nonelectrolyte system. In order to
quantify the level of obstruction , a term called the
Formation factor was i n v e n t e d . %t is given by the formula 
F = Ds/Da where Ds is the diffusion coefficient extrapolated 
to 0% agar on a diffusion coefficient versus % agar plot. Da 
is the diffusion coefficient as measured in the agar. For 
example, F for urea at 4 weight % agar from Figure 13 is
1.48. In theory, the diffusion coefficient in a - pure
solution should be the same as extrapolation to 0% agar. 
Thus, if the free diffusion coefficient in a given solvent is 
known and is multiplied by F , the actual diffusion coef
ficient in agar can be calculated.

Figure 13 indicates F is a linear function of the weight 
percent agar and can.be written in the form:

F = Ds/Da = l/(l-ccw) = I +.ocw (11)
where w is the weight percent agar and cC (slope factor) is
calculated from the Wang formula:^
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*= (1/da + H/dw )dw (B - I) (12.)

where da is the density of anhydrous agar (~1.6), dw is the 
density of water, H is the amount of bound water in grams 
per gram of anhydrous agar (~3.6). B is a geometric shape

Q Cfactor^^ and is 5/3 for randomly oriented long needles, 
which approximates the agar network. Using these values, 
«(= 2.82 and, thus F = I + 2.82w . This calculated formation 
factor equation accounts for hydration effects of electro
lytes in the agar network and, as a result, accurately 
describes the relationship very well for real electrolyte 
systems. Experiments^ show F = I +  2.84w, indicating the 
agar structure role in ion diffusion is well understood. 
If non-electrolytes are diffusing, the formula F = I +  0.42w 
works well, since this formula neglects hydration effects of 
the ions and agar cell walls.

With the ideas presented in the preceeding outline of 
the properties of agar gels, the diffusion of C>2, Cu+, OH- , 
corrosion product molecules, and other species important to 
this study, can be calculated fox seawater. The application 
of the diffusion data would become important when agar is 
compared to real biofilms, assuming the outlined diffusion 
tests can be performed on a real biofilm. A set of tests 
that compare the microstructure of real biofilm to agar, 
using diffusion methods, would be the next logical step 
after this study in order to associate corrosion in agar 
coated systems to real biofilm systems.
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Scope of Study

Due to the widespread use and excellent corrosion 
resistance in seawater, 70/30 cupro-nickel (CDA 715) was 
chosen for this study. The alloy performance is good due to 
the properties of the thin protective oxide layer that forms 
during the first few hours and days of exposure to seawater. 
Thus, a study of the factors (especially biofouling) that 
influence the initial growth of •this layer will have much 
practical value.

Bacterial biofouling effects on the formation of the 
oxide layer have not been as extensively studied as the 
other forms of localized corrosion such as sulfidation and 
impingement, and so, was chosen as the major theme of this 
work. Since biofouling effects can be a combination of 
physical blocking and specific cell interactions, a method 
of separating the two sources of corrosion influence is 
required. One way of carrying this out is to use a 
synthetic, nonviable organic film similar to a real biofilm.. 
Agar-agar gelatin meets this requirement and is easy to work 
with. Once the physical blockage effect caused by the mere 
presence of a layer can be characterized, the way would be 
cleared for a later study of specific cell interactions with 
the corrosion process.

It was soon recognized that many samples would have to 
be corroded to adequately study the proposed parameters.
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Since at least eight parameters, (temperature, salinity, 
dissolved Og, chlorination, flow, time, seawater chemistry) 
with and without agar, were felt necessary to study, the 
total number of permutations could number in the thousands. 
Even though it is experimentally impractical to study all of 
the permutations, the best approach would be to use a 
corrosion system whereby many small and easy to use samples 
could be run in a short time. A coupon approach, instead of 
tubular sections, (see experimental section) would allow 
corrosion of many samples and more flexibility in the way 
the experiments could be run using flow reactors, stirred 
reactors, etc.. Also, the coupons could be precut from 
tubing sections before corrosion instead of cutting out 
sections of a corroded tubular specimen and disturbing the 
delicate oxide layer in the process.

The coupon approach is necessary from an analytical 
standpoint since the thin oxide layers require auger 
analysis, which precludes the use of larger tubular 
specimens because of size restrictions in the auger 
instrument. Also, the use of material balance techniques 
coupled with auger analysis requires small enough samples to 
stay within the weight range of a sensitive microbalance. 
Add this to the fact that the inside surface of a tube is 
inaccessible to the auger electron beam.

Another advantage of the coupon approach is the ability 
to watch the metal surface as it corrodes, providing more
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information. In fact, the entire progress of the corrosion 
reaction can be followed by the color and appearance of the 
metal surface. In order to see the coupon corrode, a glass 
corrosion cell must be used, which can be easily fabricated 
by simple glassblowing techniques.

The corrosion cell must be part of a flow type reactor 
to simulate real condenser tube conditions, which is the 
main application of 70/30 alloy. The coupons are placed in 
the cell in such a way so as to imitate flow in the original 
metal tube from which the coupons were cut. The volume of 
the system must also be sufficient to approach once through 
flow conditions or else the corroding coupons will affect 
the seawater and its corrosive properties. A 2.G liter 
system is sufficient for several day corrosion tests on 
several coupons. Control of temperature, flow, and seawater 
chemistry (pH, salinity, alkalinity) must also be available. 
A detailed description of the corrosion apparatus that 
provides these features is given in the experimental section 
to follow.

The study is based entirely on short term (<4 days) 
exposure times, since there is little, if any, change in the 
corrosion product layer, especially after the second day. 
This allows rapid evaluation of all corrosion parameters. 
In order to compare corrosion rates, times must be held 
constant and the amount of weight loss and corrosion product 
monitored. Since the corrosion rate versus time curve is
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parabolic, rates must be determined in the steeper, earlier 
time region or else there will be poor sensitivity. Thirty 
minutes has been used extensively as a standard exposure 
time for the rate data reported in "this study for' non-agar 
treated coupons. A one hour exposure for agar treated 
specimens gives sufficient oxide layer to study.

Since the rate of repair of a damaged oxide layer is 
inversely related to the degree of localized corrosion, the 
conditions that allow the most rapid oxide layer formation 
are most desirable. These conditions can be evaluated very 
quickly, usually within the first hour of exposure, allowing 
many permutations to be tried. Evaluation of each of the 
corrosion parameters is the topic of a subsequent section. 
Conditions that allow the most rapid oxide layer formation 
will be recommended.

Experimental methods of coating and uncoating coupons 
with different agar layers and the means of varying 
thickness and degree of crosslinking had to be developed. 
In order to have some resemblance to a real biofouled 
system, the thickness had to be in the IOum to 6Oum region 
and dry weight versus wet volume densities had to be in the 
range of 0.1 to 0.6g/ml. These ranges could be easily 
obtained by dipping a coupon into a 0.5 to 5% boiling agar 
suspension and allowing the coating to set up and dry before 
corrosion. Once a treated coupon is placed in the corrosion 
cell, the agar will quickly reequilibrate with water giving
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a layer with similar physical characteristic to a nonviable 
biofilm. The direct effects of the organic layer can be 
evaluated by comparing the corrosion data to the data ob
tained on a non-agar treated coupon run under the same 
corrosion conditions.

Another parameter that must be introduced to study the 
effects of agar layers is the time offset. That is, some 
time must elapse before a real biofilm can develop, all the 
while, the metal is corroding. Thus, in a real system, the 
biofilm is forming and influencing a precorroded sample. In 
order to simulate this behavior, the agar application time 
must be varied and the data compared to non-agar treated 
samples corroded for the same total time period. Most of 
this study utilized zero time offset, which allows more 
reproducibility and interpretable results.

Other analytical procedures had to be improved and 
utilized, including material balance, auger, ESCA, and AAS. 
Each is detailed in the experimental section to follow and 
lays the groundwork for similar studies being run concur
rently ^ ^ ^  and in the future.

It is expected that, as a result of this study, a 
fairly good understanding of the blockage effect imparted by 
several synthetic organic layers will be gained. A real 
biofilm should have similar physical characteristics; thus, 
any differences seen by corrosion in real service should be 
due to specific cell interactions. The corrosion mechanism
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will be clarified and theories tying in the influence of 
each corrosion parameter will be developed. As has been 
mentioned, useful analytical procedures for concurrent and 
future studies will -be developed, and conditions for rapid 
oxide formation and increased localized corrosion resis
tance r will be presented.
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EXPERIMENTAL 

Coupon Preparation

Coupons are cut from the walls of 1.35 cm I.D.x 1.71 cm
0. D . stock 70/30 cupro-nickel alloy (CDA715) condenser 
tubing using a sharp, fine toothed metal saw. Rough edges 
and burrs are removed with a smooth file to approximate the 
coupon dimensions shown in Figure 14.

Figure 14. Coupon Dimensions.

K  14.5mm ^

8.0 mm

145 arc

The outside chord length is 14.5 cm which will sweep 
out a 145° arc for this diameter tubing. The width is cut 
to 8 mm. Each coupon is custom fit by filing the outside
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chord edges until it barely slides into a 15 mm diameter 
test tube which is used as the corrosion cell. The outside 
chord edges must be filed squarely or else the coupon will 
rest crookedly in the cell and impede smooth flow through 
the cell (see Figure 15). Caution must also be taken so as 
not to remove too much metal from the outside edges or the 
coupon will fit too loosely in the cell and be moved about 
by high flow rates. Scratches on the inside curved surface 
must be avoided during all coupon handling since this is the 
surface to be analyzed.

, Eight coupons can be cut from a 4 cm section of tubing 
by first making a lengthwise cut through the tubing wall. 
Mark off a 1.6 cm chord from the first cut / at each end of 
the tube. Make another lengthwise cut along these marks to 
free a (4 cm long x 1.6 cm across) piece of tubing wall. 
Another similar piece can be cut from the remaining tubing. 
Each section can then be cut into four pieces about 9 mm 
wide and filed to the final recommended dimensions. Since a 
vise is used to hold the metal while cutting, care must be 
taken to avoid squeezing or bending the metal which will 
introduce stresses and disturb coupon c u r v a t u r e s O n c e  
cleaned, coupons are only handled with teflon coated 
tweezers.

Coupons are not labeled in any way so they must be 
stored in individually marked vials. Storage vials that are 
6.0 cm tall and 1.5 cm in diameter were used to hold each
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coupon before and after corrosion. This vial size prevents 
tumbling and scratching of the coupon. To prevent changes 
during storage, a pinch of CaCl2 dessicant is added to each 
bottle followed by a wad of cotton and a paper disk. The 
coupon is placed on the paper disk and N2 gas is introduced 
followed by rapid capping to.keep air out.

Coupon Pretreatment

A surface pretreatment procedure which removes the 
effects of a sample's history has been developed to prepare 
Cu/Ni alloy coupons for corrosion in seawater.  ̂̂ The 
effects of roughness, degreasing, annealing, acid pickling, 
and storage have been characterized and appear in a later 
section. Several references have been very useful in the 
development of this method.97-100 T^e recommended coupon 
pretreatment procedure is as follows:
1. Abrade the inside curved surface of the coupon with 600 
grit SiC emery paper wrapped around a round polishing in one 
direction carefully and slowly. Change direction 90° until 
the first scratches are removed, then go back to the 
original direction until only those scratches can be seen.
2. Degrease the sample in reagent grade acetone by swirling 
in a small beaker for one minute, or use an ultrasonic 
cleaner for agitation. Rinse with fresh acetone from a wash 
bottle and let dry. Use a separate set of teflon coated 
tweezers for sample handling in this step.
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3. Pickle a 70/30 Cu/Ni sample by dipping in concentrated 
HNO3 for 5 seconds using only good teflon coated tweezers. 
Since 90/10 Cu/Ni is much more reactive in concentrated HNO3 
and becomes very rough and pitted, 25% HNO3 should be 
substituted if this alloy is being studied. Immediately 
rinse in a beaker of fresh doubly distilled water followed 
by several more rinsings in fresh beakers of doubly distil
led water. Cleanliness is extremely important in this stepf
since a slight amount of surface contamination will cause 
differential corrosion across the metal surface, especially 
on and near the edges. Reproducibility can be significantly 
affected.
4. If the coupon is not part of a material balance 
experiment, coat with agar and place the sample in the 
corrosion cell while still wet to avoid contamination and 
begin the corrosion test. If a material balance is being 
performed, allow the coupon to drain on a pile of tissue, 
then dry completely under a gentle stream of N2 ' gas before 
weighing on a microbalance. Cover to avoid dust if the 
coupon is not weighed right away.

With this procedure, the corrosion test will be run on 
a clean metal surface with a controlled roughness and a 
surface composition representative of the bulk metal. 
Reproducibility will be within ^lO % rsd if roughness is 
carefully controlled, contamination is avoided, and teflon
coated tweezers are used.
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Annealing of samples is not recommended since little or 

no difference in the corrosion behavior could be seen 
between annealed and nonan'nealed samples. Any annealing in 
this study was accomplished using a high temperature Meker 
burner flame instead of a more desirable vacuum furnace, 
which was not available. Coupons were held in the reducing 
part of the flame, at a bright red color, for 10 to 15 
minutes using platinum tipped tongs, followed by immediate 
cooling under a stream of N2 . Any oxide that formed was 
removed by gentle abrasion with 600 grit SiC emery paper in 
the roughness control step.

Corrosion Procedure

The general corrosion procedure was designed to provide
\quick and reproducible results while maintaining as much 

similarity to real condenser tube service as possible. The 
equipment had to be easy to use and inexpensive. In order to 
meet these criteria and others to be presented shortly, the 
apparatus described in the following section was 
constructed.

Corrosion Apparatus:

A corrosion apparatus capable of simulating real 
tubular flow using coupons, and allowing easy modification 
of the seawater chemistry and temperature was put together.
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Figure 15. Tubular Flow Corrosion Apparatus.

h o l d e r
END 
VIEW j

8  mm id 
YGON

COUPONS • /

PINCH
CLAMp

f  OUT

CORROSION
CELL z

5 0 0  ml
dist i l  Iotl on 

NosK

CALIBRATED
F LO W

Re s t r i c t o r

1 8 0 0 m l

Figure 15 is a sketch of the corrosion apparatus which 
is made entirely of easily obtained parts. The three major 
components include a pumping system, holding resevoir, and 
corrosion cell. The pumping system is composed of a 1/15 
horsepower, Fischer Scientific Model MD1-30T recirculating 
pump, (1983 Catalog # 13-874-11) having a maximum capacity 
of 24 liters per minute at 3000 rpm, and lengths of 8mm I.D .
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R3603 Tygon tubing. Lengths of 8mm O.D. thinwall softglass 
tubing, cut to fit as shown, are used for entry into and out 
of the holding reservoir. The pump is magnetically driven 
having a seal-less polypropylene impeller housed in a 
polypropylene casing, which eliminates exposure of any metal 
parts to the seawater. . Since the pump can be severely- 
damaged if run dry, some clamps may have to be used on 
connections to prevent leakage when the apparatus is being 
run unattended.

A holding reservoir many times the volume of the 
corroding coupons is required so that "once through" 
conditions are met. That is, the total volume of seawater 
must be largely unaffected by the presense of corroding 
coupons or else contamination of the seawater with corrosion 
products will alter the seawater chemistry. It is expected 
that high background levels of metal ions in solution will 
influence corrosion behavior. Also, most real condensor 
tube applications utilize "once through" conditions unless 
water is scarce and cooling towers are used. If volumes are 
large enough, a recirculating system will approximate a 
"once through" type of system. The resevoir is made up of a 
2L graduated Erlenmeyer flask and a #10, 5 hole, rubber 
stopper. The stopper is first fitted with a 5cm long piece 
of 8mm O.D. softglass tubing with a' short piece of tygon 
tubing attached. This assembly is used as a vent for the 
system and can be clamped off to exclude the atmosphere.
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Another hole is fitted with a -IO0C to +IlO0C- 

thermometer, which is inserted so that the immersion mark is 
in line with the 1800ml mark on the er lenmeyer, when the 
apparatus is assembled. The temperature at any given time 
can then be read to the nearest 0.2°C. If the reservoir 
wall is foggy, the flask can be tipped to wet the wall and 
allow a clear view" of the thermometer.

Another hole in the stopper is fitted with a gas 
bubbler having a 40mm diameter sintered glass disk. The 
tubing end is fitted with a short piece of tygon tubing to 
allow connection to a compressed air, oxygen, or Ng tank so 
that the amount of oxygen in the system can be controlled. 
Only a tiny stream of bubbles is allowed to leave the disk 
or else they will enter the pumping system and cause a loss 
of "prime" and effect flow rates.

This port can also be used to introduce fresh seawater, 
chemical additions such as chlorine, or to remove seawater 
samples from the system by connecting a suction bulb and 
withdrawing a desired amount. If the port is clamped off, a 
vacuum can be applied to the vent port to provide an 
evacuated corrosion system.
" /- The remaining two holes in the stopper are fitted with 

8mm glass in and out tubes, which connect to the pumping 
system. The in tube should extend a few centimeters below 
the 1800ml mark so that the incoming seawater does not 
introduce air bubbles into the system which would affect the
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"prime" of the pump. The outlet tube should extend to 
nearly the bottom of the flask. By keeping the outlet away 
from the inlet, adequate mixing of the solution in the 
reservoir is assured. When all glassware is fitted into the 
stopper, the assembly is carefully inserted into the flask 
and seawater is added to the 1800ml mark. This level is 
maintained as the system is running, giving the apparatus a 
total volume of 2500mls.

The temperature of the system can be easily controlled 
by placing the reservoir in a controlled temperature water 
bath. The flow through the system is fast enough, that the 
temperature in the corrosion cell will be very close to the 
holding reservoir's temperature. Tolerances of as little as 
0 2 °C can be easily maintained. ■ This temperature will be 
affected by the pumping friction, which tends to raise the 
temperature slowly, if no temperature control is used. 
Figure 16 shows the rate of heating by the pump, indicating 
it takes nearly three to four hours for the temperature to 
stabilize and will remain at. about 10°C above the room 
temperature. If the room temperature is constant at 22°C, 
the system will stabilize around 32°C, however, it will 
take up to four hours. Much time can be saved by warming 
the seawater in a bottle under a hot water tap to 15°C above 
room temperature before pouring into the apparatus. The 
solution will cool a few degrees during filling to give a 
stable IO0C above room temperature.
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Figure 16. Heating Rate Data for Corrosion Pump.
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The last major component of the apparatus is the 
corrosion cell. It is a 500 ml erlenmeyer evacuation flask 
housing the coupon holder which is a 15 mm I.D. x 15 cm long 
test tube with a 10 cm piece of 8 mm O.D. soft glass tubing 
joined linearly to the closed end of the test tube. This 
forms a small tube to large tube expansion through which 
seawater is pumped to flow past coupons inserted in the 
large tube. Since the coupons barely fit into the large
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tube, there is no need for anchoring. They will remain in 
place even at high flow rates up to I m/second. The coupons 
are placed about 5 cm from the open, end of the holder to 
provide some lead-in distance allowing establishment of 
tubular flow patterns. If more than- one coupon is corroded 
at one time, they must be placed at least I cm from each 
other to avoid galvanic coupling in the strong electrolyte. 
Since coupons are not marked, it must be remembered that 
they are in a first-in, last-out order. The coupon orien
tation is shown in the endview of Figure 15 which 
indicates how real tubular flow past the coupons is 
approximated. The major difference is that the entire 
coupon is bathed in seawater, whereas a real tube would just 
have its inside surface exposed. The coupon holder is held 
in the corrosion cell by a one hole #7 rubber stopper which 
has to be held in place by a large ball joint clamp if the 
system is to be left unattended. The entire corrosion cell 
is supported by a claw clamp and a 2 foot ringstand. The 
clamp can be rotated to allow disassembly without spilling 
seawater from the cell.

Some form of flow control was necessary in order to 
study the effects of that variable on the corrosion process. 
Instead of using an expensive continuous flow metering 
system, it was decided to use a series of calibrated flow 
restrictors ranging from nearly zero flow (closed off) to 
wide open. The restrictors were made by turning 8 cm
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sections of 8mm O.D. softglass tubing in a hot flame, which 
causes the walls to thicken and reduces the inner diameter. 
Each restrictor was then calibrated by placing in the 
pumping system line.as shown in Figure 15 and measuring the 
volume delivery rate in cm^/sec from the coupon holder tube 
with a coupon in place. By dividing by the inside cross- 
sectional area of the holder tube (1.65cm2), the flow in 
cm/sec. past the coupon could be calculated. The 
restrictors gave a different delivery rate if they were 
turned around and placed in the line b a ckwards. The 
combination of forward and reverse rates for each restrictor 
gave a good collection of flows and Reynolds numbers to 
choose from as indicated by Table 6.

Table 6. Flow Rates and Reynolds Numbers Available with 
Calibrated Flow Restrictors.

Restrictor Flows Reynolds #

0.422 m/s 7635

Lr 0.417 7539

Mr 0.321 •5804

Mf 0 . 2 9 1 5268

Sr 0.164 2971

sf 0.125 2 2 6 3

ESr 0.050 905
ESf 0.037 6 6 9
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The Reynolds # is dimensionless and is calculated by 

equation (2) given on page 32 of the introduction. The M 
and L restrictors will give turbulent flow, S gives border
line laminar-turbulent flow, and ES gives laminar flow.

A final feature on the corrosion apparatus is a pinch- 
clamp placed on the inlet to the coupon holder. This allows 
closing off all flow during removal or introduction of 
coupons, without stopping the pump, and losing its "prime".

When small variations in the seawater chemistry are 
being tried or when very careful material balance 
measurements are being m a d e , it is experimentally 
impractical to use the large volume associated with the 
previously described corrosion apparatus. In those cases, a 
stirred beaker reactor was used as shown in Figure 17.

Figure 17. Stirred Beaker Corrosion Reactor.
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The reactor is a 250 ml beaker containing a I inch 
teflon coated stirbar. The volume is adjusted to the 150 ml 
mark with seawater and the stir rate, using a stir plate, is 
adjusted so that the swirling vortex extends about I inch 
below the. surface. A coupon (s) is placed near the outer 
edge of the beaker with its trough axis pointing along the 
tangent swept out by the spinning stir bar. This is 
illustrated in Figure 17 which shows the coupon intercepting 
incoming flow directly from the stir bar. The beaker is 
covered with a watch glass during operation to minimize 
evaporation and prevent contamination.

Although the stirred beaker reactor is Very simple and 
allows precise alteration and monitoring of the seawater's 
chemistry, control over temperature (unless a water bath is- 
used), flow, and atmosphere, is very difficult. Comparisons 
of coupons corroded under similar conditions in the pump- 
flow reactor to stirred beaker corroded coupons show many 
similarities, however, stirred beaker coupons will suffer 
from non-reproducibility and tend to be more patchy in oxide 
layer formation. For most applications, the stirred beaker 
reactor is not recommended.

For the most part, the described corrosion apparati 
were sufficient to carry out this study. To validate the 
applicability to a real system, comparisons will have to be 
made to real service samples. Since they were not available, 
it can only be assumed this study's data is applicable.
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Corrosion Technique:

Cleaning and Preparation:

"Prior to use or just .after,use, the .reactor... should; ,.-,be 
cleaned by careful disassembly and scrubbing of all parts 
exposed to seawater with soap, then rinsing with doubly 
distilled water. Tygon tubes are large enough and short 
enough to be scrubbed inside with a normal sized test tube 
brush., Immediately before use, rinse the assembled 
apparatus with 500 mis of the seawater to be used, 
discarding the rinse after 5 minutes of recirculation.

Fill the apparatus to the 1800 ml mark with seawater 
that has been warmed to 15°C above room temperature (or to 
the water bath temperature if temperature control is being 
used) . By putting pressure on the vent port with a pipette 
bulb, water will be forced into the pump which will give it 
a "prime". Allow the reactor to run at least 20 minutes 
before corroding coupons. Occasionally unplug the pump to 
allow air bubbles trapped by the impellers to escape. When 
the apparatus is ready, the temperature will be about 12°C 
above room temperature.

Corrosion Test:

Close the pinchclamp and loosen the claw clamp to allow 
rotation of the corrosion cell flask. Turn the flask about 
45° from the vertical and remove -'the coupon holder tube
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allowing the seawater to drain into the cell. Insert a 
freshly prepared coupon that has been quickly dipped in the 
seawater into the holder tube using teflon coated tweezers. 
Keep track of coupon order if more than one coupon is being 
corroded at one time. Place the coupon about 5 cm from the 
open end. Quickly reinsert the holder tube into the cell 
after rotating the cell flask back towards horizontal, but 
without spilling any seawater. The coupon may fall out or 
move if the flask is rotated more than 45° to vertical. 
Spillage of a few milliliters is normal. Push the rubber 
stopper in firmly and tilt the flask towards the vertical as 
the pinchclamp is loosened to force air out . of the cell. 
Open the pinchclamp all the way and clamp the corrosion cell 
in the horizontal position.

A timing device is started and the corrosion is allowed 
to proceed for a specified exposure time. If multiple 
coupons are being corroded, make sure down time is minimal 
when changing coupons, so as not to affect the longer term 
coupons. ' Closely monitor the temperature to the nearest 
0.2°C and estimate the average temperature during the 
corrosion test. Maintain the seawater level at the 1800 ml 
mark. If relatively long corrosion times (>1 day) are being 
run, occasionally bubble compressed air through the bubbling 
port to ensure an adequate supply of C^.

Due to the large number of variables and possible 
permutations of all of the variables, a standard set of
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conditions must be used with systematic variation of one 
parameter at a time. Table 7 lists the standard conditions
and range each variable was restricted to.

Table 7. Base Corrosion Conditions and Variable Ranges.

Variable Value Range

Time 30 min* 0-4 days
Temperature 3 0°C 20-45°C
Flow 0.16 m/sec 0-0.42 m/sec
Salinity 10 g/kg 0-30 g/kg
PH OCO 4-10
O2 7.5 satd. 0.2-10 ppm
Chlorination 0 ppm 0-8 ppm
Agar 1000 ug 0-3000 ug

* * , +Seawater Bremerton Nat. to Art.
* For non-agar treated runs. For agar samples use I hour. 
** From Puget Sound near Bremerton, Washington.
+ Natural to artificial seawaters.

Time, temperature and flow are controlled and monitored 
as previously mentioned. Salinity is controlled by dilution 
of full strength seawater with doubly distilled water. pH 
is monitored potentiometricalIy and varied by additions of 
standard HCL or NaOH. O2 is controlled by N 2 purging and 
monitored by a Yellow Springs dissolved oxygen probe. 
Chlorination is accomplished by additions of a standardized 
bleach solution (HOCL) to give a formal concentration. The
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actual chlorine demand of the system was ignored, therefore, 
the added chlorine may not be the same as the free chlorine 
in the system. Agar weight is varied by dipping the coupon 
in different weight % agar solutions and allowing to dry 
(see ‘following discussion on agar coating and removal). 
Since the blocking effect lowers the. amount of corrosion 
product forming on the coupons coated with agar, the general 
exposure time for agar treated coupons is I hour instead of ' 
30 minutes for non-agar treated coupons. Times were kept 
the same when studying the effect of agar weight and 
thickness. Seawater samples were obtained near Puget 
Sound, Wa. at various locations. Table 8 lists the seawaters 
and their salinities, when collected, as determined by Mohr 
titration"*"with standard AgNO^ solution.

Table 8. Seawater Samples and Their Salinities.

Sample Salinity g/kg

Bremerton 29.94
Pt. Defiance 28.50
Seattle Aquarium (filtered) 2 9 . 6 5

Seattle Aquarium (unfiltered) 29.75
Westport (Pacific Ocean 20 mi. out) 30.98
Artificial (powder mix)* Variable
* Instant Ocean (Aquarium Systems, Mentor Oh.)
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The artificial powder mix is convenient but suffered 

from inhomogeneity and caused poor corrosion reproducibility 
Its use is not recommended except for comparison to the 
natural seawaters . :

Shutdown:

When the exposure time is completed, close the 
pinchclamp or unplug the pump. Rotate the corrosion cell 
slightly towards the vertical and carefully remove the 
coupon holder allowing the tube to drain into the cell. 
Fish out the coupon with a hooked metal rod by pulling it 
near the mouth of the tube then retrieve with tweezers. 
Immediately rinse the coupon with fresh doubly distilled 
water and allow to drain on a tissue before" drying under a 
stream of N2 gas. When the coupon is dry, it can be weighed 
or stored (see page 83) for later auger analysis. Sample 
the seawater for mass balance purposes or discard the water 
if done. Fill the reactor with clean water and let the 
system circulate for a while before shutting it down. The 
reactor can be stored in this condition.

Agar Coating and Removal

The main gel used in this study was Bacto-Agar, manu
factured by Difco, Detroit Michigan (order # 0140-02). The 
material has been purified with respect to extraneous 
matter, pigmented portions, and salts and is originally in a
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fine powder form allowing accurate weighing and rapid 
dissolution. Agarose and agaropectin are the main 
components, however some minor impurities impart a slight 
brownish-yellow tint to the powder.

Other gels tried were Type VII agarose and Type VII 
alginic acid, obtained from Sigma, St. Louis, Missouri 
(order #'s A-4018 and A-2158 respectively). The agarose is a 
purified linear galactan hydrocolloid isolated from agar and 
has a low gelling temperature (<38°C). It was applied to the 
coupons by the same method used for Bacto-agar which will be 
discussed shortly. The alginic acid used is a straight 
chain hydrophilic, colloidal polyuronic acid composed mainly 
of anydro-B-D-mannuronic acid residue isolated from 
Macrocystis pyrifera. It is in the sodium salt form as a 
powder, and gives a low viscosity (250 centipoises @ 2wgt%) 
solution. The material becomes a gel almost immediately 
after being exposed to a 2% CaClg solution, thus requiring a 
two-step preparation. It can be applied at room 
temperature, simplifying the procedure.

Coating;

Agarose and Bacto-agar layers are applied by dipping a 
coupon into a boiling solution of the gel followed by 
cooling, drying, and weighing. Bacto-agar will set up at 
concentrations above 0.2% and will be too viscous to apply 
evenly above 5%. Thus, the solution should be kept in the
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0.2-5% range, whereas agarose appears to be usable in the I 
to 10% range, due to a lower level of cross-linking. The 
weighed, powder is dumped into an appropriate amount of 
boiling doubly distilled water and allowed to completIy 
dissolve. The solution will tend to form a froth on the 
surface and boil over, requiring constant attention unless a 
hot plate providing precise temperature control is used in
stead of a flame.. By lowering the temperature slightly, the 
froth will disappear and the solution will be ready to use. 
Since the gel may break down with excessive and prolonged 
heating, only a small batch (~30mls) is prepared for use at 
one time. The container is kept covered, by a small watch 
glass to minimize evaporation. ■

A preweighed coupon is placed in the hot solution with 
the curvature facing down and allowed to equilibrate for a 
minute. Oxidation during this step can be ignored due to 
the low level of dissolved Og in the boiling solution. The 
coupon is then retrieved with tweezers, avoiding surface 
bubbles, and is quickly placed with the curvature down on a 
layer of tissues until the agar sets up upon cooling. Some 
of the excess agar blots into the tissue, but the amount is 
remarkably reproducible. Consistent technique and practice 
will assure an even, reproducible layer with a precision of 
better than 10% RSD.

Excess moisture is then removed by passing a stream of 
Ng over the coupon, followed by reweighing to determine the



103
dry agar weight. Once dry, the treated coupons can be 
stored indefinitely. Since the dry agar layer is so thin, 
it will rapidly rehydrate with water within a few seconds of 
exposure to seawater, when the corrosion, test is begun. The 
layer will expand to a wet thickness that is dependent on 
the weight percent agar upon setting up. This provides a 
means of variation and control of the layer characteristics 
by changing the weight percent of the original agar 
solution. A fairly detailed study of the characteristics of 
agar layers on coupons was performed and is the subject of a 
following section.

Alginic acid was very difficult to apply evenly and - - 
reproducibIy, and gave layers that were extremely thick. 
For these reasons, its use was- minimal in this study. A 2% 
solution is made up and allowed to stand long enough for 
most of the solid to dissolve. (Some cloudiness will still 
be seen.) Coupons are then dipped in the mixture as in the 
preceeding procedure. After withdrawal, the- excess is 
allowed to blot onto a layer of tissue. Since the material 
is still somewhat viscous, a relatively large amount clings 
to the coupon and once cured, will give a layer that is much 
thicker than required. Cutting down on the weight percent 
does not help, because the gel will have difficulty setting 
up when cured. Curing is accomplished by dipping the 
treated coupon in a 2% CaCl2 solution. When exposed to an 
electrolyte, the material will immediately cross-link and
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set up, which is very'interesting behavior. Problems occur 
because the alginic acid solution will hold together due to 
surface tension and bead up before hardening, giving patchy 
c ov e rage. Although a l g inic acid is a c a d e m i c a l l y  
interesting, its utility as a candidate synthetic biofilm 
material is limited.

Removal:

A complete removal procedure which does not disturb any 
oxide layer that forms on a corroded coupon was required. 
Many solvents, including acetone, methanol, chloroform, 
CCl4, and methyl iso-butyl ketone (MIBK), were tried with 
very little success. It is somewhat difficult to tell by 
inspection if the clear, thin, agar layer has been removed, 
however, auger analysis shows the presense of a relatively 
thick organic layer remaining after treatment in each 
solvent. In most cases, the layer is vacuum computable and 
can be sputter-etched away allowing analysis, however,. the 
increased analysis time is prohibitive and carbon interfers 
with data interpretation. Acids or corrosive materials 
(HNO3 completely oxidizes the agar) would alter the oxide 
layers or promote corrosion that is not part of the process 
being studied, further limiting the choice of solvents.

Since the agar is soluble in boiling water and the 
dissolved oxygen content is low, it was found that a quick 
dip in a beaker of boiling water will completely remove all
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agar and not promote any further oxide formation. Despite 
the high temperature,- dissolution of existing oxide layers 
or corrosion products was practically nill, making boiling 
doubly distilled water the ideal removal solvent.

Thus, agar is removed before analysis by dipping the 
coupon in a beaker of fresh boiling doubly distilled water 
for I minute, followed by immediate rinsing in clean doubly 
distilled water from a wash bottle. The coupon is then 
allowed to drain on a layer of lint-free tissue and dried 
under a stream of N 2- I f a material balance is being 
performed, the removal solution can be analyzed for metal 
loss. The procedure is quick, simple and very reliable and 
works equally well for Bacto-agar and Agarose.

Auger Analysis Procedure

The presentation of an exact step by step procedure of 
the operation of the auger instrument would not be 
appropriate since any operator must be trained in these 
matters, individually, before using the instrument. The 
following discussion will present details of procedures and 
conditions that are specific to this study and.referral to 
equipment brochures, manuals, and handbooks, will be made 
when necessary.

General:
The auger instrument is a Physical Electronics PHI
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model 595 Scanning Auger Microprobe (Eden Prairie, Minn.) 
housed at the Center for Research in Surface Science and 
Submicron Analysis (CRISS) facility on campus. It is 
equipped with scanning microscopy (SEM), microprocessor for 
setting parameters, a DEC-PDP 11/04 computer for control and 
data storage, a IOKV ion gun for sputter etching, and a mul
tiple sample loading system- that is relatively rapid and 
easy to use.102 Sample manipulation is also provided 
allowing movement in the X (left-right), Y (up-down), and Z 
(towards and away from the electron gun) directions. The 
carousel will hold up to 11 samples at one time and just has 
to be rotated a notch at a time to look at a new sample.

In general, a sample is introduced into the ultrahigh 
vacuum system (IO-^-IO-10 torr) and positioned, using the 
manipulator knobs and SEM at low magnification. A general 
30-1000 ev survey for qualitative analysis of the surface is 
taken using the excitation conditions given in Table 9.

If there are no interesting surface features, the 
system is set up for depth profiling and the surface is 
analyzed for elements detected by the survey as the argon 
ion beam mills the surface away using the conditions shown 
in Tables 9, 10, and 11. The depth profile is taken until 
only the base metals.are detected, indicating the surface 
corrosion layers have been penetrated. Past point C in 
the Type I depth profile of Figure 8 is an example of a 
good stopping point.
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Table 9. Auger Analysis Conditions.

Parameter Value

Beam Voltage 5.00 KV
Filament Current 1.50 amp
Beam Current 0.350 ua
Emission Current 65 ua (optimized)
Emission Voltage 150 volts (optimized)
Vacuum ~50 x 10""-*-® torr
Magnification 1000 X
Beam Current Density 6.5 ua/cm^
Aperture Large

Table 10. Argon Ion Sputter Beam Conditions.

Parameter Value

Ion Voltage 1.5 KV
Condenser Lens .864
Objective Lens 940
Raster Size .I.8mm x I.8mm
Ion Current Density 300 uA/cm^
Etch Rate (SiO2) 6 2 A./min
Incidence Angle

OL
D

Argon Pressure 20 mPa
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Most of the samples, analyzed in this study showed 

detectable quantities of Cu, Ni,- and 0, and occasional 
amounts of S , Cl, and C. Any other elements were, for the 
most part, undetectable in the corrosion products analyzed. 
Table 11 summarizes the mulitiplex data.taking parameters 
used for depth profiling.

Table 11. Multiplex Data Parameters.

Element SI C U Cl O l Ni2 Cul

Lower Limit (ev) 133 168 ■ 2 4 8 493 755 8 9 8

Range (ev) 25 25 40 30 30 35
Volts/Step 1.00 1.00 1.00 1.00 1.00 1.00
Time/Step (ms) 100 100 100 100 100 100
Sweeps 2 2 2 I I I -

■Usually, the survey and depth profile are the only data
taken before going on to the next sample. However, if there
are interesting surface features , point analysis, (small
localized qualitative surveys), element maps, and line 
analyses can be taken across the viewing area. High 
resolution micrographs can be taken and line analysis 
positions can be superimposed to correlate these types of 
data with the surface features (see previous discussion of 
other features in the auger analysis section of the 
introduction for more information). Since the procedure for 

■ -
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in-depth analysis is so sample specific, a step by step set 
of directions cannot be given. Referral is made to the 
auger equipment manuals and software manuals for implemen
tation of these procedures when necessary. Realizing the 
utility of each analysis feature will dictate which is 
appropriate as a given sample is studied.

Special Adaptations:

A significant adaptation for this study was the use of 
special coupon holder clips to mount samples to the 6 0° 
sample holders used on the auger instrument. Since the 
coupons are curved it is usually difficult to keep them 
mounted squarely and securely as holders are loaded into and 
out of the vacuum system. The design described by Figure 18 
does an excellent job of securing the sample and allows easy 
loading and removal from the clip without damaging the 
coupon.

The clips are made of thin sheet . (0.2mm thick) 
stainless steel which can be easily cut with scissors to the 
dimensions shown. Folds can initially be made with a flat 
edge and then custom fit to a coupon after mounting in the 
clip. The clip is held securely by two small screws to the 

6 0° auger sample holder. It will also fit a 30° holderf 
which is used routinely in auger analysis. A coupon is 
slid into the grooves as shown in the top-front view of 
Figure 18 and is prevented from falling out by compression
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Figure 13. Coupon Holder-Clip Design for Auger Analysis.
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of the clip folds and by a tiny lip on the front of the 
holder above the positioning pin. Eleven of these clips 
were made to take advantage of the 11 carousel mounting 
positions, allowing as many samples to be loaded into the 
vacuum system at one time.

Once loaded, the vacuum is, al lowed, to pump down and the 
sample to be analyzed is rotated in front of the electron 
gun. It must be positioned with respect to the X, Y , and -Z 
directions of the sample manipulator before analysis can 
proceed. Normally, the center of the coupon is studied, 
unless patchiness or surface inhomogeneities are present. 
The center is located by going to the lowest magnification 
and raising the Y axis knob until the bottom curvature of 
the coupon appears on the SEM image screen. - The X-axis knob 
is adjusted so that the curvature is symmetrical across the 
bottom of the screen. Note the X and Y-axis positions. 
Lower the Y-axis position until the top curvature of the 
coupon is seen across the bottom of the screen. Average the 
two Y-axis readings and set the knob to this value. The 
electron and argon ion beam will then scan at or near th-e 
middle of the coupon.

The distance of the target from the electron gun is 
critical, since the focusing distance of the auger electrons 
to the electron multiplier detector is set by the gun to 
target span.102 If 2KV electrons are fired at the target, 
many of them will be elastically scattered (loose no energy)
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and will be picked up by the detector. By adjusting the Y- 
axis manipulator, the target can be moved closer or farther 
away from the detector, (which is expecting 2KV electrons), 
until a maximum number of 2KV electrons enter the detector 
when this beam energy is applied. This elastic peak 
adjustment software routine assures proper focusing, and 
must be repeated any time the sample is moved. Once the 
position is fixed, the SEM imaging controls are set to get a 
good image, followed by adjustment of analysis parameters 
and actual auger analysis as previously described.

Data Handling:

The depth profile will use up about 2mm x 2mm area, 
which only allows three analysis runs per coupon due to the 
limited coupon size. Normally, only one trial is required, 
so this is not a problem. Analysis should be limited to the 
vertical center line of the coupon, however, since the angle 
of incidence of the electron beam and detection will be 
undefined on the edges of the curved coupons. If the 
analysis position is taken at some other position than the 
center line, an X is placed at the end of that sample's 
name. If the position is a repeat along the vertical 
centerline, an R is placed after the name.

The nomenclature of samples utilizes the experimental 
group number followed by the coupon number within the group. 
Since the auger instrument has so many users, weekly time
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allotments have to be made for which samples must be cor
roded and prepared as a group to be analyzed during that 
week. Thus, for example, the 5th coupon of the 4th group of 
experiments would be labeled G405, with an X or R after the 
5 if it is off center or a centerline repeat, respectively. 
No letter is added if the analysis is at the center of the 
coupon. A key is used to correlate names and conditions.

During the course of this study, there were eight 
different groups of experiments spanning 18 months, with an 
average of 35 coupons per group. This, coupled with the 
fact that many coupons were analyzed at two or more 
positions gives a total of around 400 separate analyses. In 
addition, separate surveys, depth profiles, element maps, 
line analyses, point analyses, and SEM micrographs were run 
on many of the samples, which gave voluminous hardcopies of 
data to keep track of. Thirty floppy discs were filled to 
capacity to store all of the computer data for future refe
rence also requiring a stringent cataloging system. Several 
books of raw data, cartons of floppy discs, and laboratory 
notebooks accompany this study.

Data analysis on so many samples was a monumental task 
requiring many calculator and computer programs written in 
supplement to the software available on the Auger system. 
Programs to be run >on most Hewlett-Packard calculators and 
in BASIC for a Timex-Sinclair 1000 computer were perfected, 
but are too detailed for presentation here. Referral is made
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to the laboratory notebooks making up this study for program 
listings and detailed directions for use. Some auger data 
analysis procedures are also referred to in the next chapter 
on material balance derivations and the previous discussion 
in the introduction.

Material Balance Procedure

General:

The procedure used for a complete material balance on 
corroding cupro-nickel alloys in seawater is shown in Figure 
19. The analysis is divided into three major divisions 
allowing for mass balance on non-agar treated coupons, agar 
treated coupons, and solutions, resulting from corrosion 
experiments. The mass balance for agar and non-agar treated 
coupons make use of the same equations as derived in the 
next chapter, except for a few additional agar weight terms 
in the agar treated cases. Agarl is the initial weight as 
deposited on the coupon. Agar2 is the weight of agar left 
on the coupon after corrosion which can be compared to Agarl 
to determine agar loss during corrosion. Once all the data 
is collected following the outlined steps, and surface area 
is determined, the data analysis is performed using the de
rived equations. Solution levels and corrosion product 
levels are then interpreted in hopes of explaining corrosion 
behavior and mechanisms.
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Figure 19. General Material Balance Procedure Flowchart.

j PRETREAT COUPON

RINSE
SOLUTION ANALYS I S W en̂ .- I WEIGH: AGARl |

CORRODE I
I AUGER I RINSE I

!WEIGH: AGAR2I
REMOVE AGAR

RINSE |

I AUGERl
!SURFACE AREA

I RINSE I

SURFACE AREA!

DRY N

DRY N

DRY N

CORRODE

DRY N

DRY N

DRY N

WEIGH: W

WEIGH: W

COAT AGAR

WEIGH: W

WEIGH: W

WEIGH: W-

WEIGH: W
RINSE 200 mis

RINSE 100 mis
WEIGH: W

DATA ANALYSIS

PASS OVER 
CHELEX-100

RINSE 20 mis 
COLLECT 25 mis

ANALYZE AA 
Ni, Fe, Mn

ELUTE 10 mis x 2 
2M HNOoREMOVE CORROSION 

PRODUCT

REMOVE CORROSION 
PRODUCT



116

Specific Considerations:

1. All coupons are pretreated according to the previously 
described method before any weights are taken or material 
balance steps are performed. Pay close attention to the 
small details that can cause poor reproducibility.
2. Wet coupons are dried under a slow stream of N 2 
dispensed from a tank until no more evidence of wetness is 
seen. Weighings performed subsequently to the drying step, 
if unchanging, will tell if all' moisture is removed.
3. AlI weighings are performed in triplicate on a micro- 
balance that reads to the nearest microgram. Weighing 
precisions should be within _+2 ug. Coupons are handled only 
with tefI on coated tweezers throughout the analysis 
procedure. Great care must be exercised so as not to 
scratch or damage the coupons or pick up lint or other 
contaminants due to the small weight changes that wild be 
measured.
4. ' All,rinsing is performed with doubly distilled 
conductivity water dispensed' in a gentle stream from a wash 
bottle. Coupons are handled by the edges with tweezers so 
that most of the area is rinsed.
5. After Corrosion, coupons are stored in individual 
dessicating vials over anhydrous CaClg until analysis can be 
performed or weights can be read.
6. Precautions must be taken during auger analysis, agar
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coating, and removal, and surface area measurements to 
prevent unwanted removal (scratches) or gain of weight 
(lint) which can be controlled through careful handling 
procedures.
7. Corrosion products are removed by dipping the corroded 
coupon into, a beaker of 1:1 HCL for 5 seconds' at room 
temperature, followed by gentle rinsing. Oxides will be 
removed readily, while only a little base metal will be 
lost. Even though metal lost to HCL is characterized by a 
correction term/ excessive losses should be avoided for more 
accuracy. Metal consumption rates will be about 0.2 ug/sec 
once the corrosion product is removed. Five seconds was 
sufficient to remove the thickest tarnish layers seen in 
this study, and keep metal losses at or near lug. The H C I 
with rinse solution is saved for AA analysis of Cu, Ni, Fe, 
Mn, and other detectable elements, if any. If detection 
limits were low enough, the mass balance could be performed 
without the sensitive auger analysis. Since this is not the 
case with most short-term tests,, auger analysis is necessary,
8. Corrosion parameters must be carefully controlled for 
a successful material balance. Temperature should be held 
within 1°C and monitored to the nearest 0.2°C. Exposure 
times should be within a minute of the prescribed time or 
else recorded so that corrections to a standard exposure 
time can be made. Flows are held within 0.01 meter/second 
variability using the calibrated flow restrictors on the
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tubular flow corrosion reactor previously described. 
Stirred beaker flows are difficult to control since only the 
depth of the spinning vortex can be used as a guide. If the 
stir rate is fast enough, the effect of flow rate varia
bility will however, be minimal (See Figure4). Salinity and 
seawater chemistry are relatively easy to control if fresh 
batches of real seawater are used or diluted with doubly- 
distilled water instead of using prepared batches of 
artifical seawater, which seem to be highly variable in 
alkalinity.
9. All seawater used for corrosion, as well as agar and 
corrosion product removal solutions are analyzed for soluble 
species by flame Atomic Absorption Spectrophotometry (AA) , 
using conditions that are optimized for each CDA715 base 
metal as shown in Table 12.

Table 12. Optimized Atomic Absorption Conditions for Cu,
Ni, Fe, and Mn.

Parameter Cu ' Ni Fe Mn

Wavelength (nm) 324.7 232.0 248.3 2 79.5
Slit Width (nm) 0.2 0.2 0.2 0.2
Sensitivity (ug/ml) 0.04 0.066 0.062 0.024
Detection Limit (ug/ml) 0.003 0.008 0.005 0.003
Flame A/Aox* A/Aox A/Aox A/Aox
Lamp current (ma) 3 5 5 5
* Air/acetylene, oxidizing.
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Film removal solutions are analyzed directly by AA, 

while seawaters are passed over a 10 cm long by 1.5 cm 
diameter bed of 50 to 100 mesh Chelex—100 ion—exchange resin 
(Bio-Rad Labs, Richmond Ca.) to remove major ions and 
preconcentrate metals as was mentioned in the introduction. 
The column is shown in Figure 20.

Figure 20. Resin Column Used for Cu, and Ni Recovery From
Seawater.
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Five of the beds were constructed so more than one 
solution could be processed at once. The tips of disposable 
plastic hypodermic syringe barrels were cut out to allow 
connection of removable buret stopcocks. All junctions were
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sealed by wrapping parts in teflon tape. Resin was held in 
the column by a small wad of glass wool. When the holding 
funnel is filled, it is covered with a watch glass to 
prevent contamination. Up to 10 liters of seawater can be 
stripped of heavy metals as long as no more than 300 mls/hr 
(25 drops ■ in 15 seconds) are passed over the resin bed or 
the capacity of the bed is exceeded (0.7 meg/ml).

After collection, the resin is rinsed with 100 mis of 
doubly distilled water to wash the bed, then eluted with two 
10 ml aliquots of 2N HNOg into a 25 ml volumetric flask. 
Add 20 mis of water after the acid has eluted and continue 
collection up to the 25 ml mark. Analyze the solution on 
the AA against standards that were also passed over the 
resin. Prepare the resin bed for reuse by rinsing with at 
least 200 mis to bring the pH back up. Stir the bed to re
move channels that form during shrinkage when the pH raises.
10. During corrosion experiments, several coupons may be 
studied at one time and will be at various stages of the 
mass balance procedure. Because of the many steps involved, 
it is easy to make errors. Care must be taken to ensure no 
mixups occur when several coupons are being run at the same 
time. Evenings are the best time for material balance 
experiments due to fewer interruptions and more stable 
microbalance readings.
11. Time requirements of the material balance are 
somewhat restictive. Two to six hours per material balance
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per sample is routine, which limits the number of para
meters that can be practical Iy studied. Better times per 
analysis can be realized, but the chances of error become 
much higher.
12. Geometrical surface areas of the coupon are
determined by the formula:

A = 2 LW + 2TW + 2LT (13),
where A is the area, L is the flat length, W is the width, 
and T is the thickness. The first, term is the area due to 
the faces, while the second two terms are the end and edge 
areas, respectively. Due to the curvature of.the coupon, L 
cannot be measured directly and must be calculated using the 
following equation:

L = 2 sin-1 [ (C - T) / 2R] 2TT R/ 360 (14),
where C is the outside chord length and R is the radius of 
the uncut condenser tubing. The values are measured with a 
vernier caliper which is calibrated in inches, requiring a 
conversion .factor to metric. This can be accomplished by 
multiplying the area in inches2 by 6.452cm2/in2. R always 
has a value of 0.286 in. while C , T , and W are slightly 
variable and have typical values of 0.556in., 0.049in., and 
0.3 3 3 in. respectively. L will have a typical calculated 
value of 0.650'in., giving an average area of 3.37cm2. The 
values of C , T , and W are averaged from three different 
positions on each coupon which can be quickly performed.

A calculator program has been written to calculate
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the coupon's geometrical surface area once C, T , and W are 
entered. The listing is found in the appendix of Laboratory 
Book 2 accompanying this study.
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MATERIAL BALANCE 

Table of Nomenclature
i

Table 13. Nomenclature for Material Balance Equations 15-48
Term Definition ■ Error

Mbc Weight of coupon Before Corrosion 1.14 ug

Wac Weight of coupon After Corrosion .1.14

Maa Weight of coupon after Auger Analysis 1.14
Wf Final weight of coupon after corrosion 

product removal 1.14

Mcp Weight of Corrosion Product on coupon 3.1

Mqu Weight of CU in corrosion product 2.0

Mni Weight of NI in corrosion product 2.0

M0 Weight of O in corrosion product 4.2

Mm Weight of Minor metals in corrosion product 2.8

Mg Total weight lost to Solution 4.2

Mgc Weight of Soluble Cu in solution 1.0

Mgn Weight of Soluble Ni in solution 1.0

Mlgc Weight of Lost (insoluble) to Solution Cu 3.0

Mfgn Weight of Lost (insoluble) to Solution Ni 2.6

Mlac Weight of Cu Lost to Agar removal solution low*

Mlan Weight of Ni Lost to Agar removal solution low

wIc Total weight of Lost Cu solutions 3.0

Mm s Total weight of Minors lost to Solution 2.8
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Table 13 - Continued
Term Definition Error

'SI i—* hi Alloy weight Loss during corrosion product 
Removal 0.8

wIa Alloy weight Loss during Auger analysis low

waug Total coupon weight lost during AUGer 
analysis low

WvvCprs Weight of Corrosion Product Removed during 
Sputtering low

Capc Cu Atomic Percent (Corrected) 3%

capr Cu Atomic Percent (Raw level) 3%

Napc Ni Atomic Percent (Corrected) 3%

Napr Ni Atomic Percent (Raw level) 3%

°apc Oxygen Atomic Percent (Corrected) 3%

°apr Oxygen Atomic Percent (Raw level) 3% .. -

^cu Fraction of CU. in the alloy 0.5%

Fni Fraction of NI in the alloy 0.5%
A Geometrical coupon surface Area 0.19cm^

As Area of Sputter crater low

Aa Auger Analysis Area low

° a
Oxygen Area under the depth profile 7%

co Correction factor for Oxygen profile area 0.019+

°f Oxygen profile area to weight conversion 
Factor

5E-9 
AT%-A

Agarl Weight dry Agar on coupon before corrosion 50 ug
Agar2 ' Weight dry Agar on coupon after corrosion 50 ug
* Too low to be measured, thus a qualitative guess.
+ Dimensionless factor. All unlabeled values are in ug.



125
Derivations

The following set of derivations will allow a complete 
material balance since all sources of loss or gain in weight 
have been considered. It is possible for slightly negative 
weights to be seen because of random errors in some 
measurements. An error analysis is given for most of the 
derived variables which will indicate whether or not a 
negative weight is significant. If a significant negative 
value is seen, an error has been made and the procedure that 
was followed should be rechecked. For the most part, the 
set of equations works well and gives good results. Table 13 
lists the nomenclature used in the equations, and was pre
sented for clarity prior to the derivation section.

Weight of Corrosion Product on Coupon,W c :̂

The corrosion product weight (WCp) is calculated from 
the coupon weight after corrosion, but before removing the 
corrosion product (Wac) minus the final weight after removal 
(Wf) , less any metal losses between weighings.

W cp = W ac - W f - W la - W lr (16)
W lr is the metal loss during removal of corrosion 

product with 1:1 HC1. W lr is measured by dipping a clean, 
uncorroded coupon into 1:1 H C I for 5 seconds, and 
subtracting the after-dipping weight from the before-dipping 
weight. W lr = 1.0 ug ^0.8 ug (3 trials), which is equivalent
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to a 0.2 ug/sec loss.

W la is the metal loss during auger analysis which 
occurs between weighings. Losses occur due to scratches 
during loading of coupons into and out of sample holder 
clips, and due to sputter etching into base metal during 
depth profiling. The scratches during loading have very low 
surface area and the amount of corrosion product removed can 
be ignored. The losses of corrosion product during 
sputtering can be calculated from the ratio of sputtering 
area (Ag) to the total coupon geometrical surface area (A) , 
as determined from caliper measurements, times the total 
corrosion product weight (Wcp). The metal loss (Wla) is- 
calculated from the weight after corrosion (Wac), but 
before auger analysis, minus the weight after auger analysis 
(Waa), less the amount of corrosion product removed during
sputtering (wCpls): f

w Ia “ waug Wcpls (17)

Waug “ w ac " w aa (18)

Wppls “ WCp x Ag/A (19)
Combining equations 17, 18, and 19 gives:

w Ia = w ac - w aa - w cp x A s/A ' . <20>
where A g = 0.18 cm x 0.30 cm = 0.054 cm (sputter beam
raster size) and A =3.37 cm2. Thus, A g /a = 0.016.

Combining equations 16 and 20 gives:
Wcp = / ac - W ^ -  (Wac - Waa - 0.016Wcp) - 1.0 ug

Simplifying and combining constants gives:
( 21) .
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W cp = (Waa - W f - 1.0) /0.984 (22).

Care must be taken to convert all weights to ug by 
multiplying gram weights by IO6 ug/g.

Weight of Oxygen in Corrosion Product, W q:

The weight of oxygen contained in the corrosion product 
(Wq) can be calculated from the auger depth profiles. By 
determining the area under the oxide depth profile (Oa) , 
which is proportional to the weight of oxide within the 
auger analysis area, the total oxide weight on the coupon 
can be calculated after multiplying by the ratio of coupon 
surface area (A) to analysis area (Aa):

.W0 = Oa x C0 x Of x A/Aa (23)
Oa is the estimated area under the oxide depth profile

Oin atomic percent-A units, taken from uncorrected profiles 
generated by the computer on the auger instrument. The

Osputter time axis is converted to A by multiplying by the
Csputter etch rate in A/min, determined independently. The 

raw Cu and Ni profiles are inaccurate because of 
interference of Cu on Ni. Because interference correction 
is not included in the software on the auger system,. the 
data has to be corrected on a hand calculator or other 
computer system, which is time consuming and tedious. The 
raw oxide profile is largely.unaffected by the interference 
of Cu on Ni, and thus can be used to estimate the oxide area 
on a corrected depth profile saving much time and effort.
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Oxide areas for ten different corrected depth profiles were 
ratioed to the corresponding area . estimates from the raw 
profiles.. The ratio was fairly constant within t 1.7%RSD, 
which allows somewhat quantitative correction of quickly 
determined values. The average ratio (Cq) was found to be 
1.132 +0.019 which is a relatively small error that Cq can be 
considered constant.

The units of area must be converted to weights by the 
use of the term O ̂ . It is calculated as shown from 
theoretical' considerations of the lattice parameters of Cu^O 
and NiO7 which are the main oxides present in the corrosion 
product layer.

From the Handbook of Chemistry and Physics^, the CU2O
Q O  -primary cell occupies 77.833 A /cell, housing four Cu atoms 

and two 0 atoms, while the NiO cell occupies 72.88 A^/cell, 
housing four Ni atoms and four 0 atoms. For a hypothetical 
500 A thick layer of corrosion product in an auger analysis 
area (Aa) of 0.23 mm x 0.19 mm (1000X magnification), the 
volume sampled will be 2.185 x 10 A , after converting Aa 
to angstroms^. The number of cells of CugO in this much 
volume is 2.185 x IO15 A3/77.833 A3/cell = 2.807 x IO13Cells 
times two O atoms per cell or 5.615 x IO13 0 atoms, which is 
equivalent to 1.492 x IO-^g of oxygen for the CugO case. 
The atomic percent of oxygen in Cu^O is 33.33, which when 
multiplied by the 500 A thick layer gives a theoretical 
profile area of 16666 AT%-A for CU2O . Thus, the unit
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Q Oconversion factor for Cu2O is 1.492 x 10“yg/16666 AT%-A or 

0.895 x 10 13g/AT%-A. A similar calculation for Niq which 
contains 50.00 AT% oxygen gives 3.187 x 10~9g/25000 AT%-A 
or 1.275 x 10 "*"9g/AT%-A. Both values are independent of the 
corrosion product thickness. (The values are fairly similar, 
but the majority of corrosion product will be Cu2O rather 
than NiO in a ratio of about 3:1.) More accuracy will be 
achieved if the Cu2O conversion factor is weighted three 
times more than the NiO factor. Thus, Of =
(3 x 0.895 x IO"13 g /AT%-A + l x  1.275 x 10“13 g/AT%-A)/4 or 
simplifying and changing units:

Of = 0.99 +0.05 x IO-7 ug 0/AT%-A (24) '
When inspection of the corrected depth profile indicates 

a significantly different Cu2O to NiO ratio, a different 
weighting can be used to calculate a better value of Of. It 
is noted that this value contains the most uncertainty in 
this derivation because it is theoretical being applied to a 
real case, and some factors may be erroneously ignored. 
Vacancies and other lattice defects will play a role, but it 
is estimated that the calculated value ,of Of will still be 
within +_ 10-20% of the true value based on the limited range 
between pure Cu2O and NiO.

Simplifying eguation (23) and combining constants gives: 
W 0 =. (Oa x 1.12 x 10-7ug/AT%-A) A/Aa (25)

Aa = 4.37 x IO-^cm2 at 1000X magnification so.
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W q = Oa x A x 2.56 x IQ-̂ ug/AT %-A-cm^ (26)

The constant will have an error of about _+0.17 x IO- .̂ 
This will translate to an error of +6.6% in the value of W q 

which can be ignored in most cases because W q will be a 
relatively small value compared to other weights in the mass 
balance. The value of A will be inaccurate if the 
distribution of corrosion product is not uniform over the 
surface of the coupon. Although nonuniformity is not usually 
a problem, the calculated value of 0 will be inaccurate if 
the sampled area is not representative or if the integrated 
area under the oxide depth profile is estimated carelessly. 
Since it is experimentally impractical to reanalyze a patchy 
coupon several times, the values of W q determined by Equation 
(26) can be used as a first approximation. A more accurate 
value can then be calculated by a method to be described 
shortly. A sampling precision of _+5% RSD in W0^ is seen for 
a coupon analyzed at several positions using 10 0 0 X 
magnification when a reasonably homogenous corrosion product 
layer is present.

Another method for determining W 0 besides the Oa method 
(equation 26) will be termed the AT% method. The AT% method 
should be used if sampling errors are suspected or if the 
corrosion product layer on the coupon is patchy, or if a 
check on the 0 method is required.

Starting with a raw depth profile, estimate the AT% 
levels of Cu, Ni, and 0, in a region where the 0 level is
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somewhat constant and significant (For example, see Figure 8 
Type I between points a and b) . Correct the raw AT'% value 
for Cu interference on Ni by multiplying the raw Cu value by 
0.17 and add the product to the Cu raw value to get the 
corrected Cu level; Subtract the product from the raw Ni 
value to get the corrected Ni level. Add the corrected 
levels together and subtract the sum from 100 to get the 
corrected oxygen level. Multiply each element's corrected 
AT % value by its atomic weight to get the relative weights of 
each element in the corrosion product. Divide the oxygen 
weight by the copper weight to get the 0/Cu weight ratio. 
Once the weight of Cu (Wqu) in the corrosion product is deter
mined from the next derivation , the 0/Cu weight ratio can be 
multiplied by (Wqu) to get a value for W q by the AT% method.

If the W q value differs much from the Oa method, new 
values of W q u and W ni will have to be calculated by the 
equations in the next derivation, using the first W q value as 
a first approximation. Calculations are then repeated until 
the value of W q converges.

W q will have a higher error due to the combination of 
measurements and error propagation from W qu and Wni in the Oa 
method. Due to variable shapes of some depth profiles, the 
AT % method error can sometimes be high, which will be 
discussed shortly.

When W q cannot be determined by the Oa method or AT % 
method. Figure 21 can be used to estimate an acceptable value
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for W q once W 0^ is known,.as a last resort. Data from 
several mass balances, where W q was easy to determine, were 
plotted versus W riri as shown, giving a slope of 14.7, an • 
intercept of -7.0 ug, a n d "a correlation coefficient of 
0.975. Since the negative intercept is meaningless and 
results from data scatter, the line was forced through 0,0 
with a weighting factor of 100 to give a slope of 14.21:

Wcp = 14.21 W0 (27).
W rri can,, therefore, be estimated by auger analysis alone

O  p

without weighing, assuming the corrosion product composition 
does not change significantly.

Weight of Cu and Ni in the Corrosion Product, W cu, Wnj_:

The weights of Cu and Ni in the corrosion product layer 
are calculated from the AT% levels of the corrected auger 
depth profiles to a depth where the oxide level begins to 
taper off. For Type I depth profiles (Figure 8, Page 46), 
count Cu and Ni IeveIs up to point b. For Type 2 and 3 
profiles, take the average Cu and Ni AT% levels at point a 
since the oxide layer is extremely thin and the very surface 
is the only place where there is significant corrosion 
product. For Type 4 profiles, average Cu and Ni levels up to 
the final decline of the oxide profile (point C). Type 5 
profiles are the most difficult to estimate atomic percent 
levels from, because it is hard to tell when the "oxide layer 
decline begins (See Type 5 discussion on page 47). The
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majority of the sputter time is spent going through base 
metal due to the uneven coverage of oxide nodules across the 
surface. It is very difficult to identify when the Cu and 
Ni levels are not affected by base metal levels. Usually, 
it is better to use representative atomic percent values 
taken from.other Cu/Ni depth profile types, thus, avoiding 
base metal dilution effects.

Once the Cu, Ni, and 0 atomic percent levels are deter-
mined from the raw depth profiles, they must be corrected
for Cu interference on Ni as follows:

^apc “ 0.17 ^apr + ^apr “ 1.17 Cvapr (28)

Napc Napr “ Capr (29)

°apc 100 - (Capc - Napc ) (30),
where ^apc anĉ  ‘“apr are the corrected and raw atomic percent
levels, respectively, for Cu. 'In the same respect, Napc and 
Naor are the corrected and raw atomic percent levels for Ni 
and 0-,„„ is the corrected oxygen atomic percent level. Thea. p L.

value of Oapc will be very close to Oapr since oxygen is 
interference free. The value of 0.17 is the ratio of the 
interfering (760ev) Cu auger peak to peak height to the 
main (920ev) Cu auger peak to peak height.

Augex surveys of corroded coupons rarely, if ever, 
showed detectable levels of Fe, Mn, or other elements, in 
this study, and can usually be ignored. Since only Cu, Ni 
and 0 are significantly present in the corrosion product, the 
weight of corrosion product will mainly be the sum of the
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weights of Cu, Ni, and 0:

cp w o + w cu + w ni (31)
W q is normally determined by the Oa method and ratios of 

Cu to Ni from the AT % method are used to complete the 
solution of equation (31) .as follows:

tW W n i  ■= (Capo/Napc1 x 'I63-54ZSS.?!) (32)
'ni (Napc/Capc) % (58.71/63.54) x (33)

Where 63.54 and 58.71 are the atomic weights of Cu and Ni,
respectively. Substituting into equation (31) and simp
lifying gives W cu:

^cu (^cp W q) / (I + 0.924 NapC/CapC) (34)
and W n;1 can also be calculated relative to W q :

W 0 x ^apc/^apc^ (63.54/16.00) =■ W cu (35)
W 0 x (Napc7oapc^ (58.71/16.00) = Wni (36)

The use of W q to calculate W cu and W n^ by equation (35)
and (36) is discouraged because the uncertainties in W q will 
be magnified. Equations (33) and (34) will give more 
accurate values.

Metal Lost to Solution W gc, W gn, W lgc, W lgn:

The weight of total metal lost to solution (Wg) includes 
recoverable (soluble) elements plus nonrecoverable (precipi
tated) elements and other losses. Thus:

ws = wsc + w sn + w Isc + w Isn + w Iag + w Ian (37)
Where W gc and W gn are the soluble levels of Cu and Ni respec
tively, expressed in ug, following recovery by ion-exchange■
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preconcentration and AA analysis.

Despite accuracy checks on the values of W sc and W sn, it 
was noticed that their sum did not account for the total 
amount of metal lost to solution in some cases. Under 
certain corrosion conditions such as, exposure times greater 
than 10 hours, the difference can be significant. It is 
expected that some metal will be precipitated in solution and 
not be recovered by the Chelex-100 resin or be seen by the AA. 
To account for these nonrecoverable solution losses of Cu and 
Ni, the respective terms W-̂ gc and W-̂ gn were introduced.

Another source of metal loss can occur when organic 
layers are removed from the coupons by hot, boiling water. 
(See agar removal section in the experimental section.) Due 
to enhanced solubilities at the higher temperatures and, due 
to possible entrapment of corrosion products in the organic 
layer, metals may be carried away with the agar removal water 
when the agar layer is stripped from the coupon after 
corrosion. The terms W^ac and W-^an will account for these 
losses and can be determined directly by AA analysis of the 
organic layer removal water. The relative magnitudes of Wjac 
and Wjan are small with respect to other mass values and in 
most cases are too low for the AA analysis to detect. 
Therefore, they can be combined with other respective 
nonrecoverable metal losses without much impact on the mass

Ic
balance:

Isc + W lac ( 3 8 )
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w In - w Isn + w Ian (39)
Therefore,

W sc + w sn + w Ic + w In (40)
W g can be determined by weighing the coupon before and 

after corrosion, allowing for the weight of oxygen added to 
the after-corrosion weight during corrosion product formation:

w bc " w ac + w o (41)
where W g is the sum total of Cu and Ni going into solution. 
Since selective dissolution of Cu relative to Ni can occur 
(disturbance of Cu/Ni ratios relative to alloy ratios) 
during corrosion and corrosion product formation, there is 
no way to directly tell how much of W g is due to Cu or -Ni. 
Equation (40) can not be used to calculate W-̂ c and W ln 
because of too many unknowns, but once they are calculated 
by some independent way, equation (40), and, on the next 
page, equation (42), can be used to check consistency.

The only way to determine the nonrecover able losses is 
by calculation. (Direct analysis of used seawater for total 
metal levels is possible after acidification, however, any 
indication of precipitated metal levels would be lost. 
Knowing how much precipitated metal is produced by the 
corrosion reaction is felt to be most important towards 
understanding the corrosion process, despite the loss of an 
independent check on the mass balance.) The values of W lc 
and W ln can only be determined by difference using equation 
(40) if all other values in the mass balance are known. As a
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result, they will inherit the combined errors of the entire 
calculation scheme. If the estimated level of errors from 
all of the component values are known, the expected error in 
the nonrecoverable loss terms can be determined. Inspection . 
of the magnitudes of Wjc and Wjn will tell if they are out 
of the expected error range and consequently considered 
significant. If these terms are significant, information on 
precipitated metal levels will be gained and the corrosion 
process will be better understood.

In summary, the total weight loss of the coupon from 
start to finish will .be due to losses to solution 
(recoverable and nonrecoverable), formation of corrosion 
product, and mechanical or chemical losses during the mass 
balance procedure.

Because all of the terms can be calculated or measured 
up to this point, except nonrecoverable losses to solution, a 
way to determine these losses is at hand. After weighing for 
total alloy weight loss and analyzing the alloy, the total 
weight of Cu and Ni involved in corrosion can be determined. 
These totals have to equal the sum of Cu and Ni that have 
gone into solution, corrosion product formation, or other 
losses. Thus, the mass balance for Cu gives:
(Wbc - W f) Fcu = W sc ♦ W lc + W cu + (Wla + W lr) Fcu (42)
Wlc " (»bc - Wfl Fcu - Wsc - Wcu - (Wla ♦ W lr) Fcu (43)

Where Fcu is the weight fraction of Cu in the alloy or 0.686 
for CDA (715) from Table I. Substituting equation (20) into
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(43) and letting W lr = 1.0 ug, gives:

w Ic = <wbc - wf) x 0-686 - Wsc - Wcu -
(Wac - Waa - Wcp x As/A + 1.0) x 0.686 (44)

A similar treatment for Ni, where Fnl = 0.297, gives:
w In = (wbc " wf> x 0.297 - Wsn - Wni -

(Wac - Waa - Wcp x As/A + 1.0) x 0.297 (45)
Weighing errors in Wbc, Wac, W aa, and W f will be within 

+ 1.14 ug (I standard deviation), as determined by 17 repli
cate weighings of coupons on the microbalance. W gc and W gn 
will have absolute errors of around j+1.0 ug due to the AA 
analysis which will have a typical relative error of I to 2%. 
W cu and W ni will have errors of about +2 ug, determined by 
error propagation from equations (33) and (34). W cp has an 
error of j+3.1 ug from equation (22) and W lr has an error of 
_+0.8 ug. Therefore, by using equations (44) and (45) and 
error propagation rules, the error in W lc .and W ln will be: 
Error W lc = [ 0.6 8 6 (1.142 + 1.142) + I.O2 + 2.02 +
(I .I 4 2 + I .I 4 2 ) 0.6 8 6 ] 1 / 2 = 3.0 ug, and Error W ln = 
[0.297(I.142 + 1.142) + I.O2 + 2.O2 + (1.142 + 1.142) x 

0.297]1^2 = 2.6 ug. Thus, to be conservative, if W lc is 
greater than 5 ug, it will be considered significant. Other
wise, it should be considered zero. W ln will be considered 
zero if it is below 4 ug.

The actual errors can be compared to these predicted 
errors to check on internal consistency. The actual errors 
can be calculated by taking into account only values less
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than 5 ug and 4 ug, for W lc and W ln, respectively, and deter
mining the standard deviations. For example, from a set of 
19 values, the standard deviation of Wcu values less than 
5 ug was +3.6' ug (see Table 17). "" Likewise, the actual varia
bility of W ln values below 4 ug was +2.7 ug. These values 
compare very well to the predicted errors of 3.0 ug and 2.6 
ug suggesting the error estimates are accurate and there is 
internal consistency in the equations.

The values of W lc and W ln can be summed with the re
coverable losses, and compared with W g through equation (41) 
as a further check on internal consistency of the solution 
mass balance. They can also be summed with the metal cor^ 
rosion product components to get a calculated alloy weight 
loss. Comparison of the calculated value to the actual value 
gives an indication of the level of internal consistency of 
the mass balance data.
D I F F  = (Wb c  -  Wf ) -  (Wl c '+ Wl n  + Ws c  +

Wsn + m CU - Wni + wIa + w Ir)/( p CU + Fn±) <46)
The average difference calculated from a number of mass

balance determinations was essentially zero, giving an 
acceptable check on internal consistency from routine 
material balance experiments.

If the terms Fcu and Fnl in equation (46) are ignored, 
the difference value will be the sum of errors plus the total 
weight of Fe, Mn, and other minor alloy metals. The average 
error can be subtracted out as shown in equation (47), giving
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an estimation of the minor metal levels involved in the 
corrosion process. After many auger analyses, minor metals 
could not be detected in the corrosion product layer, 
therefore, it is assumed that most of the minor metals from 
the alloy are lost to solution. - Upon rearrangement of equa
tion (4 6), ignoring Fcu and Fu^, the weight of minor metals' 
lost to solution can be calculated as follows:

w ms = (wbc - w f) “ (wlc + w In + w sc + w sn +
Wcu + Wn  ̂ + W la + W lr) - I average errorI (47)

where W m is the weight of minors. The absolute value .of the 
average relative error is approximately (3.0 x 0.686 + 2.6 
x 0.297) which equals 2.9 ug. W m can be compared to the
actual weights of minors calculated from the total alloy 
weight loss times the weight percent of minors taken from 
Table I as a check. If W m is smaller, (within error con
straints), the excess of minor metals is tied up in the cor
rosion product, even though the auger analysis did not detect 
them. Thus,

»m - t (Wbc - W f) [I - (Fcu + Fni) )) - W ms (48)
where W m is the weight of minors in the corrosion product. 
The calculation of W m provides a way to study the levels of 
minors in the corrosion product layer that cannot be detected 
by the auger instrument. It is hoped that the preceeding 
derivations are not confusing despite the rather involved 
procedure. The equations are very useful and become much 
more understandable through actual use. For further
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clarification, referral is made to Table 13, which is a 
summary of nomenclature and errors associated .with the 
derivations. The actual mass balance data, to be presented 
after the table, illustrate the success of the material 
balance procedure. A comprehensive computer program has 
been written (in BASIC) to aid implementation of the equa
tions, and is listed in the appendix of laboratory book 2.

Sample Data

The material balance equations just derived were 
applied to 70/30 cupro-nickel alloy corroded under varying 
corrosion conditions, including temperature, exposure time, 
flow, salinity, dissolved oxygen, chlorination, and surface 
pretreatment. The conditions were varied with and without 
an organic agar layer on the surface of the coupons.

Due to the excess time involved per complete material 
balance (4 to 6 hours per run), it was not experimentally 
feasible to look at minute variations of each parameter. Of 
the 23 runs performed in the mass balance experiment, only 
the middle and extremes of each parameter could be practi
cally studied. The conditions were chosen systematically 
from the ranges presented in Table 7. The development of the 
corrosion mechanism and prediction of corrosion behavior can 
be realized by supplementing the material balance data pre
sented in this section with in-depth auger analyses that 
allow more parameter variations to be tried.
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The mass balance data will be presented as a group in 

this section for clarity and to be in proximity with the 
previously derived equations. Referral to the following 
tables will be made throughout the remainder of this work.

Table 7 listed the base corrosion conditions for clean 
and agar coated samples, which correlate with the conditions 
used for runs I and 3 of the mass balance experiment, 
respectively. Table 14 is a key to the parameters that were 
varied One at a time around the base conditions given in 
Table 7. Inspection of Table 14 and correlation with Table 7 
will readily indicate how all of the parameters were sampled 
in only 23 separate mass balance runs. The names of the sam
ples are given so referral to the laboratory notebooks can 
be made. Dry agar weights(ug)on the coupons are also listed. 
Only one condition was varied from the base values for each 
run, so that only the effects of that parameter could be 
studied while the others remained constant. Auger surveys, 
depth profiles, line analyses,' element maps, SE M 
micrographs, and coupon descriptions were also performed on 
each mass balance run, to get as much information as pos
sible. The. mass balance data will be presented here and the 
rest of the information will be discussed later.

The raw data required by the mass balance equations are 
presented in Tables 15, 16, and 17. Referral to the 
appropriate derived equation will clarify the use and 
utility of this information.
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Table 14. Varied Conditions for Mass Balance Experiment.

Run . , Name Parameter Values Agarl ug
I G8 01 no agar (base)* 0 ug 0
2 G8 02 agar 251 ug 251
3 G803 agar (base)* 921 ug 921
4 G804 agar 1346 ug 1346
5 G805 Time I day 0
6 G80 6 Time + agar I day 672
7 G807 Temperature 2° C . 0
8. G808 Temp. + agar UoCM 84 8
9 G8 09 Elow 0 m/s 0
10 G810 Flow + agar 0 m/s 571
11 G811 Salinity 30 g / 1 0
12 G812 . Salinity + agar 30 g / 1 626
13 G828 Salinity + agar 1.5 g/1 1231
14 G813 Oxygen I ppm 0
15 G814 Oxygen + agar I ppm 56 6
16 G815 Chlorine 8 ppm 0
17 G816 Chlorine + agar 8 ppm 837
18 G817 Roughness 180 grit 0
19 G818 Roughness + agar 180 grit 567
20 G819 Roughness 600 grit 0
21 G820 • Roughness + agar 600 grit 846
2 2 G821 Seawater 10 g/L Instant Ocean 0

23 G822 Seawater + agar 10 g/L Instant Ocean 393
* See Table 7 for base conditions.'

I
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Table 15. Raw Mass Balance Data Set I.

Run Wbc (g) Wac (g) Waa (g) Wf (g) A (cm2) Oa

I 1.7710137 1.7709353 1.7709330 1.7707860 '3.37 10920
2 1.5519130 1.5518567 1.5518470 1.5517000 3.29 13440
3 1.6115457 1.6114960 1.6114875 1.6113450' 3.45 11754
4 1.7482290 1.7481853 .1.7481840 1.7480355 3.65 16050
5 1.2675913 1.2670900 1.2670425 1.2665370 3.62 35532
6 1.5948630 1.5944815 1.5944495 1.5937335 3.33 55869

7 1.7551285 1.7550875 1.7550805 1.7550580 3.27 2010
8 1.4422315 1.4422220 1.4422100 1.4421990 3.58 390
9 1.7745115 1.7745090 1.7744890 1.7744395 3.56 4260
10 1.4828860 1.4828855 1.4828750 1.4828310 3 . 2 3 3600
11 1.5652240 1.5650560 1.5650425 1.5650380 3.37 474
12 1.6317950 1.6317245 1.6317150 1.6317105 3.48 468
13 1.5578025 1.5577965 1.5577835 1.5577450 3.15 1860

14 1.6951600 1.6951350 1.6951100 1.6951000 3.40 620
15 1.3665900 1.3665670 1.3665460 1.3665365 3.04 490
16 1.4252000 1.4250645 1.4250445 1.4250150 3.10 309
17 ■1.7567495 1.7566365 1.7566365 1.7565930 3.36 400
18 1.2334240 1.2333020 1.2332910 1.2331670 3.19 13 6 50
19 1.7150900 1.7150150 1.7150085 1.7148670 3.47 15150
20 1.7154210 1.7153210 I.7152990 1.7151365 3.29 16871
21 1.4432480 1.4431970 1.4431805 1.4430180 3.14 16352
22 1.8170150 1.8169670 1.8169480 1.8168110 3.77 10020
23 1.5903780 1.5903530 1.5903450 1.5901995 3.29 13572



146
Table 16. Raw Mass Datai Set 2

Run Capr% Napr% Oapr% Wcp(ug) Wcu(ug) Wni(ug) Wo

I 57.61 23.79 18.6 145.9 114.5 21.9 9.4
2 57.86 25.84 16.3 145.9 110.5 24.1 11.3
3 57.44 26.76 15.8 141.4 106.2 24.8 10.3
4 57.44 ' 26.80 15.. 8 147.4 107.3 25.1 14.9
5 56.32 22.48 21.2 540.4 399.2 72.2 32.9
6 56.41 23.19 20.4 714.9 560.6 106.7 47.6
7 58.03 22.47 19.5 21.4 16.9 2.8 1.6
8 51.97 25.03 23.0 . 9.9 7.7 1.9 0.3
9 55.98 22.52 21.5 48.4 37.6 . 6.9 3.8
10 51.97 22.03 26.0 42.9 33.3 6.6 2.9
11 37.01 25.99 37.0 3.4 . 2.1 0.9 0.4
12 41.97 27.03 31.0 3.4 2.2 0.8 0.4
13 55.56 31.24 13.2 37.4 27.4 8.5 1.4
14 52.99 26.01 21.0 8.9 6.7 1.7 0.5
15 50.51 24.49 25.0 8.4 6.4 1.6 ■ 0.3
16 50.50 26.00 24.0 28.4 22.1 6.1 0.2
17 ■ 48.03 24.97 . 27.0 42.4 33.0 9.1 0.3
18 57.44 32.96 9.6 122.9 84.7 27.0 11.1
19 57.44 32.96 9.6 140.4 96.3 30.7 13.4
20 57.52 25.38 17.1 161.4 121.2 25.9 14.2
21 57.69 28.01 14.3 161.4 118.7 29.5 13.1
22 54.70 23.00 22.3 135.9 105.4 20.8 9.6
23 52.30 22.60 25.1 144.4 110.2 22.8 11.4
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Table 17. Mass Balance Data Set 3.

Run Ws Wsc ' Wsn Wlc Win Clost Most DIFF

I 87.8 34.1 47.2 6.8 0 229.6 227.7 + 1.9.
2 67.6 26.9 35.0 0 0 208.5 213.0 -4.5
3 60.0 27.. 9 35.4 0 0 205.2 200.7 + 4.5
4 58.6 28.4 37.5 0 0 ,202.1 193.5 + 8.6
5 ' 534.2 162 155.5 133.8 73.5 10 55 1054 + 0.7
6 429.1 114.8 195.8 84.7 26.5 1130 1130 + 0.4
7 42.6 20.8 10.6 5.4 5.1 70.3 70.5 -0.2
8 9.8 11.2 4.2 0 0 38.6 32.5 + 6.1
9 6.3 1.7 10.7 0 0 78.7 72.0 + 6.7
10 3.4 1.8 6.9 0 0 60.6 55.0 +5.6
11 168.4 107.6 35.8 7.9 14.2 186.3 186.0 + 0.3
12 70.9 • 47.0 17.0 0 4.1 83.2 84.5 -1.3
13 7.4 6.3 ■ 8.1 0 0 65.0 57.5 + 7.5
14 30.0 20.2 11.1 0 0 62.3 60.0 + 2.3
15 23.3 16.4 7.1 0 0 54.5 53.5 + 1.0
16 135.7' 92.4 37.0 0 5.7 187.1 185 + 2.1
17 • 113.3 ' 56.0 24.5 18.1 12.7 156.5 156.5 0.0
18 133.1 85.7 42.9 0 3.4 258.2 257.0 + 1.2
19 88.4 51.3 38.9 0 . 0 226.5 223.0 + 3.5
20 114.2 ' 53.5 53.0 6.4 0 285.5 284.5 + 1.0
21 64.1 25.4 37.5 0 0 229.9 230.0 -0.1
22 57.6 24.8 32.2 0 0 204.9 204.0 + 0.9
23 36.4 12.9 30.5 0 0 186.3 178.5 + 7.8
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Table 18. Mass Balance Data Trends.

Run Wcp-Wo Wcu/Wni Wsc/Wsn Wcu/Wsc Wni/Wsn (Wbc-Wf) 
Ws

1 1.55 5.23
2 1.99 4.59
3 2.19 4.28
4 2.26 4.27
5 0.88 5.53
6 1.56 5.25
7 0.46 . 6 . 0 4

8 0.98 4.05
9 7.08 5.45
10 11.76 5.05
11 0.018 2.33
12 0.042 2.75
13 4.86 3.22
14 0.28 3.94
15 0 . 3 5  4.00
16 0.21 3.62
17 • 0.37 3.63
18 0.84 3.14
19 1.44 3.14
20 1.29 4.68
21 2.31 4.02
22 2.19 5.07

3.65 4.83

0.72 3.36
0.77 4.11
0.79 3.81
0.76 3.7&
1.04 2.46
0.59 4.88
1.96 0.81
2.67 0.69
0.16 22.12
0.26 18.50
3.01 0.020
2.76 0.047
0.78 4.35
1.82 0.33
2.31 0.39
2.50 0.24
2.29 0.57
2.00 0.99
1.32 1.88
1.01 2.27
0.68 4.67
0.77 4.25
0.42 8.54

0.46 228 ug
0.69 213
0.70 201
0.67 193
0.47 1054
0.54 1129 '
0.26 70.5
0.45 32.5
0.64 72.1
0.96 55.1
0.025 186
0.042 84.5
1.05 57.5
0.15 60.0
0.23 53.5
0.16 185
0.37 156
0.63 257
0.79 223
0.49 285
0.79 230
0.65 204
0.75 17923
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The last three columns of Table 17 indicate the 

internal consistency of the calculations and actual cumu
lative errors associated with each mass balance. The C lost 
column is the calculated alloy weight loss from start to 
finish, found by summing all major metal, corrosion product, 
and solution loss terms then dividing the sums by Fcu + Fn  ̂

to account for leaving out the minor metal loss terms. The 
A lost column is the actual coupon weight loss from start to 
finish as measured on the microbalance and calculated by 
A lost = Wj3c - Wf. The Diff column is the difference 
between C lost and A lost (a calculated versus actual 
comparison), retaining the sign, which is just equation (46). 
A value of +2.4 +3.3 ug (I s.d.) is obtained by averaging 
the values of the Diff column, which indicates the calcu
lated weight loss may be slightly higher than the actual 
weight loss. This could be caused by a slight over
calculation of any one of the contributing terms. The 
magnitude is almost within the measurement precision of the 
microbalance, however, which limits the significance of the 
values as a true accuracy indicator. If the Diff column is 
averaged without regard to sign, (absolute values) an 
indication of the overall precision will be at hand. The 
average of the absolute values is 3.0 +2.8 ug (I s.d.), 
which agrees very well with the average predicted error of 
2.9 ug as derived for equation (47). It has to be concluded 
that the mass balance is a su-c cess and works well for

\ -
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coupons corroded under a variety of conditions. The trends 
indicated by the mass balance data are, therefore, reliable 
and believable. „

There are many ways to.express combinations of the mass 
balance parameters in order to interpret the data and spot 
trends. The most important relationships to utilize the 
mass balance effectively. are summarized in Table 18. The 
values are straightforward calculations carried out as 
indicated by the column headings. Some relationships like 
(Wcp - Wq )/Wg or WcuZWgc are more sensitive to the corrosion 
conditions than the Wcu/Wn  ̂ ratio, for example. Even small 
trends are felt to be significant and yield a lot of 
information about the corrosion process. Interpretation and 
summarization of these trends will be covered in the next 
section and throughout the remainder of the dissertation.

Data Interpretation

Each of the columns in Table 18 is useful for 
evaluating trends in the corrosion process. The (Wcp-W0)ZWg 
column compares the metal levels in the corrosion product on' 
the coupon to the metal levels in the solution phase or lost 
to the seawater. If this ratio is high, ■ most of the 
corrosion process is involved in corrosion product 
deposition oh the coupon and good long-term general 
corrosion resistance can be predicted as a result. If the 
ratio is low, the corrosion process is oriented towards
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coupon dissolution and most of the metal will pass into 
solution, leaving less corrosion product on the coupon for 
protection from further corrosion. The ratio is fairly sen
sitive (0.018 - 11.76 range) to the corrosion conditions and 
can be used to compare the affects of various parameters. 
Since real service samples were not available for 
comparisons to this study, the exact magnitude of the ratio 
for good corrosion performance is not known. The cutoff for 
good performance could be easily determined, though,, by 
removing the corrosion product from a real service sample 
with borderline corrosion resistance and comparing the metal 
level in the solid product to the metal lost to solution. 
The metal lost to solution could be indirectly determined by 
the difference between the total sample weight loss and the 
metal lost to the solid corrosion product. It can be 
stated, with some degree of reliability, that the greater 
(WCp - W 0)/Ws is, the greater the general corrosion 
resistance will be.

The Wcu/Wni column compares the Cu to Ni ratios in the 
corrosion product layer as corrosion parameters are varied. 
Since the major species are oxides, a high ratio of W,c /Wni 
would indicate a relative abundance of CugO in the layer 
which would impart different corrosion characteristics than 
a NiO enriched layer. If the level of Ni doping increases, 
the electrical and ionic resistivity of the oxide layer will 
'increase and render it more passive. Thus, it is predicted
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that a low Wcu/Wn  ̂ ratio is conducive to better corrosion 
protection.

If there were no enrichment of one of the alloy base 
metals during oxide layer formation, the Wcu/Wn£ ratio would 
correlate with the 70/30 Cu/Ni alloy ratio, which is 2.3. 
Since the average value is around 4.3, the oxide layer is 
enriched with Cu agreeing with the levels seen in, most of 
the auger depth profiles. The expected oxides are CU2O 
(from the literature and depth profiles) and NiO, which 
would cause Cu enrichment over Ni due to a higher Cu 
stoichiometry in the oxide layer. Therefore, the ratio 
appears to be in agreement with the expected stoichiometry 
and auger depth profile trends. The Wcu/Wn  ̂ ratio does not 
seem to be very sensitive to the corrosion conditions, 
indicating a fairly constant corrosion product composition 
will always be seen. Again, this is in agreement with the 
depth profile trends that show low variability in Capr' and 
N values.a p j -

The next column is an analogous ratio for solution 
losses and is also helpful in predicting, corrosion behavior 
and mechanisms. wsCẑ sn is not as sensitive to corrosion 
conditions as (WCp - Wq ) /Wg is, however, it can be used as 
an indicator for solution enrichment or preferential dis
solution as parameters are varied. Again, simple alloy dis
solution would give a ratio of 2.3, while the observed ratio 
averages about 1.4. This suggests Ni is preferentially
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.dissolving, which appears the same as preferential retain- 
ment of Cu in the solid corrosion product. The combination 
of the Wcu/Wni and Wgc/Wgn columns indicate that Ni is not 
retained in the solid corrosion product to the extent Cu is 
and passes directly into solution despite varying corrosion 
conditions.

Another condition can, in part, be responsible for a 
low Wgc/Wgn ratio. ' If the Ni in solution precipitates to 
form an insoluble, nonrecoverable product, while Cu remains 
soluble, the ratio can be significantly lowered. Inspec
tion of the magnitude of the Win term will tell whether or 
not there is enough precipitation occuring to affect the 
ratio. Long exposure times (runs 5 and 6 of Table 17) 
produce appreciable precipitation and can be suspected as a 
cause of a low WgcZWgn ratio, however, Wic and Win increases 
when Ni does. This will correspondingly lower the Wgc value 
as well as the W gn value, leaving the ratio unaffected. ’ The 
ratio of W icZWin should be inspected before concluding 
Wgc/Wgn is low due to precipitation in solution.

The next two columns of Table 18 relate the ratios of 
Cu and Ni in the corrosion product to each counterpart in 
solution. The interpretations that can be drawn from 
Wcu/Wgc and w ni/w sn are similar to those from the 
(WCp -W0)ZWg column as has already been discussed. The two 
columns are fairly sensitive to corrosion conditions and 
offer a look at the relative fate of each alloy component
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between the solid and solution phase. As with the W sc/Wgn 
ratio, inspection of W-̂ c and W-̂ n values should be made 
before concluding there is preferential dissolution or 
retainment of the. .Cu or Ni component during corrosion.

The final column of Table 18 'is a measure of the 
overall weight of the alloy involved in the corrosion 
process. This value is a measure of the cumulative 
corrosion rate, since it encompasses alloy loss to 
protective corrosion product and to the seawater. Conditions 
that cause high (Wbc - Wf) values are less desirable from a 
corrosion prevention point of view.

Many more conclusions can be drawn from Table 18 and 
many more ways of expressing mass balance parameters are
available. An exhaustive discussion of the interpretation 
of the mass balance data would not. be appropriate for this 
section since the utility and characteristics of the mass 
balance procedure are being emphasized. Specific examples 
of applications of the mass balance data will be given when 
the effects of each corrosion parameter are evaluated in a 
later section.;. I n. ;;c o n c I u s i o n , the.ima t e r.i a I .-ba-la nc e
procedure that has been described throughout the intro
duction, experimental section, and this section, works very 
well and provides much information about the corrosion 
mechanism allowing prediction of good or bad corrosion
behavior. It is one of the most important parts of this
study and will certainly be useful for later studies. The
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derivation of the material balance equations is much more 
clear when they are put to actual use and applied to real 
corrosion conditions. However, if attention is not paid to 
the small steps that affect measurement precision, the 
equations will not give results that are interpretable. It 
is well worth the time to do a good material balance.

(
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AGAR CHARACTERIZATION EXPERIMENTS

The properties of agar have been extensively studied 
due to its widespread use over the years in the micro
biological laboratory. There are, however, special charac
ter i zations that need to be performed on the agar, before 
its role in a corrosion study can be understood. In par
ticular, the diffusion coefficient, water absorption rate, 
water capacity, and mechanical properties, when reduced to 
an ultrathin layer, must be determined.

The study of diffusion coefficients in agar gels has a 
lot of literature support, but it was felt necessary to 
characterize the specific batch of bacto-agar used, under 
the experimental conditions of this study. The experimental 
setup and results of a diffusion coefficient study as per
formed on bulk agar will be presented. It is recognized 
that studies performed on bulk agar may not apply directly 
to the ultrathin layers deposited on coupons. The lack of 
reliable experimental methods to determine such properties 
as diffusion coefficients and blockage factors prevents 
their direct measurement on coupons. Direct agar-on-coupon 
characterization was feasible for dimensional and weight 
change properties and is the topic of a section to follow. 
Bulk measurements of these same properties are easy to
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perform and can be correlated with thin layer measurements.

Bulk Measurements
v

Agar is a very interesting and amusing material to work 
with. It can be prepared very easily and reproducibly by 
simply placing a weighed portion of dry agar powder into a 
known volume of boiling water. When the powder is dissolved 
and the solution is clear, the heat source is removed and 
the agar is allowed to cool and set-up. Only suspensions in 
the 0.25 to 5 weight % range can be prepared because the 
agar will not set below 0.25% and a boiling solution is very 
viscous and nearly saturated at 5%.

The properties of a high weight % agar are similar to a 
soft plastic as it exhibits a surprising strength and 
resilience. Agar strength can be quantified by measuring 
the amount of weight that can be piled on a given cross- 
sectional area before fracture occurs."*"®̂  The material can 
be sliced or cast to any desired shape and poured into thin 
sheets that resist tearing. This allows preparation of 
fairly thin layers (< 1mm) for bulk thickness studies which 
may be extrapolatable to in situ coupon studies.

Agar exhibits unusual drying and rehydration behavior 
and because of the importance of these properties to 
corrosion applications they were made the topic of several 
experiments.
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Water Absorption and Agar Expansion:

Agar can be dehydrated almost completely causing the 
shape to be dramatically altered. Uneven shrinkage within 
the bulk causes curling and wrinkling until there is very 
little resemblance to the original shape and volume. 
Shrinkage by a factor of 10 is common.

Upon rehydration, the original shape and volume are 
approached very closely, even down to small surface details 
that were in the bulk agar prior to drying. This suggests 
the fiber network simply collapses or folds up like an 
accordion during drying. When water is reintroduced, the 
pores fill by capillary action and diffusion until the 
original shape and volume are occupied.

Agar's interesting behavior upon rehydration has a very 
important advantage to this study. When agar is applied to 
a coupon, it is allowed to dry so that a reproducible weight 
can be measured. After introduction into the corrosion 
cell, the layer soaks up water and expands. If the layer 
were to pucker from occupation of more volume than it 
originalIy had before drying, the flow characteristics 
around the coupon would be disrupted significantly. 
However, since the original wet volume is occupied upon 
rehydration and the layer is originally smooth when applied, 
the corroding coupon will be covered by a smooth layer and 
flow will not be significantly affected.
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Another property that must be considered is the time of 

equilibration during rehydration. The time frame of initial 
tarnishing reactions begins within the first seconds of 
exposure to seawater. If the agar layer is still changing 
dimensions and taking in water after this time period, the 
interpretation of the corrosion layer results would be some
what complicated. A stable, non-changing agar layer 
throughout the corrosion experiment is very desirable.

.It had to be determined if the equilibration time is less 
than 30 seconds for a thin layer on a coupon. The lack of a 
way to. accurately measure the dimensional changes on very 
thin layers prevented direct measurement on coupons, re
quiring extrapolation to the thin layer case from bulk data.

Equilibration times were determined by monitoring the 
weight of a dried disk of agar after it was placed in water. 
Figure 22 was generated by preparing a 2% suspension of agar 
and casting it into a disk. The disk was allowed to air dry 
until its weight was constant and dimension measurements 
could be made. As soon as the sample was placed in water, it 
began to swell and gain weight as Figure 22 shows. Each data 
point was collected by removing the disk from the water at 
various times, blotting away the surface water with tissue, 
then weighing on a four place balance. The disk was then 
placed in fresh water each time in case the original water 
was being contaminated by dissolved agar which would have an 
effect on the rate of diffusion of water into the agar.

r
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Figure 22. Bulk Agar Weight Gain With Immersion Time.
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The weight gain was essentially parabolic and appeared to 
reach a limit of 30.5 grams after 75 hours. Equilibration 
time (Teq) was defined as the hours to reach 95% of the 
limiting weight so experiments would not have to be run for 
extended periods of time and a reproducible value could be 
read from the graph. Thus, Teg for the first disk was 2 9.2 
hours, which corresponds to a disk weight of 29.0 g.

The weight and dimensional measurements of the water 
equilibrated disk and dry disk are summarized in Table 19, 
along with data for a thinner sheet of dried agar that was 
prepared similarly to the first disk. The thinner sheet was 
prepared by pouring the same amount of hot, 2% agar into a 
larger petri dish and' allowing it to spread out evenly 
before setting up. The sheet was then dried in the petri 
dish 1 for protection, since it will tear without any support.

The water equilibration time for the thinner sheet was 
measured in a different way compared to the thicker disk as 
shown in Figure 23. Thickness of the sheet was monitored 
with time as it took up water and swelled. This removes the 
weighing problems caused by surface water adherence. The 
sheet was placed in water at time zero then removed 
periodically and placed between two microscope slides. A 
micrometer was used to monitor the total thickness, from 
which the thickness of the two slides was subtracted. The 
sheet was replaced in fresh water after each measurement to 
prevent agar solubility effects on diffusion.
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Table 19. Bulk Agar Water Equilibration Data.

Parameter Thick Sample Thin Sample

Dry Thickness (mm) 1.17' . _ . 0.123
Wet Thickness (mm) 11.1 0.560 .

nDry Area (cm) 10.26 3.85
Wet Area (cm)2 25.9 7.49
Dry Volume (cc) 1.20 0.047
Wet Volume (cc) C

O

OCO 0.421
Dry Weight (g)._ 1.4459 0.0560
Wet Weight (g) 30.54 0.441
Dry Density (g/cc) 1.201 1.184
Wet Density (g/cc) 1.006 1.05

* * * **Equilibration Time (hr) 29.2 0.34
Weight Expansion Factor 21 -7.9
Volume Expansion Factor 25 9.0
Area Expansion Factor 2.5 2.0
Thickness Expansion Factor 9.5 4.6
Dry Weight/Wet Volume (%) 4.8 13.3
Reequilibrated Weight :% 4.8'• : - - ■ . - - 12.7
Original Weight % 2.0 2.0
* Determined by weight change.
** Determined by thickness change.

Figure 23 shows the same trend is exhibited by the thin 
sheet, as for the thicker disk except for a sharper bend in 
the curve. The most important difference, however, is the
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Figure 23. Bulk Agar Thickness Increase With Immersion Time.
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time axis, which is in minutes instead of the hours used for 
the thicker sample. As would be expected, it takes much 
less time for a thinner sample to equilibrate due to 
distance-diffusion behavior. These same properties were 
studied for water absorption in thin > rubber sheets, long 
ago.104 That work concluded that the equilibration time 
should obey the following formula:

Teq = KTh^ (49),
where K is a, constant dependent upon the permeability of the 
absorbing substance and its diffusion coefficient. In an 
effort to verify this, the data on the thick and thin bulk 
agar samples and an agar coated coupon were plotted as a 
Teq/2 versus Th graph as shown in' Figure 24. A coupon was 
coated with agar, weighed, and plunged into water, then 
drained and reweighed after only a few seconds in the water. 
The dunking and weighing were repeated several times showing 
no further increases in weight. This indicates the equili
bration time must have been very short as shown by the near 
0,0 data point. The dry agar thickness on the coupon was on 
the order of 10 urn, as will be discussed shortly. The 
figure adequately demonstrates that equation (49) is obeyed 
giving a K value of 21.46 hr/mm for agar. Therefore, for 
the agar case, equation (49) can be stated as:

Teq = 21.46 Th2 (50),
where Teq is in hours and Th is in mm.

When similar graphs are made for rubber Sheets1^4Studied
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Figure 24. Relationship Between Agar Thickness and Equilibration Time.
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in Reference 104, the K value is 1.5 x IO-3 hr/mm2, which is 
a factor of about 10,000 compared to the K value for agar. 
This reflects the differences in the diffusion coefficients 
and permeabilities between agar and rubber. However, 
despite the differences, equation (49) is obeyed, suggesting 
this equation may be applicable to many materials that 
absorb water. The K values may, therefore, be useful to 
characterize different materials for water absorption.

The data presented in the past few figures and Table 19 
can be used to predict behavior of agar on the coupons. 
Water absorption equilibration times can be estimated using 
equation (50) for various layer thicknesses. The time to 
reach 95% saturation for layers on the order of 10 urn thick

__ nfound on coupons is about 2 x 10 hour or about 10 seconds. 
The short, nonquantifiabIe interval seen for a real coupon 
equilibration check agrees with the predicted time range, as 
shown by the near 0,0 data point in Figure 24. Since the 
equilibration time is much less than the time frame for 
tarnishing reactions (<30 sec), it can be concluded that the 
agar layer is equilibrated and of constant thickness before 
corrosion reactions take place. Agar thickness, variability 
is small during the corrosion . test and is not a problem.

Table 19 presented other general swelling data that can 
be used to predict agar-on-coupon behavior. The expansion 
factors, in particular, describe the agar's behavior as the 
layer gets thinner and thinner. As the thickness decreases,
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the weight and volume expansion factors decrease, indicating 
less water is being absorbed relative to the amount of agar 
present. The dry weight/wet volume % also reflects the 
decreasing water content, being 4.8% and 13.3% for the thick 
and thin cases, respectively. In addition, the reequili
brated weight % changes of 4.8% to 12.7% for the thick to 
thin samples is also consistent with less water.

The main reason for this trend is the evaporation that 
occurs prior to the agar's setting-up. If the layer is very 
thin, relatively more water will escape per unit weight of 
agar before it is cool enough to set up (<45°C). The weight 
percent is therefore fixed at a higher value than the made 
up batch of agar when setting up occurs. When the dried 
layer is reequilibrated with water, the setting concen
tration Is approximated. This can be a real problem with 
the ultra-thin layers on coupons, since weight percents 
may be too high to be approximated by bulk agar measurements 
and may be out of the range of real biofilm characteristics.

Fortunately, the weight percent agar is limited by the 
solubility of agar in water. It was mentioned that a 5% 
boiling agar solution is extremely viscous and nearly "set" 
making application of high weight % material on coupons 
rather difficult. As the weight percent increases, the 
setting temperature climbs until the solution is saturated 
and sets at boiling. Based on bulk agar's behavior at 5%, a 
13% solution must certainly be near saturation and should
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set up immediately upon removal of heat. ■ Attempts to 
prepare a 13% boiling agar solution failed, due to a lack of 
dissolution of all of the agar powder and the extremely 
viscous nature of the material. Thus, it was concluded that 
'13% (dry weight/wet volume %) is limiting. Weight gain data 
on actual coupons bear this out as shown in a following 
section of this discussion where a 12.4 % limiting weight % 
was seen, no matter what the initial agar Weight percent was 
adjusted to. Since the blockage factor and diffusion coef
ficient are dependent on the setting-up percentage, know
ledge of high % bulk agar behavior is very important to this 
study. It is fortunate that the percentage is easy to 
determine as will be shown shortly. It is also fortunate 
that the dry weight/wet volume % value is representative of 
real biofilm densities for short term exposure times. 
Figure 11 indicates that a value near 15% will be seen for 
real biofilms grown in a 10 day period which encompasses the 
time periods pertinent to this study.

Another factor that must be considered is a method to 
vary the degree of" crosslinking'. ' Since- the weight percent 
is fixed at 12.4 %, the degree of cross linking is fixed. 
However, if a lower dipping temperature is used, the degree 
of evaporation will be less and the setting-up composition 
should be adjustable, even down to the made-up agar percen
tage. If. a coupon is dipped into a 45°C agar suspension, 
the agar should set-up right away, before evaporation
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becomes significant. A series of coupons were coated with a 
2% agar solution at various temperatures ranging from 
9 6 0C (boiling), to 45°C, which is the bulk setting-up 
temperature. In this w a y , the crosslinking could be 
controlled and varied between 2% to 12.4 %. agar. ' The 
results of that experiment will be discussed in the effects 
of corrosion parameters section to follow.

Table 19 also shows data on the area expansion factor. 
This parameter indicates the thinner the layer, the less 
lateral expansion takes place upon rehydration. Most of the 
volume expansion occurs through a thickness increase rather 
than increasing area. If a cubic or spherical piece of dry 
agar is placed in water, expansion will occur equally in all 
directions. As the shape of the dry agar approaches a slab, 
the length and width expansion will become smaller relative 
to the thickness expansion. Ultra-thin layers that have the 
coupon for support will almost exclusively expand in the 
thickness direction rather than laterally as seen by the 
smooth appearance of the rehydrated layer on a coupon. If 
the coupon has not been pretreated correctly prior to agar 
coating, the layer may not adhere completely over the entire 
surface, causing peeling and wrinkling. Surface oils and 
debris seem to be the cause.

Since the volume expansion occurs mainly due to a 
thickness increase, the thickness can be calculated more 
reliably than it can be measured. Once the weight increase
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upon rehydration is known, the density of .the wet agar (at 
12.4 %) is used to determine the volume increase. Assuming 
the volume increase is mostly due to a thickness change, the 
coupon's geometrical surface area can be divided into the 
volume change to get the thickness of the wet layer.

The thickness of the layer can be varied at will by 
dipping the coupon into various percentages of made-up- agar. 
When setting occurs, the density will be fixed and the 
thickness will depend on how much dry agar weight was 
applied. If the starting agar solu t i o n  is more 
concentrated, the dry agar weight will be higher given the 
same volume of fresh wet agar clinging to the coupon. Once 
dry, the weight will be proportional to the original agar 
weight percent.

In summary, the bulk agar water absorption experiments 
have allowed prediction of the thin agar layer behavior on 
coupons. It was determined that the Coupon agar layers will 
equilibrate prior to significant corrosion reactions and 
will reach a limiting thickness dependent upon the dry agar 
weight- on ‘the .coupon. — Since the dry ' agar weight is 
proportional to the weight percent of the starting agar sus
pension, the thickness can be easily controlled. It was 
also determined that the degree of cross-linking is fixed by 
the coupon dipping temperature -and that a similar cross- 
linking density to real biofilms can be achieved. Also, the 
reequilibrated agar layer will be smooth and disruption of
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flow around a coated coupon due to the agar layer will be 
minimal.

The macro-behavior of agar layers on coupons has been 
characterized using bulk agar measurements. In order to 
study the micro-structure of the agar, bulk measurements of 
the diffusion coefficients and blockage factors had to be 
made which are the topic of the next section.

Diffusion Coefficient Determination:

Diffusion coefficients were determined by modification 
of the diaphragm cell method used by Harned^ (p 507) . The 
diffusion cell is shown in Figure 25.

Figure 25. Diaphragm Cell Design for Diffusion Coefficient 
Measurements in Agar.
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The cell consists of two chambers separated by a 

sintered glass disk that acts as a diffusion boundary 
through which relative diffusion coefficients can be 
measured. In this experiment, the disk was used to hold a 
plug of agar in place, for which the diffusion coefficient 
could be calculated. A known aliquot of an electrolyte is 
added to the upper chamber which diffuses toward the bottom 
chamber containing doubly distilled water. The concen
tration gradient causes diffusion through the agar plug and 
glass disk which can be monitored by a conductivity probe in 
the lower chamber. The cell was fashioned from the end of a 
10 x 300 mm chromatography column and the conductivity probe 
was prepared by inserting two Pt wire loops through a rubber 
stopper that was placed in the cut-off end of the column. 
The external leads were connected with alligator clips to a 
Barnstead model P M - 7 OCB conductivity bridge allowing 
measurement of the conductivity in the lower chamber between 
the two wire loops. The top chamber is labeled I while the 
bottom chamber is labeled II. The respective internal 
volumes of each component are listed in the Figure (25). The 
agar plug thickness is 0.50 cm which gives it a geometrical 
diffusion area of 0.30 cm^/0.50 cm = 0.60 cm^ = q. The. 
diffusion coefficient, D, can be calculated by:

Ln [(Cpj — Cpjj)/(Cgj — Cg j j) ] = —BDT (51)
Cpj and Cp j j are the final concentrations of the diffusing 
ion for the top and bottom chambers respectively, after an
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elapsed time, Te, starting with concentrations Cgj and Cgjj 
in the upper and lower chamber respectively. B is a cell 
geometry constant given by:

B = (1/Vj + 1/Vj j )q/I (52) ,
where q is the geometrical diffusion area, (0.60 cm^), I is 
the length of agar through which the ions must diffuse 
(0.50cm), and Vj and Vjj are the volumes of the upper and 
lower chambers, (1.40 ml and 4.00 ml) respectively. Thus, 
B = 0.6 0 C m ^/0.50 cm x (l/1.40cm^ + 1/4.OOcm^) = 1.157 cm- .̂

Equation (51) applies if D is constant as the concen
tration changes, which is a reasonable assumption at the low 
concentrations used here. Also, steady state conditions 
must be attained as indicated by a linear change in concen
tration with time in the lower chamber.

The experiment was initiated by placing 0.30 ml of hot 
2% agar on top of the sintered glass disk and allowing it to 
cool and set up. Shrinkage was minimal, thus maintaining 
tight contact to the glass and minimizing leakage around the 
edges. Doubly distilled water was placed in the bottom 
chamber using the fill hole and a wash bottle followed by 
plugging the hole with a small rubber plug. Since the plug 
has a small cross-sectional area, the hydraulic pressure 
will not be high enough to move the agar when the plug is 
inserted. Water was added to the 1.40 ml mark in the upper 
chamber and covered with parafilm to prevent contamination.

The system should be allowed to equilibrate for several
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hours until the conductivity readings have stabilized and 
temperatures are constant. Handling with fingers should be 
avoided due to sensitive temperature effects on the conduc
tivity. The' cell should be wrapped in foam insulation to 
minimize temperature fluctuations and the room temperature 
should be held to within ^0.5°C.

The experiment was begun by spiking a known aliquot of 
0.100 m NaCl into the solution in the free space of the top 
chamber using a micropipette. A stopwatch was. begun and the 
conductivity was monitored with time. Some data is shown in 
Figure 26 which is a plot of conductivity (concentration) 
with time in the lower chamber for several aliquots.

Run' I was carried out with a 50 ul aliquot of 0.100 M- 
NaCl, thus, 0.005 moles Na+ and Cl- each were added to the 
top chamber. Likewise, Run 2 utilized 200 ul and a blank, 
Run 3, utilized only 40 ul of 0.10 0 M NaCl solution giving 
0.020 moles each of Na+ and Cl- and.0.004 moles Na+ and Cl", 
respectively. A blank run was necessary to calibrate the 
cell without agar present and allow calculation of the
formation factor" CequatxoTi ('ll) ,' page 74):" " A "prominent
feature is apparent from the graph. There is an induction 
period for each run before any change in conductivity is 
measured. The respective induction times for runs I, 2, and 
3 are 130, 60, and 20 minutes, depending on the magnitude 
of the concentration gradient and resistance to diffusion. 
If the diffusion resistance is lowered by removal of the
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Figure 26. Diffusion Time Versus Relative Conductance.
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agar plug, or if the concentration gradient is raised by- 
increasing the concentration in the upper chamber, diffusion 
will be faster and a shorter induction period is expected. 
If the induction period is much shorter than 20 minutes, 
there is a leak past the agar or glass plug and convection 
effects will interfer with diffusion measurements.

Another prominent feature to the curves in Figure 26 is 
linearity after the induction period during the first hours 
of the runs. The linearity will taper off with time because 
the volume of the lower chamber is finite. The lower cham
ber's concentration will rise until the■ concentration gra
dient is significantly affected and both chambers approach 
the same ion levels. This will cause the curve to level out, 
so measurements must be taken just after the induction, 
period until deviation from linearity is significant. •

Before equation (51) can be used, conductances must be 
converted to concentrations. Several standardized NaCl 
solutions were added to the bottom chamber of the cell and 
conductances were measured. A plot of the data showed a 
very linear curve ■ (R2 = 0.9995) with no intercept and a 
slope of 3.9 5 x 10“® M/umho. Thus, if conductance in 
umho is multiplied by 3.95 x IO"6 M./umho, the concentration 
in molarity will be calculated for the solution in the lower 
chamber. The concentration of the solution in the top 
chamber must be calculated by multiplying the spike volume 
in ul times 0.100 M NaCl x IO"6 1/ul, then dividing by the
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volume of the top chamber which is 0.0014 I.

Thus, for Run 2 (200 ul of added 0.100 M NaCI), the 
linear range occured from 200 to 800 minutes for an elapsed 
time, Tg, : of 600 minutes. Data at 800 and 200 minutes were 
used for Cf and Cg concentrations, respectively. Therefore, 
the pertinent concentrations are: Cgil = 43 umho x 3.95 x

247umho x 3.95 x 10”®10 ®M /umho = 1.762 x IO- r̂M, and CFII
M/umho = 9.757 x 10“  ̂M . Also, Cgi = (2 0 0 ul x 0.100 M/1 x 
10“6 1/ul - Cgil V ii) /V1 = (20 x IO-  ̂ moles - 1.762 x IO-4 
moles/1 x 0.004 I) /0.0014 = 0.01378 M , and Cf j = (200 ul x
0.100 moles/1 x 10”® 1/ul - Cfii V 1 j)/Vj = (20 x 10”® moles 
- 9.757 x IO"4 moles/1 x 0.004 I) /0.0014 I = 0.01150 M .
Substituting into equation (51) gives: D = Ln [ (0.01150 -
9.757 x IO"4)/ (0.01378 - 1.76 2 x IO"4) ] /-BTe , or D =
Ln ( 0.7736 ) / ( - 1.157 c m"^ x 600 min x 60 sec/ min) = 
-0.2567/-4.1652 x IO4 cm^/sec, or D = 0.616 x 10"® cm^/sec. 
Similar calculations were performed for run I and several 
other runs that were omitted from, Figure 26 for clarity, 
giving an average D value of 0.605 ĵ 0.05 x 10"® cm^/sec.

Equation 5 can also be used to calculate D with data 
from Figure 26, providing another check on the diffusion 
coefficient. Pick's first law (equation (5)) states that 
the flux of mate r i a l , dM/dT, is proportional to the 
concentration gradient, dC/dX, where the proportionality 
constant is the cross-sectional diffusion area, q, times the 
diffusion coefficient, D. Thus, a plot of the flux of ions
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versus concentration gradient will give a straight line, 
whose slope = q x D. Since q = 0.60 c m 2, the value of D can 
be readily calculated.

The ion flux into the lower chamber is determined from 
the slope of the linear portion of each curve in Figure 26 
by multiplying the umho/min units by 3.95 x IO-6 M/umho and 
the molarity by the volume of the lower chamber (0.004 I) to 
get moles/min. Concentration gradients can be calculated by 
multiplying the ul of NaCl solution added to the top chamber 
by the molarity of NaCl, 0.10OM, x 10“  ̂ 1/ul, then divide by 
the volume of the top chamber, 0.0014 I, and divide by the 
diffusion path length, I, which is 0.50 cm. This 
calculation assumes the concentration in the lower chamber 
is negligible to the top chamber's concentration and can be 
ignored. If the amount of back diffusion is significant, 
deviation from Pick's law will be seen, as illustrated in 
Figure 27.

Figure 27 is a plot of flux in mole/min versus 
concentration gradient in M/cm showing additional data that 
was omitted from Figure 26 for clarity. The graph shows 
linearity at low concentration gradients, however, at high 
gradients (>0.015 M/cm) the flux is abnormally low due to 
significant back diffusion from the lower chamber because of 
its finite volume. Equation (51) accounts for this behavior 
by considering actual differences between the top and bottom 
chamber concentrations, thus allowing D calculations for
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concentration gradients above 0.015 M/cm. Only gradients 
that are linear with flux can be used with Pick's first law 
calculations. Thus, the slope of the linear section is 
2.222 x IO"7 I cm/min x IO^ c m 3/I x I min/60sec = 3.704 x 
IO"6 c m 4/sec, making, D = slope/q = 3.704 x IO"6 cm4/sec/ 
0.60 cm3 = 0.617 x 10"3cm3/sec. This compares very well to a 
D value of 0.605 x 10"3cm3/sec determined by equation (51). 
The two D values can be averaged to get: D = 0.611 +0.051 x 
IO"3 cm3/sec at 20.90C through 2% bacto-agar.

This D value is for the diffusion of Na+ and Cl" ions 
through the agar. It is impossible for the small Na+ ion to 
diffuse faster than the larger Cl" ion because charge 
neutrality across the agar plug must be maintained. As a 
result, the largest ion determines the diffusion rate and 
the smaller ions tag along maintaining charge neutrality. 
Therefore, for NaCl, the calculated D value applies to the 
Cl" ion only.

Since the same solvent and temperature apply to each 
ion, equation (7) can be used to calculate the self 
diffusion coefficient of Na+. Thus, x rci " constant =

0Na x rNa' or 0Na = 0Cl x rCl7rNa' The values of rcl and 
rNa are 1.81 A and 0.97 A, respectively, ̂ 63, so PNa = 0.611 
xlO"3 c m 3 / sec x 1.81/0.97 = 1.140 0.097 x 10"3 cm2 / sec. 
This compares very well to literature values of 1.120 j^O.Ol 
x IO"3 c m 3/sec from Slade,^0 and 1.0 7 5 +0.01 x IO"3 cm2 / sec 
from Fujii and Thomas, for the self diffusion coefficient
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of Na+ in 2% bacto-agar at 20.9°C, as determined by radio- 
tracer methods. Given the errors involved, there is no 
significant difference and the micro-structure of the bacto- 
agar used in this study is the same as prior studies 
presented in the literature.

Diffusion of other ions such as Li+ and NOg- were also 
determined, which gave calculated nonhydrated radii values

0 O ,of 0.60 A and 2.49 A, respectively. The Li value 'matches 
the value given in Reference 105 and the NOg- radii agrees 
with a geometrical calculation from a model of the nitrate 
species. Since this application is irrelevant to the theme 
of this study, more detail will not be given. Reference to 
the supplementary laboratory books can be made.

Diffusion coefficients for major ions in seawater and 
pertinent corrosion species are summarized in Table 20. 
Each of the values is calculated relative to D ^  using 
equation (7) in a similar way as DNa was just determined.

Corrections for hydration effects have been neglected, 
however the Dq  ̂ value was calculated from a real system 
where hydration effects are present. Thus, if hydration 
effects are significantly different from Cl- as governed by 
a charge density difference, the D value may not be accurate 
and might require experimental verification. The small 
multi-charged ions will fall into this category.. It should 
be mentioned that the method accurately predicted the 
diffusion coefficient for Na+ from Cl- as well as the size
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of the nitrate ion. This suggests differences in hydration 
do not affect the calculations significantly.

Table 20. Self Diffusion Coefficients 
• Ions and - Pertinent Corrosion

of Major Seawater 
Species,in Agar.

I on Radii A 105 DxlO3 cm2/sec

Cl" • 1.81 0.611
Na+ 0.97 1.140
SO4"2 2.80 0.395
Mg+2 0.66 1.676
C a+2 0.99 1.117
K+ 1.33 ' 0.832
HCOg- * 2.48 0.44 6
.Br" 1.96 0.564 '
Cu+ 0.96 1.152
Cu+2 0.72 1.536
Ni + 2 0.69 1.603
OH™ 1.40 0.790

°2 1.46 0.824
S™2 1.85 0.598
HS" 1.85 0.598
Fe+3 0.64 1.728
Fe+2 0.74 1.494
Mn+2 0.80 1.382

Complex ion radii are calculated from models using 
adjustments for coordination numbers as recommended in 
Reference 105 Page 643-645.
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Comparison of the O2 diffusion data in Table 20 and 

Table 4 shows the similarity in micro-structure between real 
biofilm and agar. Although the O2 diffusion value given in 
Table.20 may be slightly high due to a lack of hydration 
effects, (non-ionic) it falls in the middle of the range of 
O2 diffusion in various biofouling layers.

Other uses for Table 20 include calculation of concen
tration gradients for various ions across the agar layer 
after fluxes are determined from the. material balance. If 
the thickness of the agar layer and bulk solution concen
trations are known, the surface concentration of corroding 
metal ions can be determined. Temperature differences can 
be adjusted for by the use of equation (9). Thus, diffusion 
data for a variety of experimental conditions can be 
calculated, if needed.

Another significant parameter that characterizes the 
micro-structure of the agar is the formation factor, which 
is a measure of the blocking effect of the agar, as 
previously mentioned in the introduction. The formation 
factor F, from equation (11) (page 74) is the ratio of, the 
diffusion coefficient when there is no agar (0%), D gf to 
the diffusion coefficient when there is agar, Dg, based on a 
% agar versus D plot as was shown in Figure 13. The analog 
of Dg/Da can be calculated using the data for blank run 3 of 
Figure 26 and the curve in Figure 27. Equation (5) states 
that the diffusion coefficient is given by the ratio of the
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■ flux over the concentration gradient divided by the cross- 
sectional diffusion area. If the same cell is spiked with 
the same amount of NaCl solution when agar is ..present or 
absent, the- concentration gradient and diffusion area will 
be the same. Thus, the ratio of diffusion coefficients for 
the agar and honagar cases will be the same as the ratio of 
fluxes, which can be easily determined.

The flux for the nohagar case is calculated from the
islope of the linear portion of run 3 (blank) in Figure 26. 
The slope is 0.3261 umho/min x 3.95 x 10”  ̂ M/umho or 1.288 x 
IO"6 M/min. The moles are determined by multiplying by the 
volume of the lower chamber in liters: 1.288 x I O"6
moles/ 1-min x 0.004 I = 5.152 x IO"9 moles/min.

The flux for the agar case is given by Figure 2 7 when a 
concentration gradient, set up by adding 40 ul of 0.100M 
NaCl to the top.chamber, is specified. The concentration 
gradient is (40 ul x 0.100 moles/1 x 10"6 1/ul) / (0.0014 I x 
0.50 cm) or 0.5714 x 10"^ M - c m " \  This corresponds to a 
flux of 1.270 x 10"9 mole/min.

Since F can then be calculated by DgZDa or the ratio of 
flux without agar over the flux with agar, then F = 5.152 x 
IO"9 mole/min/1.270 x IO"9 moles/min = 4.057. Comparison of 
this value to the value of 1.24 calculated for urea from 
Figure 13 at 2 weight% agar, illustrates the enhanced 
blockage of an electrolyte (Cl") versus a non-electrolyte 
(urea) during diffusion through agar.
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From equation (11), (page 74), and an F value of 4.057, 

the slope factor, ^ , is calculated to be 1.529, when w = 
2.0%. This is in-between the theoretical value for non
electrolytes (0.42) and that determined for other experi
mental data^ for electrolytes (2.84) . The Wang formula 
(equation (12)) gives a calculated value for , as des
cribed in the following discussion (also see page 75). For 
this experiment, the actual agar density is 1.18 g/cc by 
weight/volume measurement. The bound water per gram of 
anhydrous agar, H , is calculated from the observed density 
compared to the anhydrous density. If the anhydrous density 
is 1.6 g/cc (Reference 91) and the observed density is 1.18 
g/cc, then each gram of anhydrous agar must take up 1.25 
grams of bound water to reach an observed density of 1 .18 
g/cc. Thus, H = 1.25. This gives a calculated value of 
1.397, by equation (12), which is in reasonable agreement 
with the actual % value of 1.529. Thus, in this study, the 
Wang formula predicts electrolyte behavior in agar, whereas, 
other studies did not do so well.^ 7 ^

In summary, the microstructure of the agar used in this 
study has been characterized using blocking factors and 
diffusion coefficients. It was found to be very similar to 
the structure seen in real biofilms and can be successfully 
described by the equations presented in the introduction. 
If the surface concentration or diffusion behavior of a cer
tain corrosion species needs to be determined, there are
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adequate data and equations presented in this section to 
find them. Also, the methodology and equipment for direct 
experimental determination of diffusion coefficients of 
various ions through agar has been perfected and seems to be 
quite successful.

The behavior of agar in bulk form has thus been exten
sively characterized in the macro and micro sense. Much of 
the data is applicable to agar layers on coupons, however, 
some experiments had to be performed directly on coated 
coupons. The results of those experiments are the topic of 
the following section.

Agar-on-Coupon Characterization

Agar can be reproducibly applied to coupons using the 
procedure given in the experimental section. The amount is 
varied by dipping a preweighed coupon in various weight/ 
volume percent agar suspensions, and monitored by drying and 
reweighing. The data shown in Figure 28 illustrates the 
reproducibility and relationship between the weight/volume % 
of the initial agar solution and the resulting dry weight of 
adhering agar. • The data has been normalized by dividing by 
the coupon's geometrical surface area giving a plot of 
ug/cm^ versus weight/volume % agar.

The relationship between the weight/volume % and dry. 
agar weight is given by the formula of the straight line by 
least squares analysis.



A
6 

A 
R 

I ,
 

dr
y 

W
el

 g
ht

 - 
ug

/ 
cm

7 00-

218-2  wAGAR I

9 9 5 2  ( I I pts)R =

WEIGHT/ VOLUME -  %

Figure 28. Initial Agar Weight/Volume % Versus Dry Agar Weight 
Deposited on a Coupon.

187



188
Agarl = 218.2 w - 17.4 (53),

where Agarl is the normalized dry weight in ug/cm^ and w is 
the weight/voIume % of the made-up agar. A correlation 
coefficient, , of 0.9952 for 10 data points, indicates the 
trend is fairly linear. Reproducibility is about +10% RSD 
for agar percentages around I to 2 %, however, it increases 
rapidly above 4% because of the highly viscous nature of the 
agar and the ensuing application difficulties. For this 
reason, application of agar percentages above 3% is not 
recommended.

The thickness of the dry layer can be calculated by 
dividing the normalized weight by the dry agar density, 
(I.18g/cm^ from bulk agar measurement) and adjusting units 
to urn. Thus, a correction factor of I.18g/cm^ x 10^ug/g x
IQ-^cm/um = 118 ug-cm-^um--*- can be divided into the weight 
to get the layer thickness in urn. Equation (53) can be 
rewritten to get a calculated thickness by dividing the 
slope and intercept by the conversion factor:

Thd = 1.850 w - 0.147 (54),
..where Thd is the dry agar thickness in urn on the coupon. A 
2% agar suspension will therefore give a thickness of 3.5 
urn, which is extremely thin. The volume of the layer will 
be on the order of 5 x IO-^cm  ̂ which precludes direct volume 
measurement and calculation of the thickness. Layers as

Othin as 0.32'urn or 3200 A can be applied when 0.25% agar is 
prepared. Direct auger analysis of an agar coated coupon
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verified this thickness to be accurate since it took a 60 
A/min argon sputter beam a total of 50 minutes to penetrate 
a layer deposited from a 0.25% agar suspension.

The dry agar thickness has little utility to this study 
because corrosion effects occur in an aqueous environment. 
However, if the thickness expansion factor upon rehydration 
is known, direct calculation of the wet thickness is pos
sible, once the dry thickness is known. More accurate 
methods to determine the wet thickness are available and 
were used. The most accuracy possible was requited for wet 
thickness and dry weight/wet volume % determination because 
of the importance of these particular parameters toward 
understanding corrosion effects. Measurement of the wet 
agar weight and density using a sensitive microbalance "al
lows reliable calculation of the wet thickness and dry 
weight/wet volume %.

Determination of the wet agar weight was plagued ,with 
experimental measurement problems. A coated coupon dipped 
in water, then removed for weighing will be covered by a 
certain amount of surface water adhering to the agar layer. 
The amount of surface water is at least as much as that 
absorbed in the agar, and so, cannot be ignored. The amount 
is also extremely variable at the sensitivity required for 
accurate measurement (ug). Blotting away the surface water 
with tissue did not work because the thin agar layer gives 
up variable amounts of absorbed water to the tissue. Also,
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once the surface water is removed, the thin layer dries very 
quickly before accurate weights can be taken.

Subtraction of the weight of a wet, uncoated coupon was 
also unsuccessful because of the poor reproducibility in
herited when subtracting weights of nearly equal magnitudes. 
Wettability differences between a coated and uncoated coupon 
also made this method undesirable.

The problem was resolved by simply measuring the dry 
agar weight, then equilibrating the coupon with water and 
weighing it, surface water and all. By varying the dry agar 
weight followed by measuring the wet coupon's weight minus 
the wet coupon's weight without agar, a graph of dry weight 
versus uncorrected wet agar weight could be made as shown in 
Figure 29. Estimated error bars are also shown.

The curve shows deviations from linearity at low agar
'■ ' !

weights due to changes in the surface wettability as the 
agar layer thickness increases. Once the curve becomes 
linear, and wettability does not change, the slope describes 
the change in wet weight versus dry weight, despite the 
presense of surface water. Since the dry weight is 
accurately measured, the corrected wet weight can be ac
curately determined by multiplying the dry weight by the 
slope of the linear portion of Figure 29. Thus,

Ww = 8.0002 Agarl (55),
where W w is the normalized wet weight in ug/cm^. The be
havior at low dry weights can be ignored since they are due
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to wettability differences and do not affect the amount of 
water absorbed in the agar layer. Extrapolating the curve 
to zero % agar (uncoated) indicates there is an average of 
4319 ug/cm^ more surface water clinging to a coated coupon 
than an uncoated coupon. Thus, wettability differences are 
significant and cannot be ignored. The reproducibility of 
clinging water problem is resolved by the averaging effect 
of drawing the best straight line through the data points, 
An value of 0.9802 is seen for the 8 high agar weight 
data points which indicates linearity, but is lower than the 
other calculated lines in this group of experiments. This 
is due to the poorer reproducibl i I i ty rather than non
linearity. It appears that the method just discussed is the 
least complicated and most accurate to use.

The slope in equation (55) is the normalized weight 
expansion factor that can be converted to a thickness ex
pansion factor by dividing by the ratio of the wet agar 
density over the dry agar density. As will be shown 
shortly, the wet agar density on a coupon is 1.0173 g/cc 
while the - dry density is 1.18 g/cc. Thus, the thickness 
expansion factor will be 8.0002/(1.0173/1.18) - 9.280. This 
compares well to the bulk agar expansion factor of 9.5 for a 
thin agar disk taken from Table 19. As was mentioned, more 
accuracy will be achieved if an empirically determined 
thickness expansion factor times the dry thickness is not 
used to calculate wet thickness. A better method is to
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convert the slope from Figure 2 8 to a factor compatible with 
normalized dry agar weight which is accurately measured. 
Therefore, the conversion factor is 8.0002/ (1.0173 g/cm3 x 
10  ̂ cm/urn x IO6 ug7g) = 0.07864 urn cm3 ug-"*", and another 
equation can be written:

Thw = 0.07864 Agarl (56) ,
where Thw is the wet agar thickness on a coupon in urn. A 
plot of the data used in Figure 28 and 29 can be made in a 
Thw versus Agarl graph as shown in Figure 30.

Equation (56) is plotted to indicate the amount of data 
scatter and linear behavior. An R3 value of 0.9802 from 8 
data points was seen. This graph is the most useful of 
those presented since the wet agar thickness is a most 
pertinent variable. If Figure 30 is used to determine 
thickness, a relative error of ĵ 6% RSD is expected.

Equations (53) and (56) can be combined at the risk of 
poorer precision (+12% RSD), allowing calculation of wet 
thickness from the weight/volume % of the agar batch, w:

Thw = 17.17 w - 1.38 (57)
Figure 31 shows this line and data scatter about the 

line with the same R2 value of 0.9803 for the high 8 points. 
Equation (57) is much easier to use, but suffers from poorer 
precision and accuracy. It is recommended that weights of 
dry agar be monitored and equation (56) be used to cal
culate the wet agar thickness. If the dipping technique is 
not rigorously reproduced, the weight/volume % of the agar
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suspension will not guarantee a reproducible agar weight on 
the coupon. Since there are no checks on the application 
technique, the agar layer must be dried, weighed, then 
rehydrated.

Equation (57) gives a wet thickness range of 3.0 um to 
51.3 um for 0.25% to 3% agar, respectively. This thickness 
range is representative of the real biofilm thicknesses 
(10 um to 60 um) pertinent to this study. If need be, wet 
agar layers as thick as 100 um can be prepared, but at the 
risk of thickness inhomogeneities.

To complete characterization of the agar layers on 
coupons, the dry weight/wet volume percents and the re
sulting formation factors had to be determined. The- dry 
weight and wet weight are determined by weighing and 
equation (55) . The wet volume can then be calculated by 
dividing the wet weight by the wet density, giving the data 
necessary to calculate the dry weight/wet volume %.

The wet density is also determined from equation (55). 
Since I g of dry agar will form a wet layer weighing 8.0002g 
the weight of absorbed water must be 8.0002 g - 1.0000 g, or 
7.0002 g. This will occupy a volume of 7.0002 g/0.9976 g/ml 
or. 7.0170 ml. Likewise, the I g  of agar will occupy a 
volume of I g/1.18 g/ml or 0.8475. ml. Thus, the total volume 
will be 7.0170ml + 0.8475ml or 7.8645ml. The wet density of 
agar on a coupon is then 8.0002 g/7.8645ml or 1.0173 g/ml 
which compares well to the average wet bulk agar density of
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1.023 from Table 19. Dividing this density,by the slope of 
equation (55) and multiplying by 100 gives a constant dry 
weight/wet volume % of 12.72. Calculation'of this value 
using the individual raw values from which equation (55) was 
derived, gave a variability of _+ 12% (I RSD). The wet 
density variability was determined to be 0.27% using the 
same data. The low variability suggests the cross-linking 
is fairly constant despite the amount of agar applied to the 
coupons, as long as the dipping temperature is constant.

Equation (11) allows calculation of the formation fac
tor of agar-on-coupon layers from bulk measurements. Using 
the 12.72%agar composition value and ah value of 1.529 
(page 185), a formation factor of 12.72 x 1.529 + I = 20.4 is 
calculated. This means the agar layer on a coupon is 20 
times more effective at blocking out diffusing ions than a 
layer of water of the same thickness. The formation factor 
for 2% agar was 4.057, (page 184), so the agar-on-coupon 
layer factor is 20.4/4.057 or 5.03 times greater than for 
the 2% bulk agar used for diffusion coefficient determi
nations in Table 20. Thus, diffusion coefficients- of ’ions 
through agar layers on coupons can be calculated by dividing 
the value given in Table 20 by 5.03. The precautions in 
using this data are listed just before Table 20. In ad
dition, this factor will only apply if the recommended agar 
coating procedure is followed and a dip in boiling agar is 
used. If the dipping temperature is lowered, (<45°C), the
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crosslinking will diminish until the values in Table 20 are 
directly applicable. The effects of varying the cross- 
linking on the corrosion behavior will be evaluated in the 
next section of the dissertation.

In summary, the agar layers placed on coupons have been 
characterized macroscopicaIIy and microscopically and were 
found to agree well with the real biofilm data presented in 
the introduction. The application of agar studies to real 
biofilm studies can, therefore, be considered reliable.

The data in this section can also be used with material 
balance data to predict mass transfer through an agar layer. 
In particular, the transfer rates of C^r Cu+ , and Ni+  ̂ will 
be calculated and presented in the effects of the agar on 
corrosion behavior discussion to follow.
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INFLUENCE OF CORROSION PARAMETERS

As was mentioned in the scope of the study section of 
the introduction, the influence of each corrosion parameter 
was evaluated under the most sensitive conditions possible. 
Corrosion changes are most apparent during the first hour of 
exposure to seawater which makes this time region useful for 
studying the effects of coupon pretreatment, temperature, 
flow, seawater chemistry, and agar coatings. The added 
advantage of short term experiments allows many variations 
of each parameter to be studied, which was felt necessary 
toward adequate understanding of the corrosion mechanism. 
Longer studies up to 4 days were tried under conditions that 
approximated real service conditions in an effort to extend 
the applicability,of this study.

The base corrosion conditions and ranges listed in 
Table 7, page 98, were exclusively used to evaluate each of 
the corrosion parameters. Variations of one parameter at a 
time, while all others were kept at the listed base 
conditions, assured that only the effects of that parameter 
were influencing the corrosion behavior. Auger depth profile 
information, coupon appearance, micrographs, and line 
analyses were used to quantify the corrosion behavior. 
Tarnish rates were calculated for variations of each of the
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parameters and were supplemented by material balance data 
presented in a previous section. The presentation of the 
corrosion rate behavior and probable explanations for the 
behavior are the topic of this section and lead to develop
ment of the corrosion mechanisms, with and without agar. 
Before presentation of the corrosion behavior, a novel 
method for determining cupro-nickel tarnish rates based on 
color changes should be mentioned. This rapid method was 
used for evaluation of corrosion parameters, such as sea
water chemistry, that require many variations to be ade
quately characterized. Note will be made whenever this 
method is used, otherwise, the usual method of depth profile 
oxide area estimation of tarnish rates is implied.

The color changes of the coupons during the early 
stages of corrosion are very rapid and sensitive to each one 
of the corrosion parameters. In fact, a reasonable estimate 
of corrosion product amounts and thicknesses can be made by 
color judgment alone. Calibration of colors to auger depth 
profiles is necessary. This method is very fast and the 
extent of tarnishing with time can be followed directly by 
observation of the corroding coupon in the glass corrosion 
cell. Table 21 gives the data necessary for color estimates 
of initial tarnish layer growth rates, without the influence 
of agar coatings. The base conditions, as listed in Table 
7, apply to the data.
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Table 21. Initial Color Changes of Corroding 70/30 Cupro- 
Nickel Coupons Under Base Conditions.

Color Wcp/A (ug/cm2)* OThickness-A

light yellow 2 +2 50
brown 9 +3 200

purple-red •k * •15.4+2.0 300+20
light blue 36 +5 600
blue-green 54 +6 800
dull grey >100 >1000
* Values are calculated from oxide areas under auger depth 
profiles using equations (23) and (2,7) . An average coupon 
surface area of 3.37 cm2 is used to normalize the data with 
respect to coupon size.
** This is the most distinguishable color change. The cor
rosion rate is about I ug-cm-2-min~^ for 70/30 cupro-nickel 
using base conditions. Errors are estimated and apply when 
comparison to a purplish-red corroded coupon is made.

As indicated by Table 21, the corroding coupons will 
begin to show a weak yellow color when only 5 to 10 mon.o-

Olayers are present (about 50 A thick). The yellow tint gets 
darker and more colored until a. fairly dark, brown color is 
seen. The brown color gives way to a dark, purplish-red 
color that quickly begins to show bluish tints. The blue 
becomes more predominant and the hues become lighter until 
only a light blue color is seen. The blue color gradually
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picks up a yellow tint and the coupon will appear to be 
blue-green. The color, then slowly changes to a grey metal
lic tint and the luster becomes dull. No apparent changes 
in the appearance are seen after the dull grey color except 
for some brown tints in special cases. The most, sensitive 
color change is during the purplish-red stage and fairly 
reliable tarnish rates can be estimated during this phase. 
Exposure times to reach the purplish-red stage will give 
relative tarnish rates as corrosion conditions are varied, 
allowing very rapid evaluation of corrosion parameters. The 
rate is found by dividing the normalized corrosion product 
weight at the purplish-red stage (15.4 ug/cm^) by the 
exposure time in minutes.

Coupons coated with agar show little evidence of 
reaction for the first hour, afterwhich, they gradually 
become dull and rusty colored. Uncoated.coupons that have 
been corroded for several days and those corroded under 
nearly stagnant conditions also show the same dull greyish- 
brown color. This suggests a different mechanism is 
occuring whereby the corrosion product layer is nonuniform 
and rough, instead of smooth and uniform. The dissolution- 
precipitation mechanism is most likely the cause and will be 
discussed more thoroughly in the final section of this 
dissertation. Effects of agar had to be evaluated by com
parison of depth profiles using different corrosion 
conditions, coupled with line analyses and micrographs.
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Pretreatment

One of the major- parameters that affects the outcome of 
a corrosion experiment is. the pretreatment of the metal 
surface prior to corrosion.97-99 Unfortunately, unless the 
effects of the sample's history have been minimized, the 
results of a corrosion experiment will be irreproducible and 
hard to interpret and possibly independent of the parameter 
being studied. The history effects are especially severe on 
sensitive short term tests that were used in this study. To 
take care of the problem, a standard pretreatment procedure 
was developed for cupro-nickel alloys in seawater and was 
presented in the experimental section.

The criteria used to establish whether or not a given 
pretreatment practice is appropriate include:

1. Only base metal constituents should be detected on 
a pretreated uncorroded specimen, excepting a few 
monolayers of adsorbed gases on the very surface.
2. Coupons should corrode evenly and reproducibly 

■ given the same corrosion conditions.
3. The surface metal composition should be the same as 
the bulk, as determined by auger depth profiles.
4. Roughness must be reproducible and low enough so as 
not to significantly alter flow characteristics at the 
surface. The roughness should be representative of 
the original surface after manufacture which is close
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to that used in real• service conditions.
5. Coupons should' give a well defined depth profile as 
illustrated by the Type I profile of Figure 8, page 46, 
when using base corrosion conditions without agar, as - 
given in Table 14, page 144.

These criteria were utilized to evaluate the effects of 
roughness, degreasing, pickling, annealing, and. storage on 
the corrosion behavior of cupro-nickel alloys in seawater, 
in order to recommend a good pretreatment procedure. The 
evaluation of each of these parameters is presented in the 
following discussion.

Roughness:

The effects of roughness on electrochemical processes 
have been studied and ASTM has recommended roughening
procedures for copper and cupro-nickel alloys.^  Many other 
literature sources recommend pretreatment procedures but 
fail to explain why a given roughness is used. The ASTM 
standard practice Gl-81 for preparing, cleaning, and eva
luating corrosion test specimens redommends "abrading a 
metal surface with an appropriate abrasive or abrasive 
slurry when more searching tests of either the metal or the 
environment are being performed." Although no specific grit 
sizes are recommended for copper and copper alloys, it is 
assumed that commercially available abrasive papers will be 
sufficient. Grit sizes are available from coarse 80-grit to
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600-grit SiC emery and diamond paste slurries down to less 
than I um particle size. The abrasives used in this study 
included 180, 320, 600-grit SiC emery, and ion-selective
electrode polishing paper with 3 um•Al3O3 abrasive that gave 
a mirror-like finish. It was felt that this large range in 
roughness would encompass most surface topographies en
countered with commercially available stock Cu/Ni alloys.

Attempts to correlate grit size with actual scratch 
widths seen on magnified coupons failed. The classification 
of grit size follows standard seive openings that allow a 
maximum abrasive particle size to be passed. Seive opening 
data from the Handbook of Chemistry and Physics^,, page 
Fl3 3, could be fitted to the following equation with a 
correlation coefficient of 0.9986:

Average opening size (um) = 14657/(grit# - 28) (58)
Since equation (58) gives the maximum particle size that can 
cause scratches, the largest scratch possible is calculated. 
When smaller size fractions are passed with the larger 
fractions, it is likely that the space between the larger 
particles is filled with smaller particles. This will lead 
to smaller scratch sizes than anticipated, as shown in 
Figure 32, which is a micrograph of an abraded surface. The 
abrasive was 600-grit SiC mounted on waterproof paper 
providing a maximum particle size of 25 um as calculated by 
equation (58).
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Figure 32. Micrograph of a 600-grit Abraded Surface (IOOOx)

The average ridge to ridge distance is 1.6 urn found by 
dividing the micrograph scale width (80 um) by the approxi
mate number of ridges (50). Thus, the actual scratch size 
is far from the anticipated scratch size, and is dependent 
upon the particle size distribution and presumably, the 
hardness of the metal. Since distribution data was 
unavailable for the various abrasive papers, the actual 
scratch size from micrographs must be used to characterize 
the roughness. Table 22 summarizes the data for the 
roughness levels attempted in this study.
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Table 22. Polishing Grits and Resulting Scratch Widths.

Paper Maxi Particle (urn) Ridges/80 um Scratch width

180 SiC CO W . 12. V  ' " • ' 6,7
320 SiC 46 23 3.5
600 SiC 25 50 .1.6
3 urn Al2Og 3 N .D. 0.22*ca
* Scratch depths (widths) were too shallow for a discernable 
contrast change on the SEM micrographs and had to be calcu
lated from the trend indicated by the other data in the 
table.

Inspection of the data in the table indicate the ap
proximate number of scratches across I millimeter of the 
surface is given by the grit number. This allows a quick 
estimation of the scratch size without actual observation of 
the magnified surface. The roughness can be varied by more 
than two orders of magnitude with the available abrasive 
papers.

Once the scratch size was characterized, a choice has 
to be made regarding scratch direction. The scratches could 
be aligned perpendicular to the direction of flow, parallel 
to flow, or randomly. It was felt that a more reproducible 
roughness could be achieved by orientating scratches in a 
certain direction, rather than randomly, because of the more 
even pressures that could be applied during polishing in the
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nonrandom cases. Thus, random abrasion is discouraged.

To measure orientation effects, an experiment was setup 
whereby 180 grit scratches were oriented perpendicularly and 
parallel to flow on two different coupons. After corrosion, 
using base conditions (Table 7) , the tarnish rates were 
evaluated on the two coupons and were found to be identical 
at 0.64 ug/cm^-min. The coupon appearances were also the 
same except for scratch direction. The experiment was 
repeated at a lesser flow of 0.05 m/sec with lower, but 
still identical tarnish rates at 0.20 ug/cm^-min. This be
havior is puzzling since flow characteristics at the surface 
would be expected to be significantly affected by roughness 
and scratch orientation. If the flow is along and in the 
scratch, the mixing of surface seawater with the bulk 
seawater is intuitively expected to be less than if flow 
goes "against the grain", when perpendicular scratches are 
used. Since the chemistry of the surface seawater controls 
the initial tarnish rate, and the surface seawater chemistry 
is dependent on the degree of mixing with the bulk seawater, 
a scratch orientation.effect is expected.

The lack of an orientation effect can only mean that 
the degree of roughness is too low at 180 grit, to allow the 
effect, to become significant. Apparently, the presence and 
thickness of the viscous boundary layer next to the surface 
is responsible. As long as the peaks are below the 
thickness of the layer, they cannot impede the flow of
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moving bulk fluid and cause mixing. Figure 10 gave a 
boundary layer thickness of 40 urn for flow through a smooth 
glass tube which is significantly greater than :’a scratch 
width (or depth) of 6.7 urn obtained with 180 grit paper. 
Since the thickness of the boundary layer is dependent, in 
part, on the surface roughness, a rougher glass surface 
would have given an even • greater than 40 urn boundary layer 
thickness. With these general dimension values in mind, it 
is easy to see why the orientation effects is minimal with 
6.7 urn roughness. If a spurious ridge extended above the 
boundary layer, mixing would occur due to turbulence and 
would be increased if the ridge were against the flow rather 
than with it. If more ridges were present at the same 
height, the boundary layer thickness would have to increase 
and possibly extend high enough to make orientation effects 
minimal again. Thus, orientation effects will be signi
ficant only if the ridges are nonuniform in height and few 
in number. Mixing will only occur if an occasional ridge 
extends above the boundary layer. .The roughness and flow 
extremes used in this work showed the effect to be minimal 
so an arbitrary scratch direction perpendicular to flow was 
chosen.

The abrasion technique was performed in stages to 
assure all of the old, original surface was removed. After 
wrapping the abrasive paper of the appropriate grit around a 
round pencil, the surface was slowly and evenly scratched



210

perpendicular to the direction of flow using light pressure. 
The direction was changed 90° until the original scratches 
were erased. Finally, the original direction was repeated 
until only those scratches could be seen. The coupons were 
then degreased in acetone to remove fingerprints and other 
debris, then dried and corroded.

The auger depth profiles from various grit polishes 
were then studied for shape and area under the oxygen 
profile. The shape indicates how the tarnish layer is 
distributed with depth or how efficiently the layer is 
removed by the argon ion sputter beam. The shape of each 
profile was similar to Type 2 profiles of Figure 8, which 
show gradually decreasing oxide levels. The gradual 
decrease is due to removal .-difficulties with the sputter 
beam rather than actual depth distribution, especially since 
the rougher samples show increased removal times. Figure 33 
illustrates removal difficulties with micrographs' of a 600 
grit treated surface (a) and a 180 grit treated surface (b) 
that have been sputter etched for I minute and 5 minutes, 
respectively. An element map of oxygen across the surface 
of each sample is superimposed to show where lingering 
levels of oxide are present after a partial sputter. 
This allowed the study of removal efficiencies with varying
topography.
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Figure 33. Micrographs of Partially Sputter-Etched 600 Grit 
and 180 Grit Polished Surfaces, Super imposed 
With an Oxide Element Map (1000X).
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Since each sample is placed on a 60° sample holder, the 
electron beam responsible for the SEM micrograph strikes the 
the surface at a 60° angle. Any topographical feature more 
normal to the beam will absorb more electrons and appear 
darker while shallower surface angles will appear lighter, 
allowing shading and images to be detected. Thus, when a 
path from the top of each micrograph to the bottom is taken, 
a dark band crossing is actually dropping from a ridge to 
the bottom of a scratch while a light band crossing is going 
from the bottom of a scratch to a ridge. The dark downslope 
is facing the electron beam more directly and appears darker 
because more electrons are absorbed. As a result, the 
micrographs appear as though a light is shining on the 
surface from the top at an angle of 60° above the plane of 
the surface. If the scratches are too shallow, the shading 
differences will become more subtle and possibly undetect
able as when 3 urn A^ O g  abrasive paper is used.

The argon ion sputter beam originates, from nearly the 
same direction as the hypothetical light at a 45° angle 
above the surface. It would have about the same difficulty 
as a light beam in striking a more shallow angle so it is 
expected that oxide in "shadowed" areas would be more dif
ficult to remove. This behavior is verified by the oxide 
element map super imposed on the micrographs where.a brighter 
dot represents more oxide. Dots are seen exclusively in 
shadowed regions for a partial etch, proving the argon ion
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sputter beam has difficulty removing material at shallow 
angles. The tailing off character of depth profiles of rough 
samples appears to be due to removal difficulties rather 
than corrosion product distribution. As further proof, the 
same type of micrographs and identical depth profiles are
seen when the same coupon is rotated 180° and reanalyzed.

:

There must be no buildup of corrosion product behind ridges 
(drifting) or else the coupon direction reversal would show 
differences. This experiment verifies somewhat uniform 
coverage of tarnish layer over rougher surfaces.

Point analyses on unsputtered light and dark bands give 
identical surveys which suggests the topography effect on 
the auger analysis itself is minimal and the element map 
distribution is real rather than instrumentalIy caused. 
Thus, it can be reliably stated that the Type 2 profile 
shape on rougher samples is due to removal difficulties 
during sputtering.

Whether the sputtering efficiency is poor or the tar
nish layer is unevenly distributed, the area under the oxide 
profile is still indicative of the tarnish rate because it 
is an integration process. Tarnish rates were calculated 
using oxygen areas and equations (26) and (27) for 30 minute 
exposure times on coupons with varying surface roughness. 
Flow ' rates were lower at 0.14 m/sec for this set of experi
ments, while all other parameters were held at base levels 
given in Table 7. The same experiment was repeated using
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the slightly higher basic flow rate of 0.15 m/sec to 
evaluate the effects of increased flow and roughness on 
corrosion behavior. This data appears in the material 
balance data for runs 18 and 20 of Tables 14 - 18.

The short term tarnish rates versus scratch size from 
various grit abrasive papers, using the lower flow rate, are 
shown in Figure 34.

Figure 34. Tarnish Rates at 30 Minutes Exposure Versus 
Roughness.
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The circles around the data points indicate the esti
mated errors in the data. The straight dashed line will not 
fit through the data points despite the errors involved.
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which suggests the plateau at 320 to 600 grit treatment is 
real. Although a good reason for the plateau is open for 
speculation, the practical significance is that better pre
cision can be realized if the roughness is kept in the 2 to 
4 um range with 320 to 600 grit paper.

A well defined trend of lowered reactivity as the 
roughness increases is seen by the dashed line in Figure 34. 
This is contrary to what would be expected based on actual 
metal surface area. As the surface becomes rougher, the 
actual surface area becomes significantly greater than the 
geometrical surface area. With more metal exposed, the 
weight of tarnish layer should increase as though the 
coupon were bigger than it actually is. When the weight data 
is normalized for geometrical surface area, the rate should 
appear greater as roughness increases. Since this was not 
the case, there must have been lowered reactivity as the 
surface got rougher. Because all variables are held con
stant, (including degreasing in acetone) except for 
roughness, the trend must be due to the physical effects of 
roughness alone.

It will be shown in a following section, that flow 
effects can limit the tarnish rate if C>2 is not carried to 
the surface by turbulence (also see Figure 4) . If laminar 
flow develops due to lower flow rates, the mass transfer of 
O2 to the surface by mixing and convection will be di
minished. The boundary layer generally increases in
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thickness at lower flow rates, which also lowers O2 levels 
at the surface. Since the influx of O 2 to the surface is 
limited, a correspondingly lower tarnish rate is seen.

It is proposed that the same type of effect may be 
responsible for lowered reactivity with increasing 
roughness. As the roughness increases, the drag and ob
struction effects of the higher peaks and lower valleys sets 
up a thicker, surface layer of seawater next to the metal's 
surface. Unless there is increased turbulence caused by the 
roughness, the mixing of fresh bulk seawater with the O2 
depleted zone next to the metal surface will not be af
fected. Also, there will be less O2 diffusional flux to the 
metal surface with a thicker boundary layer due to a lower 
O2 concentration gradient. The combination of a lack of 
mixing and lowered O2 diffusional flux would limit the oxide 
forming tarnish reaction rate, as observed.

If the exposure time is lengthened such that the 
thickness of the. tarnish layer limits the reaction rate 
instead of the influx of O2 to the surface, the effects of 
increased surface area should be seen. Tarnish rates for 
samples run with 180 grit and 600 grit roughness were 
compared after 30 minutes, 2 hours, 16 hours, and 2 days of 
exposure time and were found to exhibit one tenth, the same, 
twice the rate, and the same rate, respectively. Figure 35 
summarizes the ratios of the tarnish rates of 180 grit over 
600 grit treated samples at various exposure times.
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Figure 35. Tarnish Rate-Roughness Ratios With Increasing 

Exposure Time.
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When the ratio is greater than one, there is enhanced 
reactivity due to increased roughness, while there is sup
pressed reactivity below a ratio of one. If the ratio 
remains at one, the effect of roughness is no longer sig
nificant. The trend up to 2 hours exposure time indicates 
rate suppression from lower O 2 diffusional flux at the 
surface. Above 2 hours, the effects of more surface area on 
a rough surface becomes dominant until 16 hours is reached. 
Beyond 16 hours, the overall thickness overwhelmingly con
trols the rate. As the thickness increases, the tarnish
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rate decreases parabolically7 allowing a slower initial rate 
to "catch up". Eventually, the rates must become equal and 
a tarnish rate ratio of 1.0 will again be seen. The data 
indicate that at least two days are required for this to 
occur which means the effects of initial surface roughness 
will be minimal if more than two day tests are being run 
under these conditions. Short term tests are particularly 
sensitive to roughness, however, and a roughness that pro
vides good reproducibility and fulfills the previously men
tioned pretreatment criteria should be chosen. Roughness in 
the 320 to 600 grit range meets these requirements well and 
appears much the same as the roughness seen on commercially 
received alloy samples. This is especially true for 600 
grit treated samples, so 600 grit was chosen as the basic 
roughness abrasive. The 3 urn A ^ O g  polished sample demon
strated enhanced short term rates due to the smoother 
surface, but seemed to be less representative of commercial 
sample roughnesses. These samples also required more time 
to prepare and may be influenced by work hardening due to 
the vigorous strokes needed to achieve this type of finish. 
Since ASTM cautions against steps that cause work hardening, 
the use of a 3 urn polished surface is not recommended.

It is expected that the rate of flow can alter the 
tarnish rate trends seen in Figures 34 and 35. As the flow 
increases, the degree of mixing must increase due to a 
higher level of turbulence at the surface as described by
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Reynolds number calculations. If there is enough turbu
lence, the boundary layer caused by the surface roughness 
features will be decreased by mixing until the availability 
of C>2 no longer limits the rate. The increased surface 
area will dominate sooner and a rougher sample will exhibit 
a higher tarnish rate. This trend is indicated by material 
balance data (WCp/A/Time) from Tables 14 to 18, runs 18 and 
20, pages 144 to 148. The ratio of the 180 grit tarnish 
rate over 600 grit rate at a higher flow (0.15 m/sec instead 
of 0.14 m/sec) is 0.642/0.818 = 0.785, after 60 minutes of 
exposure. This point is plotted as an X in Figure 35, which 
is significantly higher than the rate ratio at one hour for 
the lower flow. Although a mass balance run with a rough 
sample at high flows for an extended exposure time was not 
included, it is expected that the effects of increased 
surface area will still be erased after about two days 
because the tarnish layer thickness determines that time 
interval rather than flow or roughness. It should be noted 
that the effects of only a slight change in the flow rate on 
the diffusion suppressed step are significant.

More information about the effects of roughness can be 
obtained from the material balance data from runs 18 and 20 
of Tables 14-18, especially Table 18. In general, the short 
term (30 min) corrosion behavior is characterized by 
increasing losses of metal to solution, W g, (114.2 ug to 
133.1 ug) and suppressed tarnish layer buildup, Wcp, (161.4
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to 122.9 ug) as roughness increases. The increased, surface 
area with roughness is the most likely reason for higher 
solution losses. If more surface area is exposed- to sea
water and the abundant ch-lor ide-■ i on in seawater is com
plex ing metal to form soluble' species (see the following 
section on the dissolution mechanism), the increased losses 
to solution can certainly be justified, as long as the 
supply of chloride ion at the surface is adequate and all 
other conditions are held constant, The amount of metal loss 
to solution will be directly dependent on the effective 
surface area of the coupon, which is controlled by the 
roughness.

Since the amount of tarnish layer buildup decreases 
with roughness while the loss to solution increases, the 
ratio (Wcp-W0)/Ws must decrease. In fact, the decrease is 
fairly significant being 1.29 to 0.84 for 1.6 urn to 6.7 urn 
roughness, respectively. As was mentioned in the mass 
balance data interpretation section, page 150, a decrease in 
this ratio predicts poorer general corrosion performance. 
The resistance to impingement corrosion also depends heavily 
on how fast the initial tarnish layer can replenish itself 
after being stripped away by high shear forces. A lower 
(Wcp - W 0)/W,s value on a short term basis will almost 
certainly cause lower impingement resistance. The effects 
should be short-lived, however, because the roughness 
decreases due to erosion as the corrosion process continues.
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Actual comparison to real service samples was not possible 
for this study which precludes verification of these trends.

Another significant trend caused by roughness appears 
in the changing composition of the tarnish layer as the 
roughness is increased. Inspection of the Wcu/Wni ratios 
indicates a 4.68 to 3.14 decrease in the Cu/Ni ratio (ĵ !5%) 
in going from a 1.6 urn to 6.7 urn roughness(600 to 180 grit). 
Comparison of Wni values show that there is no significant 
change (25.9 ug to 27.0 ug) in the amount of Ni entering the 
tarnish layer in the same roughness range. Thus, Cu is 
preferentially being lost to solution, relative to Ni, or is 
becoming less reactive with oxygen, relative to Ni., Despite 
the lower O2 supply to the surface as roughness increases, 
it, seems unlikely that Cu should become less reactive than 
Ni due to physical alteration of the surface. The solu
bility alternative is more likely if soluble copper-chloro 
complexes are more stable than nickel- chloro complexes in 
seawater. The conditional stability constants^-®^ for the 
metal-chloro complexes are always higher for Cu than for Ni 
at all ionic strengths, suggesting Cu will be more soluble 
in the seawater (chloride) media than Ni.

As the surface area increases with roughness, more 
alloy is exposed to chloride. Since the Cu is more soluble 
than Ni, relatively more Cu is lost to solution, leaving 
more Ni behind in the.oxide tarnish layer. Thus, the 
decreasing Cu level in ■ the oxide can be explained by
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solubility differences between Cu and Ni in the seawater. 
Direct evidence for increased Cu solubility can be seen by 
comparison of Wsc values with roughness. The 6.7 urn 
roughness sample showed 85.7 ug of. Cu lost to solution while 
the 1.6 urn sample showed only 53.5 ug loss. Nickel lost to 
solution actually decreased from 53.0 ug to 42.9 ug as the 
roughness was increased due to the lower O2 supply and 
correspondingly lower oxidation rate. The solubility of Cu 
apparently overwhelms the effect of the lower O2 supply, 
giving the trends seen in the mass balance data. Based on 
the preceding discussion, the values of Wsc/Wsn should in
crease as roughness increases. The values of Wsc/Wsn are 
1.01 and 2.00, Wni/Wsn are 0.49 and 0.63 and Wcu/Wsc are 
2.27 and 0.99 when roughness is increased from 1.6 urn to 6.7 
urn, respectively, thus verifying the preceeding discussion.

The practical implications of the mass balance- 
roughness data trends predict lower general corrosion resis
tance and impingement corrosion resistance, which may not be 
significant since most of the effects of roughness are not 
influential past two days of exposure. If short term 
behavior is being studied, however, initial roughness must 
be carefully controlled since mass balance data are signifi
cantly affected by the roughness.

In summary, the effects of roughness must be evaluated 
at various exposure times and flow rates before the 
mechanism can be determined. For the most part, the trends
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can be explained by purely physical effects caused by flow 
behavior at the surface as roughness is changed. Chemical 
effects, such as solubility differences, can be made more 
significant by increasing the reactive surface area through 
increasing roughness.

As will be mentioned in the discussion of flow effects 
on the corrosion mechanism, the change from solid state (SS) 
activation controlled growth to diffusion controlled dis
solution precipitation (DP) growth is influenced by flow. 
Since excessive roughness can alter flow near the surface, 
the tarnishing mechanism, the overall tarnish, rate and the 
Cu dissolution rate can be influenced by roughness. The 
mechanism alteration will be more appropriately discussed in 
a later section that discusses flow effects.

Degreasing:

During manufacture of stock alloys, a variety of an
nealing and machining steps are performed that leave machine 
oils and debris on the surface. Fingerprints will also be 
deposited during coupon construction and roughness control 
steps. Since these surface contaminations affect the tar
nish rate, resulting in uneven tarnishing and poor repro
ducibility, some step for removing them is necessary prior 
to corrosion. In addition, the auger analysis requires an 
ultrahigh vacuum which would be jeopardized if any volatile 
organic species were introduced during, analysis. The ASTM
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procedure recommends degreasing in an organic solvent Or hot 
alkaline cleaner, with or without ultrasonic vibration.
..!.,.Among the solvents tried for degreasing in this study 

were acetone, methanol, CCl4, and concentrated HNOg. Nitric 
acid does a good job of degreasing through oxidation but 
does not belong in the same class as the other solvents. 
The acid also attacks the metal and dissolves unwanted 
oxides, leaving a smoother surface. Thus, HNOg is a good 
pickling agent as discussed • in the next section. It will be 
presented here for comparison as a degreasing solvent.

Precut coupons were abraded to 600 grit, soaked in a 
beaker of organic solvent for two minutes, allowed to dry, 
then corroded, using base conditions given in Table 7. The 
acid degrease was performed by dipping the coupon into the 
acid for 5 seconds with Teflon coated tweezers followed by 
immediate rinsing and corrosion. The tarnish layers were 
analyzed using auger analysis and equations (26) and (27) 
were used to determine absolute tarnish rates. A bar graph 
was constructed as shown in Figure 36 to illustrate the 
effects of the various solvents. The rate axis was con
verted to a relative 0 to 10 scale for simplicity. A rate 
of 10 represents 1.07 ug cm~^min .

The relative tarnish rate was in the order acid > 
acetone > methanol > CCl4, with the organic solvents being 
significantly lower as a group. The effects of a smoother 
surface with acid pretreatment, as shown in Figure 5 versus
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Figure 36. Relative Tarnish Rates with Various Degreasing 

Solvents.
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Figure 32, will lead to a higher rate > as indicated by 
Figure 34. Thus, part of the higher reactivity is due to 
lower surface roughness. The acid treated sample showed 
very even tarnish coverage, while the other samples showed 
increased patchiness and uneven color distribution as 
reactivity decreased. As would be expected, a solvent that 
does not remove uneven deposits of oil and debris will be 
reflected in the patchiness ■ of a coupon treated with that 
solvent. Since the tarnish layer after degreasing with HNOg 
is so even, it must do a good job of removing old debris, 
while the other solvents are less desirable.
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The lowered reactivity of the organics may also be due, 

in part, to chemisorption or physisorption of the' solvent 
onto the surface, effectively blocking the sites normally 
available for oxidation. These mechanisms are utilized by 
the coating industry to prevent corrosion and many theoreti
cal studies are a v a i l a b l e . The acetone treated 
samples were the most reactive of the organics and exhibited 
the least patchy tarnish layers. Thus, acetone is the 
recommended degreasing solvent among those surveyed,if, for 
some reason, acids connot be used. Otherwise, HNOg- treated 
samples will provide the cleanest surface, and most repro
ducible tarnish rate.

Pickling;

Pickling is a process whereby a metal's surface is 
cleansed of unwanted oxides and corrosion products, hope
fully, leaving a clean surface that is representative of the 
underlying metal. It is a chemically etching process used 
for pretreatment or for postreatment in corrosion studies. 
For pretreatment, the etchant should remove all greases, air 
oxidized material, and may or may not attack the metal. Fo,r 
postreatment, a requirement that the etchant will not attack 
the metal, must be made, since study of the metal beneath 
corrosion products may yield valuable results. If a pre
treating etchant does attack the metal, it must leave the 
surface in an unaltered condition relative to the bulk



227
me'tal, which means crystal facial orientations should not be 
selectively etched and dealloying should not occur if the 
metal is an alloy. Also, the pickling agent must not cause 
pitting or excessive surface roughness.

ASTM recommends a I to 3 minute dip in 50% HCL or 10% 
H2SO4 for pickling copper and cupro-nickel alloys. It was 
observed that these two acids do a poor job of degreasing a,s 
seen by the uneven tarnish, poor reproducibility and 
lowered reactivity. Neither acid attacks cupro-nickel 
appreciably, but readily removes oxides and other corrosion 
products. Thus, they appear to be good postreatment candi
dates. Concentrated HCL was used for postreatment during 
material balance studies discussed previously.

The fact that the acids recommended by ASTM do not 
degrease well or remove adsorbed organic species from 
previous degreasing steps, makes them undesirable for pre
treatment. Since concentrated HNOg worked well as a de
greasing agent, and effectively removes unwanted oxides, it 
is a good pickling agent for pretreatment, provided it does 
not alter the alloy composition. Figure 37 is a depth 
profile of an uncorroded sample after a 5 sec dip in concen
trated HNOg .

With the exception of a few monolayers of adsorbed Og 
on the very surface, the surface compositions are the same 
as the bulk metal. The same type of profiles are seen if 
rougher samples are run, or if the acid exposure time is



228
increased past 30 seconds. Thus dealloying and metal 
alteration are not a problem and the use of HNO3 as a pre
treatment pickling agent for cupro-nickel alloys is recom
mended. The minor fluctuations in the metal profile levels 
are due to microscopic inhomogeneities within these small 
dimensions. Since Cu and Ni are the major components, when 
one decreases in concentration, the other must increase and 
Cu-Ni trends become mirror images of each other. An average 
fluctuation of + 10% (RSD) in amplitude for Cu and Ni levels 
is routinely seen, no matter how much material is removed by 
the argon sputter beam.

Figure 37. Depth Profile From an Uncorroded, HNO3 Treated 
70/30 Cupro-nickel Coupon.
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Figure 38 illustrates the effects of various pickling 

agents on tarnish rates, using corrosion conditions given in 
Table 7. Again, a relative tarnish rate of 10 represents 
1.07 ug/cm2-min. Each of the samples were abraded to 600 
grit and degreased in acetone for one minute, then dipped in 
acid with teflon coated tweezers in good condition. The 
acids will attack tweezers if they are uncoated or de
fective, resulting in transferral of contaminants to the 
coupon surfaces. This causes significant alteration of 
tarnish rates and spotty coverage on coupon edges. Dipping 
times were limited to 5 seconds with HNO^ while the recom
mended two minutes were used for the ASTM pickling agents.

Figure 38. Relative Tarnish Rates for Pickling Acid Treated 
Samples.

5 0 : 5 0 CONC
HNO,

NO
ACIO5 0  : 5 0H o  S O

ACID



230
The HNOg treated samples show enhanced initial reac

tivity due to a combination of a smoother surface (see 
previous discussion on effects of roughness) , and less ad
sorbed organics to block surface reaction sites. Samples 
treated with less than 10% concentrated HNOg show evidence 
of incomplete degreasing by exhibiting patchy tarnish 
layers. Slight decreases in the tarnish rate are seen as 
the acid concentration is increased, presumably because the. 
acid attack causes increased roughness through pitting. The 
increased roughness is practically insignificant for 70/30 
cupro-nickel, however, reaction of 90/10 cupro-nickel is so 
vigorous in concentrated acid, that a relatively rough sur
face results even before five seconds of exposure. Thus, a 
lower concentration of acid is recommended for 90/10, but 
not so low that degreasing abilities are affected. A '25% 
concentrated HNOg solution is recommended for 90/10 cupro
nickel while concentrated HNOg is used for 70/30 alloy.

The inability of the ASTM recommended pickling agents 
■to degrease and provide a clean metal surface is apparent 
from Figure 38. Patchiness and lowered reactivity are sig
nificant for 1:10 H2SO4 and 50: 50 HCl which prevents their 
use. The tarnish rates were even suppressed below a non
acid treated sample, suggesting adsorption of SO^-2 or Cl- 
at the surface may remain after rinsing and block reaction 
sites. The effects of exposure time to concentrated HNOg 
during pickling are illustrated in Figure 39.
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Figure 39. Influence of HNO3 Exposure Time on Tarnish Rate.

5 SEC
IO SEC 2 0  SEC

O SEC

TIME

Within the first few seconds, there is a marked in
crease in tarnish rate. Thereafter, a slight moderation in 
rate occurs due to increasing acid induced roughness at 
longer exposure times. Metal ratios in the depth profiles 
were similar to those of Figure 37 suggesting dealloying was 
not a problem even after 20 seconds of concentrated HNO3 
exposure. Since excessive roughness is to be avoided 
because of flow pattern disturbances, the minimal time 
necessary to remove greases and oxides is recommended. 
Thus, 5 seconds of exposure seems adequate.
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The HNOg does a good job of degreasing and it is ex

pected that a previous degrease in acetone is unnecessary. 
However, if there are variable amounts of adsorbed organics 
on the metal's surface, it will take a variable amount of 
time for the HNOg to remove them. The variable leftover 
time during the 5 second dip would be spent in metal attack, 
which changes the roughness, significantly (compare Figures 
5 and 32) . Unless the variability in adsorbed organics and 
debris is lowered, the acid attack will cause variable 
roughness and poorer tarnish rate reproducibility. A prior 
degrease in acetone should improve reproducibility es
pecially if heavier coatings of debris are encountered.

Coupon to coupon tarnish rate reproducibility using the. 
same pretreatment and corrosion conditions was within ^ 12% 
RSD while the reproducibility of the tarnish rate determi
nation on a single coupon is only slightly lower at + 10% 
RSD. This implies the variability caused by the pretreat
ment step is barely significant. Thus, the pretreatment 
procedure given in the experimental section adequately ful
fills the selection criteria previously outlined at the 
start of this section.

Annealing:

The purpose of annealing is to reduce the number of 
strain induced defects and promote homogeneous mixing of 
alloy components. A distinction should be made between
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surface annealing and bulk metal annealing, since the re
quirements of the techniques are different. A good surface 
anneal requires a high temperature (~1200oC)• for an extended 
time in the absense of O2 which would oxidize the surface. 
Annealing with a furnace in a vacuum or inert atmosphere is 
necessary. The requirements of a bulk metal anneal are less 
stringent since O2 is excluded from the bulk by surface 
metal or oxide. Thus, a simple flame anneal can be used 
instead of a more expensive vacuum furnace. Since a vacuum 
furnace was unavailable, surface annealing effects could not 
be studied.

Annealing was accomplished by holding a coupon in the 
reducing part of a Meker burner flame with platinum tipped 
tongs for 15 to 20 minutes. A thick oxide formed, pro
tecting the interior metal from O2. The outside oxide was 
carefully abraded away with 6 00 grit SiC emery and. pre
treated identically to an unannealed coupon. Both coupons 
were corroded at the same time in the same seawater and 
analyzed on the auger. The depth profiles were identical in 
shape (Type I, Figure 8) and tarnish rates were essentially 
the same at 1.06 ug cm-^min-  ̂ and 1.05 ug Cm-^min--*- for the 
nonannealed and annealed cases, respectively. Thus,, the 
effects of bulk metal annealing cannot be detected and must 
be considered insignificant. Annealing prior to corrosion is 
not recommended.

Tb study the effects of metal lattice dislocations, a
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coupon was bent sharply along the trough axis and restored 
to its original shape, introducing plastic strain. The 
coupon was then, pretreated and corroded. Analyses on the 
strained area and on the adjacent unstrained areas of the 
same coupon again gave indistinguishable results. Thus, the 
effects of bulk metal strain and defects on tarnish rates 
appear to be insignificant.

Sample Storage;

Cupro-nickel alloys purchased from the manufacturer are 
usually covered with an outside air oxidized layer. Also, 
cleaned coupons left open to the lab atmosphere will develop 
a tarnish layer in a matter of weeks. Thus, some form of 
sample storage is necessary to protect the integrity of the 
tarnish layers if any time is to elapse between pretreatment 
and corrosion or corrosion and analysis. The vial described 
on page 8 does a good job of protecting corroded coupons, 
since the same coupon stored for two months gave identical 
depth profiles before and after storage. CaCl2 dessicant 
and a nitrogen atmosphere prevent significant changes.
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Exposure Time 

i
The ability of the alloy to form a protective tarnish 

layer in a short time defines its resistance to general and 
localized corrosion. If the tarnish layer can quickly 
reform after chemical attack or mechanical erosion, the 
metal surface will be protected from further corrosion. 
Thus, a study of the short-term tarnish behavior will be 
beneficial. Exposure times ranging from zero minutes to 
four days were utilized, while maintaining constant base 
corrosion conditions, as given in Table 7. Experiments were 
repeated with coupons that were initially coated with agar 
to study the effects of agar during initial exposure to 
seawater. Another set of experiments used pretarnished 
coupons before applying an agar coating was attempted.

As was mentioned previously, tarnishing is detectable 
within the first five minutes of exposure with rapid color 
changes during the first hour. Differences become less 
discernable up to two days, afterwhich, it is difficult to 
detect changes with time. The progress of the tarnish 
reactions can be followed by- monitoring color changes, 
however, more accuracy and sensitivity will be achieved 
through auger depth profiling. • Depth profiling and supple
mentary material balance data allowed evaluation of tarnish 
layer buildup, solution losses, and precipitation rates as 
exposure time in seawater was varied.
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In the absense of an agar coating, the aforementioned 

initialization, reorganization, and equilibration phases of 
tarnish layer growth were seen, resulting in a fairly uni
form , protective tarnish layer. When a coupon was coated 
with agar, however, the initiation phase was suppressed and 
the oxide was limited to sporadic coverage in the form of 
nodules rich in CU2O, surrounded by a very thin, uniform 
layer of NiO. The nodules eventually grew together, incor
porating Ni ++ into the lattice, until a tarnish layer 
resembling a nonagar treated sample was seen. Both growth 
morphologies reached a steady state with respect to oxide 
dissolution reactions, leaving very similar tarnish layers 
after two days of exposure. The progress of these reactions 
is illustrated in Figure 40.

Agar coatings were applied.by dipping the coupons in a 
1% boiling agar suspension. This treatment will yield an 
average wet agar thickness of 16 _+2 urn, using equation (57). 
Tarnish amounts were determined from areas under oxide depth 
profiles and equations (26) and (27) followed by normali
zation with respect to coupon geometrical surface areas. 
Times were monitored with a stopwatch beginning with the 
first exposure to seawater when the coupon is placed in the 
corrosion cell, and ending with the final rinse after disas
sembly and removal from the corrosion apparatus.

Several features are apparent from Figure 40. First of 
all, the degree of reproducibility degrades ' once the

)
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Figure 40. Tarnish Layer Growth With Exposure Time, With and 
Without Agar Coatings.
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reorganization stage is reached. Comparison of depth pro
files of coupons corroded for up to 24 hours showed that 
Type 4, Figure 8 shapes began to form anywhere between 10 
and 24 hours, even though much care was exercized to keep 
corrosion parameters constant. Since Type 4 profiles indi
cate the onset of reorganization through increased Ni++ 
doping, it appears that variable reorganization is respon
sible for the poor reproducibility. A reason for- variable 
reorganization is not known, except to speculate that the 
incorporation of Ni++ ions may be extremely sensitive to the 
growth morphology of the initially formed CU2O layer. The 
microstructure of the CU2O layer may vary just enough to 
affect the onset of Ni++ doping even though corrosion con
ditions were held fairly constant. Another reason may be 
the sensitive synergistic effect of Fe in the alloy on the 
introduction of Ni++ ions into the lattice^. Fe is added to 
the alloy to impart lower ionic conductivity to the pro
tective oxide layer by helping Ni++ get into the lattice, 
thus lowering the number of cation vacancies and making the 
oxide layer more inert. If the Fe levels are nonhomo- 
geneous, the effect should be variable and nonreproducible. 
Indirect evidence for Fe variability can be seen by inspec
tion of the variability of detectable alloy elements in 
Figure 37. Although auger detection limits (~1%) for Fe 
precluded direct detection of Fe and its variability in the 
alloy, significant microscopic variability on the order of
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+10% in Cu and Ni can be seen. It can be inferred that the 
minor alloy metals, namely Fe and Mn, will also change with 
depth. A more complete study on the initiation of reorgani
zation and how it affects reproducibility is suggested for 
further work. Since the reorganization stage could not be 
controlled, the best curve between data points, past ten 
hours had to be drawn for Figure 40, as shown.

A second feature of Figure 40 is the similarity of 
curve shapes at longer exposure times between the agar and 
non-agar cases. Their parallel, flat nature after 24 hours 
indicate both cases are approaching a steady state where 
continued growth is nearly equal to the rate of oxide dis
solution. If it were not for the initial increase for the 
agar case above the non-agar case, during the first day, the 
curves would practically overlap. Since the latter shapes 
are so similar, it is expected that covering a coupon with 
agar after it has been corroded for 24 hours will have 
little effect on the amount of tarnish layer that would 
normally build in the absense of agar. To test this expec
tation, two clean coupons were corroded for 24 hours. One 
was dipped in boiling 1% agar while the other was dipped in 
boiling doubly distilled water (samples G722 and G723, res
pectively). Each was dried then recorroded for three more 
days, afterwhich, the 16 urn agar layer was removed from the 
coated coupon. Both samples were compared to each other, as 
well as to an uncoated coupon that was corroded for four
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uninterrupted days (sample G621). All three coupons were 
indistinguishable from each other to the naked eye, each 
showing a dull, grey-brown surface. Microscopic examination 
with the auger's SEM showed relatively thick tarnish layers 
and few features, except for occasional I urn nodules and 
nonreactive areas, as illustrated in Figure 41.

Figure 41. Micrograph of a 96 Hour Corroded Coupon, 3333X.
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The nodules scatter light and are responsible for the 

dull appearance of the coupons. SEM's of corroded coupons 
that have a dull lustre, invariably will be. covered with 
nodules. Thus, a dull appearance can be taken-- as a good 
indication of the presence of nodules.

Why nodules are present on a nonagar treated coupon 
that was originally smooth can be explained by the. in
creasing roughness as tarnish layers build. When the cor
rosion product becomes thick enough, differences, between 
nonreactive and reactive zones on the polycrystalline 
surface become more pronounced. (See the depression im
mediately above the scale marker in Figure 41). As in the' 
previous section on the effects of roughness, nodules can be 
formed due to excessive roughness. Since the onset of 
nodule formation is dependent on a critical roughness, the 
nodules in Figure 41 must have been deposited after the 
underlying layer was formed and achieved a critical 
roughness. . Evidence for this secondary deposition can be 
gained by close inspection of the nodules and of the sur
rounding material near the nodules. If they formed with the 
underlying deposit, they would be incorporated within the 
deposit's matrix and some evidence of boundaries should be 
visible. Any boundary would be easy to see since the angle 
of view is toward the underside of the nodules rather than 
directly above. .- Instead the nodules appear as sprinkled 
particles resting on the matrix of the underlying layer. A
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more thorough discussion on the mechanics of nodule 
formation will be given in the following sections.

Each of the four day coupons were depth profiled, 
yielding similar Type 4, Figure 8 profiles, with 165 ug/cm2, 
180 ug/cm , and 170 ug/cm tarnish layer buildups for the 
noninterrupted, interrupted non-agar, and interrupted agar

Ocases, respectively. Thicknesses were all near 2000 A and 
enriched NiO extended to the very surface, throughout the 
oxide layer as illustrated in Figure 42.

Figure 42. Depth Profile of a 96 Hour Exposed Coupon.
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Since the differences between the coupons were insignificant 
and similar physical appearances were seen, it can be re
liably stated that interruption of the corrosion process or 
the presence of agar on a precorroded coupon has little or 
no effect, at least within the first four days of corrosion! 
This suggests the presense of agar does not affect the rate 
controlling step during tarnish layer production once the 
surface has been precorroded. It is expected that the rate 
controlling step for further growth is solid state dif
fusion of cations through existing oxide layer. Since ionic 
conductivity of the oxide lattice is significantly reduced 
by the Ni++ doping during the reorganization stage, the flux 
of oxide forming cations to the surface must decrease and 
eventually become rate controlling.

The only way the agar layer can have an effect on the 
tarnish layer buildup is if it becomes impermeable to a 
fresh supply of Og, Cl- , or soluble metal species that can 
affect reversible oxide dissolution reactions. Impermea
bility can be caused by plugging with silt, corrosion pro
ducts, or other debris after the four day time range used in 
this study. The material balance procedure (page 115) in
corporated analysis of the. agar removal solution, which 
should contain any trapped corrosion products. AA analysis 
of acidified agar removal solutions for Cu and Ni failed to 
show detectable amounts of corrosion products in any of the 
samples surveyed in the 0 to 4 day time range. Detection
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limits were more than sufficient to detect any significant 
entrapment (Table 12). A study utilizing deliberate agar 
plugging to find the critical density for rate control is 
-suggested for further work. - - - - ■.... . -- -• ->'

The lack of an agar effect on precorroded coupons is 
very important in light of the fact that it takes at least a 
day for a real biofilm to become established. a sample 
will most certainly attain some degree of corrosion prior to 
initiation of a biofilm. Therefore, if corrosion conditions 
allow, the most realistic case is when a sample is covered 
by an initial tarnish layer prior to deposition of a 
biofilm. This suggests future studies with innoculated agar 
layers may not be difficult to interpret.

Inspection of Figure 40 at short exposure times 
indicates that agar has a significant effect on the rate of 
tarnish layer buildup if it is applied at time zero. Figure 
43 shows the short term data from Figure 40 plotted on an 
expanded time scale for clarity.

Based on the previous discussion, since agar can in
fluence the growth rate, it must alter the rate controlling 
step in the tarnishing mechanism. Growth of nodules rather 
than a continuous layer of corrosion product is further 
proof of agar's alteration of the corrosion mechanism at 
short times.

It is proposed that agar promotes the dissolution- 
precipitation (DP) mechanism mentioned in the introduction.
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Figure 43. Tamish Layer Growth During the First 10 Hours, With 
and Without Agar Coating.
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The agar layer effectively blocks mass transfer due to 
turbulence and lowers dilution of surface seawater with bulk 
seawater. Without mixing, a critical supersaturation of 
oxide forming species, such as CuOH, could build causing 
nucleation, three dimensional crystal growth, and aging to 
occur. Therefore, the usual theories describing hetero
geneous precipitation would apply.^^9,H O

If this interpretation is correct, a time period for 
supersaturation to build and nucleation to occur should be 
seen. Evidence for this behavior is given in Figure 43, as 
indicated by the extrapolated dashed line. The line sug
gests at least 50 minutes are. required for crystal growth to 
begin. After nucleation, rapid growth could thfe-h proceed 
(as in Figure 43), lowering the critical supersaturation. 
Under these conditions, small nuclei become incapable of 
growth and shrink due to dissolution. Larger nuclei grow at 
their expense resulting in a pattern that is very difficult 
to interpret with respect to the number and location of the 
original nucleation sites. The number and size of the 
resulting nodules or crystals is expected to be very 
sensitive to the degree of supersaturation which is control
led by temperature, stirring, and availability of precipi
tating species. Interpretation of nodule coverage is, 
therefore, expected to be very difficult.- More specific 
information about the proposed growth morphology and inter
pretation will be given in later sections.

246
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The tarnish buildup for the agar case surpasses the 

non-agar case at 90 minutes and continues to increase before 
slowing after five hours. At ten hours, the agar case 
tarnish amount is roughly twice that of the non-agar case, 
however, the rates of increase have become nearly equal. 
From the previous discussion, growth morphologies are 
identical past this point and the effects of the presense of 
agar are minimal.

In contrast to the agar case, the nonagar case curve 
shows almost immediate tarnish growth and linear behavior, 
up to one hour. The practical significance of this behavior 
is that the tarnish amount at one exposure time can be 
converted to that at another time within the linear region, 
by multiplying by the ratio of the two times. This allows 
direct comparison of samples exposed for varying lengths of 
time, as long as the tarnish layer thickness at one hour 
exposure time is not exceeded.

The theoretical significance of linear behavior is 
puzzling. According to the pioneer work of Wagner and 
others f m  r H 2 linear behavior is indicative of a porous, 
nonprotective tarnish layer. This is contrary to the actual 
uniform coverage of the tarnish layer on cupro-nickel alloys 
which was illustrated in Figure 5. It is proposed that 
fractures and openings in a tarnish layer, allow direct 
contact of the metal and oxygen. The corrosion process can 
then continue unabated, resulting in linear growth behavior.
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as described by Pilling-Bedworth theory.113 The presense of 
a nonprotective porous tarnish layer is contrary to that 
observed on cupro-nickel alloys in the absence of agar, 
however. Very.smooth layers of uniform .tarnish form, which 
exhibit high lustre. This suggests complete coverage and is 
verified by microscopic examinations as was illustrated in 
Figure 5. In addition to the physical appearance, there is 
empirical evidence that the volume increase of Cu2O relative 
to the metal is in a range that is usually conducive to good
protective p r o p e r t i e s . ' Metals whose oxides occupy

A . .less volume than the metal itself (volume ratios <1) tend to
exhibit pores and fractures since there is not enough oxide 
volume to cover the entire metal surface. At the other 
extreme/ if the oxide occupies much more volume than the 
parent metal, fractures and buckling will occur. This oc
curs when plastic flow capabilities are overcome by exces
sive compression. Volume ratios in excess of 3 usually 
accompany this behavior. Cu2O, on the other hand, has an 
■ oxide/metal volume ratio of 1.7 which is moderate enough to 
be overcome by plastic flow, resulting in a tightly packed, 
protective layer.

The effects of specimen curvature can also have an
1 1 4effect on the integrity of the tarnish layer. The

experimental design used in this study allowed corrosion of 
the inside and outside curved surfaces, simultaneously. 
Observation of the tarnish layers,on the concave and convex
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surfaces ind i c a t e d  no s i g n i f i c a n t  differences in 
appearance, depth profiles, or tarnish rate. This suggests 
the effects of compressive and tensive stresses within the 
oxide layers are adequately compensated for by plastic flow. 
Based on this observed behavior and the. preceeding dis
cussion, it seems highly unlikely that the linear behavior 
is due to pores and fractures in the oxide layer. A more 
feasable explanation must be found.

Most studies of corrosion mechanism are performed at 
flow rates in excess of 1.0 M /sec. The assumption that 
diffusion of reactants and products to and away from the 
surface is rapid and not rate controlling can be made. 
However, as will be shown in a later section, diffusion 
control can become significant at the lower flows that were 
used in this study and concentration polarization can 
determine the overall corrosion rate. It is felt that 
cathodic polarization is a controlling factor in the absence 
of agar at the base corrosion conditions used in this study. 
Linear growth results from steady diffusion of OH- away from 
the surface, which is independent of the thickness of the 
underlying oxide layer. There is not enough evidence from 
exposure studies alone, however, and the effects of flow, 
temperature, and seawater composition will have to be 
discussed before this mechanism can be appropiateIy 
presented.

Another . possibility exists that, unfortunately, limits
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the usefulness of the exposure .time data. The limited, time 
range and precision will allow several mathematical 
functions to fit the same data. Since each of the functions 
has possible theoretical backing, it cannot be rreliabIn
stated which theory is applicable at this time. Parabolic 
and logarithmic rate laws have been proposed in the 
literature112'115'118 and have been fit to the nonagar case 
data used in Figure 40. Figures 44 and 45 show .the tarnish 
amounts plotted versus time1/2 and log(Time/0.1 + . ITO) , 
respectively. Introduction of the 0.1 in the log function 
gave the most linear fit while the 1.0 prevents an 
assy'mtotic decrease when the time approaches zero.

The most surprising aspect of the plots is the 
linearity of the same data pool in various regions. 
Although no one function fits the data over the entire time 
range, linearity during the first hour is clearly indicated 
by all three functions (Figures 43,44,45). Therefore, it 
cannot be reliably stated which rate law is being followed 
within the time range and precision of the data. A brief 
discussion of each rate law is appropriate at this point, 
however, a choice of the rate determining step will have to 
be postponed until more corrosion parameters are considered.

Linear rates, in this case, will be limited to 
diffusion controlled processes at the solid-solution 
interface. The rate of diffusion is constant as long as the 
temperature, viscosity, and flow patterns at the surface are
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Figure 44. Parabolic Plot of Tarnish Amount Versus Exposure 

Time.
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Figure 45. Logarithmic Plot of Tarnish Amount Versus 
Exposure Time.
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the same, as discussed previously. The rate of tarnish 
layer thickening, dY/dt, will therefore be constant and the 
rate law in differential form will be dY/dt = , where k 1
is- a diffusional rate constant. Integrating with the 
boundary condition that Y = O when t=0 gives the linear rate 
law:

Y = k1 t (59).
Parabolic behavior has already been mentioned to occur 

when migration of electrons or cations through existing
I I Ooxide layer is the rate determing step. The rate must

slow as the layer thickens, since the migration pathlength 
is increasing with time. T h u s , the rate of layer 
thickening, dY/dT, will be a function of the thickness ,Y, 
and can be expressed in differential form as dY/dt=k2 (1/Y) , 
where k2 is a rate constant (equation 1.157 of reference 
112). Integrating with Y=O at t=0 gives: Y2 = k2t, or,

Y = k3 t1/2 (60),
where k3 = k 21^2* Parabolic control requires preformed 
tarnish layers before it can take place. Cupro-nickel

Otarnish thicknesses in excess of 10 angstroms have been 
suggested before parabolic behavior is followed, so some 
other rate controlling step must be derived to explain the 
formation of the initial tarnish layer.

Logarithmic rate laws have been proposed to account for 
early growth as well as processes controlled by chemi
sorption of oxygen on the surface of the corroding metal.116
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Numerous early studies observed that an equation of the 
form:

Y = k0 log (t/tQ + I) (61) ,
where kQ and t0 are constants, was flexible enough to 
describe the behavior of many initial corrosion processes. 
However, attempts to correlate equation (61) with some form 
of theoretical backing were somewhat inconclusive, as noted 
by Landsberg.^^ Landsberg and Mott^^^ Were among the first 
to attach significance to logorithmic behavior, with more 
complete formalization performed by Uhlig.^^^

It has been proposed that logarithmic behavior will be 
seen in very thin (<10^ angstroms) oxide layers when nega
tively charged species (presumably O-2,OH- ,HO2-) are 
preferentially adsorbed at the surface. The excess negative 
charge attracts positively charged cations toward the 
surface, while repelling electron flow. The presence of the 
negatively charged surface will therefore, retard the anode 
reaction. A charge separation must occur and, the electrons 
become trapped in lattice vacancies and imperfections until 
the oxide is saturated. Distances as far away as IO^ A into 
the oxide layer will be affected. If the oxide layer is 
thin enough for this negative space change to affect the 
escape of electrons from the metal to the.oxide, logarithmic 
growth will be seen, as shown in the following derivation. 
The space change will, .in effect, raise the activation 
energy, Ba, of electron escape from the metal to oxide.
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Since the magnitude of the space charge is dependent upon 
the oxide's thickness, Ea will also be a function of 
thickness and can be expressed as Ea = a + b Y . The a 
component is.'that part of - the activation energy^rthat is 
independent of space charge and will depend on the metal and 
nature of the metal-oxide interface. It can be described by 
the Rideal-Jones work f u n c t i o n . T h e  bY term is the space 
change component of Ea where b is a function of temperature, 
dielectric constant of the oxide, Boltzmann's constant, 
electric charge per electron, saturation density of trapped 
electrons in the oxide, and the limiting thickness through 
which the space charge can exert an influence. The tarnish 
rate can be determined from the usual Arhenius rate ex
pression: rate = A e~Ea/kT ̂ A ig the pre-exponential 
constant, k is Boltzmann's constant, and T is the absolute 
temperature. Therefore, at constant temperature, rate = 
dY/dt = Ae- (a+bY) /kT can be written. The equation can be 
rearranged to give (1/A)e (a+bY)/kT^y _ , and integrated 
under the boundary condition Y=O at t=0. The integrated 
form is (kT/bA) (e (a+^Y) /^t _ ea/kT^ _ ^, which can be rear
ranged to give:

Y = (kT/b)ln{[bA/(kTea/kT)]t + 1} (62).
This is the same as equation (61) where k0 = 2.303kT/b and 
t0 = kTea//,̂ T/ (bA) . Therefore, equation (61) is derived and 
non-empirical significance can be ascribed to k0 and t0 . It 
should be noted that the theory developed by Uhlig and
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others1"*"̂ applies to gas- phase-metal oxidation, and there
fore ignores effects of electrical double layer formation 
when solution phase-metal oxidation takes place. Any ad
sorbed negative surface charge will be accompanied by 
formation of an electrical double layer of tightly held 
solution cations and loosely held solution a n i ons.0 9,110 
This would have the effect of partially neutralizing the 
surface charge, thus lowering the space charge buildup on 
the oxide side of the solid-solution interface. If the 
tarnish layer growth is controlled by the logarithmic 
mechanism, a significant dependence on the ionic composition 
of the solution should be seen due to the electrical double 
layer's dependence on ionic strength. When the ionic 
strength increases, the surface charge neutralization would 
be more complete and space charge buildup in the oxide would 
consequently be less, giving a faster tarnish rate. This 
behavior would explain the observed enhanced tarnish rate as 
salinity was increased from 0 to lOg/kg. This trend will be 
more thoroughly discussed in the effects of seawater com
position section to follow.

The exact tarnishing mechanism and rate controlling 
step could be easily deduced if a particular growth law were 
unambiguous Iy followed through the use of the theory just 
discussed. Exposure time would then become the key cor
rosion parameter to study. However, since the exposure time 
data in this study is not unique to any one rate law, more
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parameters need to be evaluated before the tarnishing 
mechanism can be isolated.

The nature of each growth law will allow deduction of 
the most likely mechanism of each stage of the growth mor
phology. For example, the linear growth law, in this case, 
describes diffusion limitations at the solid-solution inter
face. This can occur if the tarnish rate is very fast and 
O2 cannot diffuse to the surface fast enough. The same 
behavior can occur if interfering corrosion products (OH-) 
cannot diffuse away from the surface at a sufficient rate. 
Since the most rapid growth is during initiation of the 
tarnish layer, this stage is the most likely place for 
solution diffusion control.

Logarithmic control requires a buildup of negative, 
space charge until escape of electrons from the metal to 
oxide is rate limiting. This would require preformed oxide 
and some time for the space charge to build. Therefore, 
some initial tarnishing will be required, prior to takeover 
of logarithmic control. Such is also the case with para
bolic control, since some oxide must be formed before dif
fusion restriction through oxide can occur. The parabolic 
law proposed by Wagner must meet three criteria to be rate 
controlling: (reference 112, page 1:234) .

1. The oxide layer must be compact and adherent.
i2. The slow step must be transport of reactants

through the oxide layer.
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3. The layer must be so thick that the space charge at 

the metal oxide interface is insignificant, which 
means the oxide next to the metal surface has become elec
trically neutral.'
In order for the third assumption to be valid, the oxidation 
must have already passed through the space charge control 
stage. Therefore, parabolic behavior must be considered the 
last growth stage before equilibration with oxide dis
solution reactions.

If it is assumed that all three behaviors are being 
followed, the most likely stages in chronological order will 
be linear (solution'diffusion controlled), logarithmic 
(space charge controlled), and finally parabolic (diffusion 
through oxide layer control). There is no guarantee that 
all three stages will occur, however. Inspection of the non 
agar case data in Figures 43, 44, and 45 indicate three 
separate growth regions separated by the 60 minute and 16 
hour marks. It is most likely that the growth to 60 minutes 
is controlled by solution diffusion followed by space charge 
control until significant Ni doping„at 16 hours causes 
parabolic behavior. Verification of this premise will 
require consistency with the remaining corrosion parameters, 
to be discussed.

Assignment of a growth law to agar case exposure data 
is even less likely than for non-agar data due to a combi
nation of reasons. First of all, the agar case data suffers
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from poorer reproducibility as indicated by the error bars 
given in Figure 40. The data scatter and range will not 
allow unambiguous ■ assignment of- any one rate law, as was the 
case for the non agar data. Secondly, since the initial 
visual appearance of the corrosion product oh agar treated 
samples is dominated by nodules rather than a smooth con
tinuous layer, dissolution followed by precipitation is the 
major growth process. Therefore, the growth will be 
governed by the relative degree of supersaturation required 
for crystal nucleation, growth, and aging. The relative 
degree of supersaturation will depend on the number of 
preferred surface nucleation sites, temperature, solubility 
product of CuOH, availability of Og, surface pH, diffusion 
coefficients of Cu+ , and OH- , the size of existing nodules, 
the current rate of crystal growth, and many other probable 
factors too numerous to mention. With dependence on so many 
factors, it is not feasable to assign any one rate law, 
especially when the rate of growth at any instant affects 
the subsequent rate. Any slight initial disturbance could 
significantly alter the nodule growth at later times. 
Lastly, the blocking effect of the agar layer prevents 
surface turbulence and the only mode of mass transfer is 
diffusion. Since the nodules grow in three dimensions 
rather ■ than one, the diffusion equations will become much 
more complicated to account for lateral as well as perpen
dicular directions. This multidirectional dependence will
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be seen until the nodules grow together and the layer 
becomes continuous, leaving only perpendicular growth. Each 
new complication requires more precise growth data to 
■identify the effects on the rate law. Therefore, only the 
simplest cases can be accounted for with this study's data.

When the nodules grow together in approximately two 
hours (SEM observations), the rate gradually slows since 
nodule free areas of dissolving metal are being covered up. 
This restricts the direct supply of corrosion product 
forming species such as Cu+ and OH-. Diffusion through the 
now continuous oxide layer becomes the only source of 
reactants. The rate law that applies in the non-agar case 
at the same thickness and degree of Ni doping should apply 
for the agar data once the nodules grow together. The 
previous discussion of the similarity between precorroded 
agar treated coupons and non-agar treated coupons verified 
that the same rate law is followed at longer exposure times.

In summary of the tarnish layer buildup with exposure 
time, it is likely that the non-agar samples go through a 
diffusion controlled linear initial growth.. This gives way 
to space-charge controlled■logarithmic behavior after about 
one hour. Once the oxide layer becomes doped with 
sufficient Ni (10 to 16 hours) , the growth becomes diffusion ■ 
limited through the layer. The presence of agar has an 
insignificant effect on the tarnish layer buildup within 
four days if the coupon is precorroded at least two hours
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before applying the agar coating. If the coating is applied 
before initial exposure to seawater, a complicated Cu2O 
nodule growth pattern develops that is not easily charac- 
terizeable within-the precision limitations of this 'study. 
Once the nodules coalesce, the rate and growth mechanisms of 
agar and nonagar treated samples approach each other.

Solution Losses:

Solution losses with exposure time were monitored, by 
material balance of one hour and 24 hour samples, with and 
without an agar coating. Base conditions that are listed in 
Table 7 were utilized for each sample and provided the 
corrosion data that were presented in Tables 14-17 under the 
sample names G801, G803, G805 and G806. The data presented 
in Tables 14-17 are not normalized with respect to surface 
area or time, however, which makes direct comparisons diffi
cult. Table 23 summarizes the raw data which is expressed 
as average normalized corrosion rates. Solution values are 
loss rates in ug cm-^min""^ with tarnish layer weight gain 
rates shown for comparison. In addition, Table 24 is pre
sented in summary of the exposure data trends from Table 18.

Losses to solution can result from any of three pro
cesses. These processes include losses due to incomplete 
precipitation in the tarnish layer formation mechanism, 
direct dissolution of metal or oxide by complexation with
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Table 23. Normalized Corrosion Rate Data in ug cm_2min“1 

Versus Exposure Time.

Parameter
no

G801
agar

G805
agar

G803 G80 6
Time Ihr 24hr Ihr 24hr
Thw 0 0 21.Oum 15.9um

Wcp 0.722 0.097 0.683 0.149

w CU 0.566 ■ 0.077 0.513 0.117

Wni 0.108 0.014 ■ 0.120 0.022

wO- 0.046 0.006 0.050 0.010

Ws 0.434 0.102 0.290 0.089

^sc 0.169 0.031 0.135 0.024

Wsn 0.233 0.030 0.171 0.041

si O 0.034 0.026 <0.025 0.018

w In <0.025 0.014 . <0.025 0.006“
d o s t 1.128 0.202 0.971 0.235
* wet agar
* * Based 
I.5ug/cm.2

thickness in urn. 
on a normalized weight detection limit of

Table 24. Exposure Time Data Trends Extracted From Table 18

Parameter
no

G801
agar

G805
agar

G803 G806
(Wcp-Wo)Ws 1.55 0.88 2.19 1.56
Wcu/Wni 5.23 5.53 4.28 5.25
Wsc/Wsn 0.72 1.04 0.79 0.59 .
Wlc/Wln - 1.82 - 3.24
(Wcp-Wo)ZCLost 0.60 0.45 0.65 0.59
Ws/Clost 0.39 0.51 0.30 0.38
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seawater anions (mainly Cl-), and mechanical erosion.

Mechanical erosion at the low flow rates used in this 
study (<0.5m/sec) should be negligible. Impingment problems 
only become significant on cupro-nickel alloys in seawater 
when flows in excess of 2m/sec are encountered.^ .Erosion 
would detach insoluble particles of corrosion product from 
the surface which would show up in the material balance as 
nonrecoverable solution losses, W lc and W ln/provided the 
comparison of W lc + W ln values to W g Indicates only 8% of 
the total solution loss is nonrecoverable. This is insig
nificant when errors in measurement are considered (see 
Table 13). Since there is a significant amount of tarnish 
layer available for erosion, it must be concluded that there 
is little or no erosion taking place.

Further evidence of no erosion can be derived from the 
observation that only an 11% weight loss of the agar coating 
■occurs after 24 hours of exposure. Strength and adherence 
of agar to the metal's surface are much lower than an oxide 
coating, therefore, if the agar shows only a slight loss 
after 24 hours, it is unlikely that much oxide can be lost 
by erosion. Solubility alone appears to be responsible for 
the agar loss since a 9% weight reduction was observed for a 
coated sample exposed to stagnant seawater.

The rate of solution loss by direct oxide dissolution 
through complexation with OH- , and Cl- should be a steady 
state process, given a constant seawater composition, flow,
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and temperature. The instantaneous rate of dissolution 
would then be the same at one hour as it would be after 24 
hours of exposure. Although it was unfeasable to generate 
enough material balance data to measure instantaneous rates, 
Ws for the nonagar case in Table 23 shows a significant 
reduction in the time averaged rate (0.434 to 0.102 
ug cm“2min_1) between I and 24 hours exposure. This would 
make the instantaneous rate (ug cm-2) at 24 hours much less 
than the rate at one hour. Therefore, it can be concluded 
that direct dissolution of corrosion product.is minimal in 
10g/kg salinity seawater used in the exposure time 
experiment. As will be shown in the effect of salinity 
section to follow, dissolution losses become significant at 
salinities above 12g/kg and can no longer be ignored.

By deduction it appears that the main solution loss 
mechanism is incomplete precipitation. ■ Direct evidence can 
be seen by comparing tarnish layer growth rates to solution 
loss rates. Solution loss rates should follow tarnish rates 
since both mechanisms share the same material source; that 
is, the electrochemical production of metal ions (anodic 
reaction). A metal ion that escapes the surface can either 
encounter a cathodic reaction product (OH- ) and form a 
precipitate, diffuse to the bulk seawater, or complex with 
Cl-. As the anodic reaction slows at longer exposure times, 
the concentration of metal ions at the surface will 
diminish, lowering the chances for precipitation or loss.

' i'
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Comparison of Wcp and Ws non-agar values in Table 23 

shows an 86% and 77% reduction in average tarnish rates and 
solution loss rates, respectively, in one to 24 hours. 
Likewise, respective reductions of 79%.and 70%..are seen in 
the agar case suggesting agar does not alter the relativity, 
although it slightly lowers the rates of both processes. 
Even more evidence for coupling of the loss process with the 
growth process can be seen by comparing the complex (Wcp- 
Wo)/Ws, (Wcp-Wo)/Clost, and Ws/Clost parameters in Table 24. 
These parameters are extremely sensitive to corrosion con
ditions, as discussed on page 151. The differences shown in 
Table 24 are hardly significant with respect to the overall 
range of these parameters given by various data in Table 18.

It is fairly evident that the major source of solution 
loss in the exposure time experiment is incomplete precipi
tation. The practical significance of this behavior is 
limitation of both solution losses and corrosion product 
formation. When 70/30 cupro-nickel is placed in seawater at 
a salinity of lOg/kg, true passivation of the surface must 
eventually occur with low alloy weight loss and good overall 
corrosion resistance. Resistance to biological fouling 
should be lowered, however, since release of toxic Cu+  ̂ ions 
and production of nonprotective, nonadhering secondary- 
solution precipitation products will diminish. Unless the 
seawater salinity is increased or the biological activity 
causes increased dissolution, fouling could be severe. A
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good strategy for corrosion protection and performance would 
be to expose the alloy to dilute salinities of around lOg/kg 
until passivated (24 hours) , then change to more normal 
seawater salinities before fouling becomes severe.

Another significant trend in the data of Tables 23 and 
24 is seen in the relationship between insoluble, non- 
recoverable solution losses and total solution losses. The- 
quantity (Wlc+Wln)/Ws represents the fraction of total 
solution loss that is precipitated in the solution phase. 
Despite detection limit problems with Wlc and Win, it 
appears that less than 8% of the total solution loss is 
nonrecoverabTe after one hour. This value jumps to 39% and 
27% for the nonagar and agar cases, respectively, after 24 
hours exposure. The jump is apparently due to an overall 
reduction of the total solution loss while the rate of 
precipitation remains somewhat constant. The constancy of 
precipitation rates is demonstrated by the sum of Wlc and 
Win, which is near 0.04 ug/cm-2min-1 at both times for the 
non-agar case. It is 0.025 ug/cm-2min-"*" at both times for 
the agar case. Meanwhile, total solution losses reduce by a 
factor of four between one and 24 hours due to coupling with 
tarnish layer production and electrochemical corrosion 
activity. The percentage of precipitated solution species 
must increase, as observed, until solubility limits are 
reached, within a closed system corrosion apparatus.

The reduction of rates between the agar and nonagar
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cases suggests the extent of precipitation is associated 
with the total amount of metal lost to solution rather than 
the rate of metal lost. This would be expected because of 
the extreme dilutions involved. The corrosion system 
approximates a once-through configuration due to a large 
volume to coupon area ratio and moderate flow rates. There
fore, the dilution rate more than outweighs the ion pro
duction rate such that no local concentration other than at 
a coupon's surface is possible. The rate of precipitation 
is kineticalIy governed by random encounters of precipi
tating ions in the well mixed bulk seawater away from the 
surface. If the overall number of released ions is higher, 
the chances for precipitation will be greater. This appears 
to be the case when agar is omitted.

A buildup of precipitated species should become 
visible somewhere within a closed corrosion system, provided 
enough time elapses and enough metal surface area is 
exposed. Longer term systems with tubular cupro-nickeI 
specimens frequently show blue-green buildups at connections 
and on the oxidized metal surfaces. This secondary 
deposition has been cited as the source of nonprotective 
corrosion product layers (primarily paratacamite) overlaying 
the protective oxide layer and cupro-nickel alloys2. Care 
must be taken so as not to artificially cause too much 
buildup or else the corrosion test specimen may not be 
representative of a real application. This problem must be
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considered when designing a corrosion- test apparatus that 
mimics once-through applications such as shipboard condenser 
tubing. A lack of coupon surface area and prolonged ex
posure times in this study prevented an observable secondary 
precipitation buildup, suggesting once-through conditions 
have been approximated.

In addition to indication of trends in total solution 
losses, the material balance data in Table 24 allows 
solution speciation trends to be studied. Although many 
additional permutations of the comparisons can be made, 
further studies would be required to establish any signifi
cance to corrosion behavior. The most important comparisons 
have been listed.

Soluble metal speciation is given by Wsc/Wsn ratios in 
the agar and nonagar cases. The ratio in the nonagar case 
shows a slight increase of 0.72 to 1.04 in going from I to 
24 hours exposure, while the agar case shows a slight 
decrease of 0.79 to 0.59. These trends are not considered 
significant in light of the errors involved (see Tablel3), 
and considering the large change in the total solution loss 
rate from I to 24 hours. Solution precipitation reactions 
apparently do not have much of an effect on the soluble 
metal ratios, which would be expected since precipitation 
reactions have already been shown to have constant rates.

The magnitude of the Wsc/Wsn ratios are significant 
since they are somewhat lower than the 2.3 value that would
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result if the alloy were simply dissolving. The trend is 
the result of selective formation of CU2O in the tarnish 
layer. ' This can be taken as further proof of coupling of 
the solution loss process with tarnish layer growth. If the 
two were not coupled, enrichment of Cu in the tarnish layer 
would not cause the observed depletion of Cu in the 
solution, relative to the original alloy ratios. Simple 
oxide dissolution would provide the same ratio of Cu to Ni 
in solution as in the tarnish layer and thereforey can 
likewise be ruled out. The relatively small changes in the 
Wcu/Wsc and Wni/Wsn values at short and long exposure times 
can also be used to make the same conclusion.

In summary, the metal ratios in solution and the metal 
ratios in the tarnish layers, are consistent with the 
overall solution loss and tarnishing rate data in predicting 
that protective layer formation and losses to solution are 
coupled. The data are also consistent with constant 
solution precipitation rates which would cause a buildup of 
nonprotective corrosion products in a closed system if 
enough time elapsed. This study approached once-through 
conditions, preventing isolation and identification of 
insoluble solution species.
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Flow

Table of Nomenclature:

Table 25. Nomenclature for Flow Equations 63 - 99.

Term Definition Units
General

General Boundary Layer Thickness urn

h Laminar Sublayer Thickness um

4 Hydrodynamic Boundary Layer Thickness urn

4 Diffusion Layer Thickness Due to Flow um

4 Effective Diffusion Layer Thickness 
of an Agar Layer um

4 Total Diffusion Layer Thickness Due to 
Agar and Flow um

X Distance from a Flat Plate or Tube's 
Leading Edge cm

Y Distance from a Tube Wall or Coupon's Surface cm
r Tube's Radius cm
a Distance from Tube's Center cm
a Tube's Diameter - cm
L Characteristic Dimension for Geometry 

Studied cm/sec
V Volumetric Average Velocity cm/sec
U Free Stream Velocity Past a Flat Plate 

or Sphere cm/sec
Vc Tube's Core Velocity cm/sec
U Point Velocity in a Boundary Layer on a 

Flat Plate cm/sec
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V Point Velocity Within a Tube cm/sec
V* Friction Velocity cm/sec
Re Dimensionless Tube Reynolds Number -
Rx Dimensionless Length Reynolds Number . 

for Flat Plate
Rs Dimensionless Stability Reynolds Number -
Y+ Dimensionless Friction Reynolds Number -
Sc Dimensionless Schmidt Number -
Sh Dimensionless Sherwood Number -
f Dimensionless Friction Factor ,

To Surface Shear Stress g/cm-sec^
U Absolute Viscosity g/cm-sec
V Kinematic Viscosity cm^/sec

I Fluid Density g/cm3
D Diffusion Coefficient Ocm /sec
Pt Total Pressure in Corrosion Apparatus g/cm2
Ps Static Pressure g/cm2
Pd Dynamic Pressure g/cm2

9c'9 Gravitational Acceleration Constant cm/sec2
Q Volume Delivery Rate Through Tube Ipm
K Mass Transfer Coefficient cm/sec
F Flux of a Corrosion Species to or From 

a Surface umole/cm2/sec
W Alloy Corrosion Rate ug/cm /sec
Cb Bulk Seawater Concentration umole/cm
Cs Coupon Surface Seawater Concentration ■ umole/cm3
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Table 25 -Continued
Specific Boundary Layer Calculation Parameters.

Dimensionless Laminar Boundary Layer Constant 
Dimensionless Axial Coordinate for a Tube 
Dimensionless Axial Velocity

'TL
<r

A

A c Dimensionless Axial Velocity at Tube's 
Center Line

V  Dimensionless Flow-Geometry Factor -
Im (V) Hyperbolic Bessel Function of V for m'th Degree - 
Jn Nth Order Bessel Function -
C-^-Cn Zero Order Bessel Term Constants
Drag Experiment Parameters
e
A„

m
V,

Shot Displacement Angle
Vertical Force Vector on Drag Probe
Horizontal Force Vector on Drag Probe
Buoyancy Force on Drag Probe
Drag Probe Radius
Drag Probe Diameter
Drag Probe Mass
Drag Probe Volume
Apparent Area of Drag Probe and Probe 
Support
Dimensionless Drag Coefficient 
Dimensionless Drag Probe Reynolds Number

degrees 
2g cm/sec 

g cm/sec
• 9g cm/sec
cm
cm

crrr

cm'
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General:

Disturbance of corrosion reactions by seawater velocity 
variation is still somewhat undefined by this study. The 
inability to adequately characterize the- hydrodynamic and 
mass transfer processes within the coupon corrosion appa
ratus is mainly responsible. Any design that utilizes 
coupons will suffer from this problem since leading edge 
effects are present and adequate lead-in distance for 
establishment of well defined boundary layers is not 
available. For example, tubular flow models predict a lead- 
in distance of at least 115 tube diameters12  ̂ is required 
for fully developed laminar flow at Reynolds numbers near 
2000. This translates to more than 167 cm for the coupon 
holder tube used in this study. Likewise, fully developed 
turbulent flow would require over 40 diameters or 58 cm. 
Since these values far exceed the actual maximum available 
entry length of 15 cm in the coupon holder tube, only deve
loping hydrodynamic and mass transfer processes can be 
considered. Under these conditions, "ball park" information 
is the best that can be hoped for. General flow effects can 
be characterized, however, specific comparisons to non- 
laboratory corrosion situations will not be possible. While 
this limits the usefulness of the flow data, characteri
zation of general flow effects is within the scope of the 
study and employment of a coupon corrosion apparatus is
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justified. Before discussing flow and mass transfer 
patterns around the coupons, it should be pointed out that 
presentation of basic equation derivations would be somewhat 
lengthy and so, will be omitted for brevity. Precautions 
concerning the use of certain equations and reference to 
several pertinent texts will be made where necessary.

The most fundamental description of flow is based on 
the presence of boundary layer phenomena. A boundary layer 
is a region of disturbance of the free flow of a fluid in 
the proximity of a solid wall and is ultimately caused by 
friction between the two phases. Friction causes the fluid 
to slow and actually stagnate at the solid surface (no slip) 
where viscous drag forces dominate over fluid shear 
stresses. Drag forces diminish assymptoticaIIy in a 
direction away from and normal to the surface, allowing the 
flow rate to quickly increase until the free stream velocity 
is approached. As a result of its assymptotic behavior, the 
thickness of the boundary layer, £ , must be arbitrarily 
defined as the distance from a surface moving in or placed 
in a moving fluid where the relative motion is slowed by 
more than one percent due to the presense of the surface. 
This definition is, by itself, impractical because of its 
arbitrary nature, and because it is experimentally difficult 
to measure or observe. It can, however, be calculated and 
used to determine the extent of other boundary layer 
phenomena.
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A much more useful quantity, especially for this study, 

is the laminar sublayer t h i c k n e s s , • In the immediate 
region of a solid, surface, within &, a molecular mode of 
momentum transfer (frictional) dominates over ' turbulent 
momentum transfer such that mixing due to turbulence is 
considered negligible. The region is proposed to exist even 
under highly turbulent conditions in the main flow and so, 
must be extremely thin if the velocity is to go to zero at 
the very surface (no slip). Under these conditions, it can 
be assumed, with minimal error, that the velocity profile 
within the region is linear and that flow is laminar, hence 
the name - laminar sublayer. The layer is predicted in a 
concept called the law of the wal ^ch is "proven" by
the successful application of any analytical derivations 
that are based on the concept. The law of the wall can be 
briefly summarized as follows:

1. There is a wall layer in turbulent flow where most
of the velocity variation occurs.

2. The wall layer is made up of three segments
including a laminar sublayer, a buffer zone, and a 
logarithmic turbulent layer in a direction away 
from the wall. The segments must be matched in 
such a way so as to provide a velocity that varies 
smoothly and continuously.

3. The thickness of the laminar sublayer and buffer
zone reduces as the Reynolds number increases'.
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4. The law of the wall is universal122 in that it 

applies equally well to developing boundary 
layers and to fully developed turbulent flows.

The statements have been mentioned here because each 
one has some significance to this study and offers a 
theoretical background to observed flow effects. Assuming 
they are true, allows several conclusions about flow 
behavior within the coupon corrosion cell. The first state
ment predicts that most of the flow velocity variation will 
be completed near the coupon holder tube wall such that a 
coupon suspended away from the wall will encounter close to 
the volumetric average velocity, V, (page 93), which is easy 
to measure. As long as the wall layer is there and 
turbulent conditions exist, the geometrical cross-sectional 
area will be close to the free flow area of the tube and V 
will be seen throughout most of. the interior where the 
coupon is located. Once the velocity is known, the laminar 
sublayer's thickness can be calculated.

Statement two assures the laminar sublayer is present 
even under very turbulent conditions. Since turbulence 
mixing is encountered in both the transitional buffer and 
logarithmic zones, their presence is of little significance 
in this study in regard to corrosion rate influence. The 
rapid turbulent mode of mass transport in these layers 
cannot allow them to become rate limiting. Their only 
influence would be if they were thick enough to engulf a
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coupon near the wall and alter the flow velocity at the 
coupon. The exact equation describing their effects on 
velocity would then be required, however, wall layer 
thickness calculations will show that coupons are, on the 
average, too far from the holder tube wall for this case to 
be considered.

Statement three predicts that flow velocity past the 
coupon is a key variable in the calculation of , as is the 
kinematic viscosity and geometry of the coupon and corrosion 
apparatus. Since the kinematic viscosity is constant at 
constant temperature, and the geometry is unchanging, the 
flow velocity past the coupon must be determined by measure
ment or calculation before Sc can be calculated. The state
ment also predicts a faster corrosion rate with increasing 
flow due to the closer proximity of a fresh supply of 
corrosion reactants. The data that was shown in Figure 4 
certainly supports this trend.

The last statement of the law of the wall summary is 
applicable to this study because of the relatively short 
lead-in distance used. It assumes that the phenomena listed 
in the first three statements will be occuring and the 
conclusions drawn from them will be reasonably valid. 
Without this assurance, it w.ould be difficult -to justify 
characterizing the flow patterns in the first place, when 
developing conditions are present.

With a theoretical basis for hydrodynamic boundary
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layers at hand, flow effects on corrosion rates can be 
predicted if mass transfer phenomena can be associated with 
the hydrodynamics. A close link between hydrodynamics and 
mass transfer has been verified by electrochemical studies 
utilizing limiting current densities.121'123 It has been 
shown that without turbulent flow, the only modes of mass 
transfer are by convection and diffusion. Thus, .in the 
nonturbulent case of laminar flow at low Reynolds numbers, 
the boundary layer, S r must be considered, whereas, in the 
case of turbulent flow at higher Reynolds numbers, the 
laminar sublayer, £L , must be used. In either case, when 
the fluid motion slows near the wall, convective mass 
transfer disappears and diffusion takes over. A diffusional 
layer thickness, ,  within the boundary layer or laminar 
sub-layer, can be defined as the distance from the wall 
where convective mass transfer becomes insignificant with 
respect to diffusion. The diffusion thickness was found to 
be a function of dynamic considerations (Reynolds number) as 
well as the dimensionless Schmidt number, Sc> for mass 
transfer by diffusion. The Schmidt number is given, by the 
equation:

Sc = v/D (63),
where v is the kinematic viscosity, and D is the diffusion 
coefficient, both measured in cmr/sec. The larger the value 
of Sc, the thinner the diffusion layer will become and the 
more rapidly it will develop. A concentration profile
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develops as soon as the corrosion reaction begins at the . 
leading edge of a coupon. This is also the origin of the 
developing hydrodynamic boundary layers surrounding a 
coupon. Under;these conditions, the relative-thickness of 
the diffusion layer and hydrodynamic layer is constant and 
related to Sc by the following equation:

Sh/ S d = Sc1/3 (64) ,
where Sh is the thickness of a laminar hydrodynamic boundary 
layer. The value of is replaced by & in the case of low 
Reynolds number, laminar external flow, and is replaced by Ju 
in the case of turbulent external flow. Equation (64) 
indicates the rate of mass transfer• across the diffusional 
boundary layer thickness. The value of Sh has to be deter
mined before Sj can be found.

The presense of a diffusion layer has significance to 
this study because it is the furthest point of penetration 
of- fresh, seawater into the boundary layer surrounding a 
coupon. When the seawater slows from the leading edge 
onward, its residence time increases and a depletion or 
buildup of corrosion species becomes possible. The concen
tration gradient set up across the diffusion barrier will 
affect the corrosion rate and possibly become the overall 
rate controlling factor. This would occur if the corrosion 
rate exceeds the diffusion rate of a reactant or a product 
(concentration polarization). Pick's diffusion laws 
(equation (5) and (6)) and diffusion coefficient data can be
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used to predict flow effects on corrosion rates, provided 
the diffusion barrier-thickness can be determined. It is 
the major point of the ensuing discussion to fulfill this 
prediction and possibly identify the rate controlling step 
of the initial corrosion reactions of the study.

Flow Characterization Experiments:

The first major hurdle lies in whether or not the
laminar sublayer hypothesis is correct in implying a steady,

19 4discrete, turbulence-free barrier. Some researchers 
doubt its steady nature as indicated in the following 
statement. . "The thickness of the laminar film must be a 
statistical thing, a kind of average of values which differ 
from place to place over the surface of the pipe, and from 
instant to instant at each place; these values ranging from 
zero upward." Other researchers,12125,126 looking for the 
origins of turbulence in pipe flows, support the statistical 
view after studying a phenomenon called turbulence bursting. 
Bursting supposedly occurs when localized pressures at the 
wall due to turbulence in the main flow, become excessive. 
The laminar sublayer is said to be disrupted with turbulence 
reaching the very surface. The frequency 1 of bursting 
decreases with decreasing Reynolds number and supposedly 
becomes negligible below the critical pipe Reynolds number 
for turbulence (<2000). If bursting does occur, it 
represents a source of internal mixing within the sublayer



280
which would alter the effectiveness of the diffusion layer

■ : ,

as a diffusion barrier. Credence to this thought is lent by 
observations within this study, whereby an inert coating of 
agar that is much thinner than the calculated ' laminar sub
layer thickness will alter the corrosion mechanism.. If the 
agar layer is just acting as a diffusion barrier, as is 
believed, then no significant difference in the corrosion 
behavior should be seen if the sublayer is much thicker and 
the agar blocking factor is considered. However, if 
bursting is present, the nonagar case would have a distur
bance of the diffusion barrier to the very surface and a 
difference in the corrosion behavior would be seen versus 
the agar protected case, as observed. Calculation of the 
effects of bursting on the diffusion layer would be very 
difficult and possibly nonquantifiable. Diffusion layer 
thicknesses will have to be calculated based on a steady, 
discrete laminar sublayer, that is free of bursting.

Another hurdle to flow effect prediction concerns the 
corrosion apparatus geometry. - The equations required for 
calculation of the boundary layer thickness and laminar 
sublayer thickness will take on a different form, depending 
on the geometry of the system. A closer look at the cor
rosion apparatus that was shown in Figure 15 is’ therefore 
required before the applicable equation forms can be pre
sented. Figure'46, shows a detailed drawing of the coupon 
holder tube in a cross-sectional side view and endview.
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Figure 46. Coupon Holder Tube Geometry.
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Inspection of the figure indicates flow patterns past 
the coupon will be somewhere between flat plate in parallel 
flow44 and tubular flow models,121 rather than entirely 
tubular. The convex surface of a coupon approaches an 
annular geometry (concentric tubes with flow between the 
tubes), for which hydrodynamic flow theories have also been
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developed.1^6,127 A hybrid calculation of each of the geo
metries must be used for this study, although, it would be 
very difficult to say which one is more applicable. The 
annular model will not be applied since the concave surface 
is the side that was most frequently studied and there is 
evidence that the annular geometry gives flow patterns simi
lar to ordinary tubular flow, but with refined boundary 
conditions,!^6 Laminar sublayer calculations for the flat 
plate and tubular models will at least give a range of 
diffusion barrier thicknesses.

The cell is a conical diffuser with a cross sectional 
area expansion of 0.332cm to 1.651cm over a distance of 
1.6cm. It has a divergence angle of 15° relative to the 
axial direction. The divergence distance and angle values 
are smaller than the optimum conditions for a turbulence 
free expansion in a diffuser. These parameters should be in 
excess of 4° and 4.65cm for an inlet tube diameter of 0.65cm 
(see reference 44, page 591). The expansion is, therefore, 
too abrubt for smooth flow continuity between the small to 
the large tube expansion and separation will occur at the 
point of divergence even at low flow rates of less than 5 
cm/sec. Lateral eddy currents should form, within the ex
panded area portion at the start of the large tube.

Two- conditions can develop depending on the relative 
velocities involved. At high flow rates, the eddy currents 
may be sufficient to completely disrupt the flow profile
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from the smaller inlet tube. The turbulent mixing would 
then be sufficient to give a uniform velocity profile (flat) 
across the tube once the mixing zone is passed. Major 
fluctuations should be damped due to momentum losses during 
deceleration. If the velocity profile at the coupon's 
position is uniform, the flow rate past a coupon can be 
approximated by the volumetric average velocity as cal
culated on page 93.

At lower flows, the turbulent mixing may be insuf
ficient to disrupt the faster core flow from the inlet tube. 
Unless the core flow momentum is lost through displacement 
of water already in the larger tube, the velocity will peak 
at the center of the tube and decrease near the edges. The 
profile could approach the parabolic shape encountered in 
fully developed laminar flow, (115 tube diameters) but at a 
much shorter lead-in distance than would be due to wall 
friction alone. If the profile is curved at the coupon's 
location, the volumetric average velocity cannot be used to 
determine the flow rate past the coupon. The flow would 
have to be calculated or measured, introducing a significant 
complication. Unlike the fully developed case which can be 

.. described by profile equations, the undeveloped flow profile 
■ in the presence of turbulence would be very difficult to 
characterize. Unpredictability and an incomplete under
standing of the mechanism of turbulence make calculation 
nearly impossible, especially for this specific geometry.
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Measurement of point by point velocities is the only 
recourse.

A modest amount of predictability regarding whether or 
not the initial core flow is disrupted completely, , may be 
gained by Reynolds number calculations. Since minor distur
bances (such as entry turbulence) are undamped above the 
critical Reynolds number of 2000, the uniform velocity case 
beyond the mixing zone should be encountered at flows having 
higher Reynolds numbers. The volumetric average velocity 
would then apply across the tube, otherwise, the point 
velocities will have to be measured.

Several experiments were designed to measure local 
velocities within the tube as well as to verify prediction 
of velocity profile types with the initial Reynolds number. 
The first experiment involved a semiquantitative description 
of the paths taken by small (<0.5mm) air bubbles that form 
in the pump when a slight amount of air is introduced at the 
inlet tube of the pump. Various zones of laminar, tur
bulent, and eddy mixing flow can be identified by close 
scrutinity of sectors of the holder tubes. Sketches of the 
patterns at the major flow rates are shown in Figure 47.

All flows indicate eddy currents exist in the expanding 
area portion with moderate to extreme disturbance of the 
incoming flow from the smaller tube. The disturbance causes 
a mixing zone that shortens and advances toward the leading 
portions of the larger tube at higher flows. In all cases,
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Figure 47, Bubble Path Sketches of Flow Patterns Within the 

Coupon Holder Tube.
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the coupon is located far enough downstream to avoid the 
mixing zone such that most of the flow patterns are parallel 
to the coupon rather than lateral to it. Laminar flow is 
indicated by the smoothness and lack of pathway mixing in 
the vicinity of the coupon. A substantial increase in the 
mixing and turbulence occurs when the average flow is 
changed from 5 cm/sec to 31 cm/sec (Figure 47a versus 47c). 
The pipe Reynolds numbers increase from 9 0 0 to 5800 over 
this flow range', which encompasses the critical value of 
2000 for laminar to turbulent conversion. It■also becomes 
very difficult to tell whether or not laminar or turbulent 
flow is present when the critical flow of 15 cm/sec is 
approached, as shown in Figure 47c. Therefore, the bubble 
pathways are behaving as predicted by the Reynolds number.

Based on the degree of mixing, it can be predicted that 
the velocity profile for Figure 47c and 47d is flat at the 
coupon's position and the volumetric average velocity should 
apply. The lower flows in Figure 47a and 47b are indeter
minate by this method and may have higher core flows, thus, 
requiring actual velocity measurement at the coupon 
position. Other methods utilizing pressure measurements and 
drag measurement were attempted to verify these velocity 
trends.

The pressure-velocity .experiment was performed 
utilizing a modified pitot121 tube arrangement as shown in 
Figure 48.
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Figure 48. Pitot Tube Arrangement for Point Velocity 

Determination.
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The pitot tube, itself, was fashioned from a dropping 
pipet having a 1.0mm I.D. x 8.0cm capillary that was bent at 
a right angle in a sharp flame. The tip of the capillary 
was aimed at the incoming tubular flow at the normal coupon 
position. The capillary tip and the measurement position 
could be relocated in an up and down direction from outside 
of the corrosion cell. Continuous adjustment was possible, 
however, the closest approach to the tube wall was limited 
to 0.5mm due to the capillary's finite radius. Distance
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marks were scribed on the pitot tube body as it emerged 
through a hole that was made in the corrosion cell wall. A 
loose-fitting rubber stopper was used as a reference point 
enabling a reproducible vertical placement of the pitot tube 
within the diameter of the coupon holder tube. The pitot 
tube was connected to a mercury nanometer with 8mm I.D. 
tygon tubing for pressure, measurement. At lower pressures, 
more sensitivity could be achieved by disconnecting the 
tubing at the manometer and measuring the vertical height of 
the water. The static pressure was measured by inserting a 
hypodermic syringe needle through the rubber stopper that 
holds the coupon holder tube in the corrosion.cell. The 
syringe was connected to the opposite arm of the manometer 
so that a direct comparison of the dynamic pressure at the 
pitot tube tip to the static pressure could be made, thus 
avoiding calculation of P3.

The total pressure exerted at the tip of the pitot tube 
is the sum of the static pressure on the system and the 
dynamic pressure of the impinging flow. They are related

IOIthrough the Bernoulli equation,

Pt = Ps + Pd (65),
where = total pressure, P3 = static pressure, and P^ = 
dynamic pressure. By hooking the static pressure probe to 
the opposite arm of the manometer, P3 is subtracted out and 
Pt = P^. The dynamic pressure is related to the impinging 
flow velocity through the equation:

I
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Pd ^  U2/(2gc) (66),

where ^ is the density of Hg(13.6g/cm2)r U = impinging flow 
rate in cm/sec, and gc is the acceleration due to gravity, 
or (980cm/sec2) . is measured in mmHg. Where Imm Hg = 
1.360 g/cm . If more sensitivity is required, a water 
manometer can be used with p being the density of water and 
Pd measured in cm water head (I CmH2O = 1 .000g/cm2 ) . 
Maximum sensitivity can be achieved by measuring the time it 
takes for the pitot tube to fill to a given level. The 
volume divided by the time will be proportional to the 
impinging- velocity, thus providing relative velocity 
measurements. The proportionality constant can be deter
mined by averaging the relative velocities at equally spaced 
intervals within the holder tube, then dividing by the 
volumetric average velocity and inverting.

When flow was begun, no readable displacement of the Hg 
could be detected, even at the highest flow rate. The Hg 
manometer was replaced with a water manometer, which gave 
similar readings. Larger fluctuations of +1.0 cm were seen. 
Calculations with equation (66), using the highest expected 
flow of 46cm/sec, gave a dynamic, pressure Of only 1.84cm 
H2O, which is barely detectable within the fluctuations. 
Disconnection of the pitot tube revealed the static pressure 
was near 143mm Hg at U = 46 cm/sec, which translates to over 
194 cm H2O , alone. Switching the static probe tygon tube 
with the pitot probe tube at the manometer gave the same
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pressure, therefore, most of Pt was caused by a high Pg in 
equation (65), such that Pd was nondetectable. Pg would 
have to be lowered before Pd could be detected, but at the 
risk of nonrepresentative operating conditions.

The outside corrosion cell was removed, allowing the 
horizontal holder tube to drain into an open container. 
With P g = 0, the dynamic pressure was easy to measure by the 
volume delivery method, however, the effects of gravity 
distort the velocity profile as shown in Figure 49.

Figure 49. Velocity Profile in the coupon Holder Tube Under 
Free Discharge Conditions,

4 5  c m / s e c
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6 0
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The shape of the profile is caused by water in the 

upper half of the tube falling to the lower half resulting 
in a higher net velocity in the lower half. When the 
overall velocity was slowed to less than IOcm/sec, the 
velocity in the upper half reached zero and the holder tube 
began to drain, allowing air into the tube. Neither of the 
two behaviors are desirable in a corrosion experiment, which 
is why the outside corrosion cell was included in the ap
paratus' design in the first place. The buoyancy exerted by 
the water in the outside jacket eliminates gravity effects 
and simulates conditions in a longer pipe flow where there 
is an appreciable pressure gradient in the flow direction.

Since the pitot velocity measurement method would not 
work, in this case, a new method had to be tried. Velocity 
measurement through drag displacement seemed to be a 
reasonable alternative and, fortunately, only required a 
slight alteration of the pitot method. A tiny piece of lead 
shot (0.1042g) with a spherical shape was used as a drag 
body which was suspended by a fine hair (7mm long) from the 
end of the pitot tube. The lead shot was attached to the 
hair by opening a small notch in the shot with a knife and 
gently closing the notch around the hair with a pair of 
pliers. The other end of the hair was inserted into the end 
of the pitot tube until the desired hanging length was 
obtained, followed by sealing the end of the pitot tube with 
a small plug of parafilm, as shown in Figure 50.
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Figure 50. Velocity-Drag Measurement Apparatus.
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Flow causes drag on the shot, which displaces it to 
some angle,©, relative to the pitot tube, as shown in the 
dashed line case. The finite size of the probe allowed only 
crude positioning at the other measurement positions by 
moving the pitot tube up and down. The system can be 
characterized by static vector analysis whereby the vertical 
(av) and horizontal (bh) force components are resolved. The 
vertical vector, av is due to gravity minus buoyancy or av = 
mg - Fb, where m is the shot's mass, 0.1042g, (ignore hair's 
weight), g is the acceleration of gravity or 980.2cm/sec at 
4800ft elevation and 45° latitude. Fb is the buoyancy force 
equal to the weight of water displaced by the shot. The 
volume of the shot, V g, is given by 4/3 IT rg3 where rg is 
the radius. It is also given by M / f pb, where f pb is the
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density of Pb (11.3 4 g/cm ̂ ) . Therefore, V g = 
.1042g/ll.34g/cm^ = 0.0092cm^. The buoyancy is given by 

F j 3  =  V g  x  ̂Water x 9 = . 0092cm  ̂ x 0.9 97g/cm^ x 980.2cm/sec^ 
= 8.98 d y n e s . The vector, av , becomes (0 . 10 4 2 g ) x 
(980.2cm/sec2) - 8.98.dynes, or 102.14 dynes - 8.98 dynes = 
93.16 dynes. By geometry. Tan 6 = a^/b^, therefore, the 
horizontal vector, b^ is given by:

bh = av/Tan 6 (67) .
The horizontal vector is caused by drag in the flow and 

can be related to the velocity at the position of the shot 
by the equation:

cd = bh/< ? Watertj2ft) <68> - 
where is a dimensionless drag coefficient, U is the fluid
velocity to be determined,^* is the fluid density, and A is 
the frontal area exposed by the shot and supporting hair to 
the flow direction. The value of A for a sphere is IT dg^/4, 
where d g = diameter = 0.26cm. The hair itself, is fine 
enough so that its area can be ignored, however, small air 
bubbles (~0.25mm) would cling along the entire length, 
adding to the drag. The area should be close to 0.025cm x 
0.7cm = 0.017 5cm^, so, the total apparent area subject to 
drag is = IT (0.26cm) ̂ /4 + 0.0175cm^ = 0.070 6cm  ̂ = A. The 
fluid density is taken to be 0.997g/cm and must be read 
from a universal dimensionless variable plot of versus Rd 
for a sphere (figure 1.5 on page 17 of reference 44). Rd is 
the Reynolds number for the sphere given by:
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Rd = Ud/v (69),

where v = 0.00784cm2/sec (water at 26°C). Cd is only weakly 
dependent on Rd and varies from I to 0.4 in the range of 
flows used in this work. It is fairly constant at 0.4 when 
Rd is greater than 1000, which encompasses all of the higher 
flows. Since Cd is insensitive, the volumetric average 
velocity, V can be substituted for U to determine Cd from 
the graph shown in Figure 51. Otherwise, a complex function 
would result and some method of successive approximations 
would be required.

Figure 51. Drag Coefficient for Spheres Versus Reynolds 
Number.
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Equations (67) and (68) can be combined and numerical 

values substituted to give:
U = 36.4/ (Tan Q  Cd)1/2 (70),

where U is in cm/sec. Measurements of ©  can be easily made 
by holding a small protractor up to the cell, placing the 
origin at the tip of the pitot tube, and lining the ruler 
portion up with the hair through the middle of the shot. 
The angle is read within ±1° where the pitot capillary 
crosses the angle scale, giving Q directly.

As long as the outside corrosion cell is used, buoyancy 
will force the velocity profile to be symmetrical in the 
upper versus lower section of the tube. Only the lower half 
of the tube needs to be characterized. This is fortunate, 
since only the lower half of the tube is accessible to the 
drag probe. The coupon holder tube can be rotated to check 
for anomalies in the flow due to tube construction. It 
should be noted that measuremnts close to the wall are 
impossible due to the size of the shot, eliminating boundary 
layer measurements. A smaller shot could not be used due to 
excessive motion from turbulence at higher flows.

Measurements were taken with each of the flow restric
tors at the positions noted in Figure 50. The data has 
been summarized in Table 26, which includes other pertinent
flow data.
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Table 26. Charac ter is ti-'c Flow Data for the Tubular Flow 
Apparatus.

----------*—Parameter
Lf . Lr Mf

Restrictor
M r  S f  S f * * ESf ES.

Q 4.178 4.126. 2 . 8 8 3 ■ 3.176 ■_ 1.238 1.626 0 . 3 6 6 0.495
V 42.20 41.67 29.12 32.08 12.51 16.42 3.70 5.00
Re 7635 7539 5268 5804 2263 2971 6 6 9 905
Rd 1399 1382 9 6 6 1064 415 545 123 166
Cd 0.43 0.43 0.46 0.45 0.60 0.56 0.94 0.90

e * 60.0 59.8 74.8 73.3 86.5 85.6 87.2 87.8

<? 60.0 59.8 75.8 75.5 8 6 . 0 85.3 87.8 8 7 . 9

% 59.3 59.0 77.2 75.5 8 6 . 3 85.7 88.5 88.0

ud> 42.18 42.35 27.98 2 9 . 7 2 ' 11.62 13.49 8.30 7 . 5 2

U@ 42.18 42.35 27.00 27.60 12.43 13.95 7 . 3 6 7.35

uCD 42.77 43.03 . 25.58 27.60 11.95 13.34 5 . 3 2 7.17
Uavg 42.38 42.58 2 6.85 28.31 12.00 13.59 6.99 7.35

Qto 0.34 .0.3 9 1.21 1.22 0.41 0.32 1.52 0.18 ■
Pd 0.91 0.92 0.37 0.41 0.07 0.09 0.02 0.03
Ps 194.5 19 7.9 90.4 107.4 18.3 28.8 4.5 1.8
* units: Q = l.pm,V=cm/sec,U=cm/sec,Pd=g/cin2fPs = g/cm2 
** Basic Reference Flow Used Throughout Study.

The coupon holder tube was rotated giving the same 
results, which suggests velocity variations were not 
affected by the tube's construction. Volume delivery rates, 
Q, were also checked with a coupon in place to see if flow 
blockage was occuring. Again, no significant differences
were seen at all of the. flows. For the most part, the datav
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shown in Table 26 and Figure 47 characterize the flow pat
terns of the corrosion apparatus.

The pressure values were included in Table 25 to illus
trate the overwhelming static pressure relative to the 
calculated dynamic pressure. The average point velocity 
data from the drag measurements and equation (66) were used. 
Pd is always about 0.4% of Pg which has a measurement error 
of jtL% due to fluctuations. Therefore, calculation of Pd 
and u from Pd is impossible, which justified the drag 
measurements.

Inspection of the point velocities at different tube 
positions indicates no significant velocity difference 
between the tube's center and close to the wall. With the 
possible exception of restrictors Mg and ESg, variations are 
well within the,error of measurement which is +Icm/sec. The 
flows that are outside the estimated error range are re
producible, indicating their trends are real. However, 
their range cannot be considered significant in reference to 
the approximate equations which will utilize the flow rate 
data. Therefore, for all practical purposes, the velocity 
profiles are flat for all of the flow rates used in this 
study, which allows average velocities to be used. Although 
equation (70) appears to work fairly well by giving point 
velocities close to the average velocities, it contains 
approximations that limit its accuracy. The volumetric 
average velocity, V, can be safely used as the free flow
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velocity past the coupons. Prediction of this conclusion 
with the pipe Reynolds number does not appear to be feasable 
since there is no apparent correlation between the critical 
value ahd-the measured velocity profile shape.

Boundary Layer Equation Derivations;

It is now appropriate to present the boundary layer 
equations since fairly accurate measurements of the free 
velocity past a coupon have been made and the geometry has 
been characterized. As previously mentioned, the equations 
will take on a different form depending on whether or not 
flow is laminar or turbulent or whether the surface is a 
flat plate or tube wall. Therefore, four equations will be 
required to calculate Sh and finally Sj for this system. 
Turbulence prediction is required so that either Sj1-Sof 
can be used in equation (64). Once ^  is found,^can be 
determined for the flat plate model and for the tubular 
model to give a range of values to consider for mass 
transfer calculations.

Turbulence prediction in the tubular model has already 
been discussed such that the pipe Reynolds number, Re, from 
equation (2), page 32, is critical between 2000-3000 with 
laminar flow below and turbulent flow above. The presense 
of inlet turbulence forces the lower value of 2000 to be 
used. Unlike the tubular model, the flat plate at zero 
incidence model has no diameter value to associate with a
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dimensionless Reynolds number and a new length dimension 
must be utilized. Two lengths can be associated with a flat 
plate whereby flow will be of concern. They include dis
tance from the plate's leading edge, x , in the direction of 
parallel flow and distance from the surface of a plate in a 
direction normal to the flow. The length Reynolds number, 
Rx , is relative to the distance from the leading edge and is 
given by:

Rx = U x/v (71).
The second Reynolds number is called the stability Reynolds 
number and is defined using the boundary layer thickness:

R = U  4/v (72).
As with Re , each of the newly introduced numbers have a 

critical value whereby turbulence would occur if the value 
were exceeded. Rx predicts turbulence within the boundary 
layer when it reaches 3.2 x IO^, while R^ gets critical at 
2800 in the presense of leading edge and main flow turbu
lence. Turbulence in the length direction begins as sepa
ration of the boundary layer from the surface. Separation 
requires a very high flow rate or exceedingly long plate' to 
occur, ie, aircraft wing or ship's hull. Calculation of X 
with equation (71) at the maximum flow rate used in this 
study (0.46m/sec) gives a critical distance of^ 6 3cm before 
turbulence due to boundary layer separation would occur. 
Since a coupon is much shorter, at, 0.8cm, separation turbu
lence will not be a problem here.



300
The stability Reynolds number predicts turbulence in 

the boundary layer due to interaction with fluid in the free 
fIow^. The critical value of 2800 gives a maximum laminar 
boundary layer thickness of 0.96 cm at 0.46m/sec flow, which 
as will be seen shortly, is much thicker than any of the 
actual boundary layers in this study. Therefore, it can 
safely be assumed that turbulence within the flow patterns, 
set up by the flat plate nature of the coupons can be 
ignored. Stated another way, there should be no turbulence 
mixing within the boundary layer due to flow around the 
coupon itself. Also, leading edge turbulence should be 
minimal since the edges are relatively dull with radii near 
0.5mm. When edges are rounded on the order of the boundary 
layer thickness, streamline conditions will be reestablished 
very close to the leading edge^. In support of this, auger 
analysis of the corrosion product near the edges revealed no 
significant difference beyond 0.5 to Imm of the tip as 
compared to the rest of the coupon's length. This suggests 
flow conditions just past the edge are similar to those 
farther away. Tarnish layer thicknesses do appear to double 
at the front lip, presumably because of a thinner boundary 
layer there. With no significant front edge turbulence, the 
only mixing within a boundary layer must come from the 
outside free flow which is subject to the tubular flow 
model. Thus, when flow conditions permit turbulence in the 
coupon holder tube, the turbulent case equations must be
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used. Otherwise, laminar flow in tubular and flat plate 
models must be considered.

Laminar flow in flat plate theory gives a boundary 
layer thickness by the equation:

£ = zTl (vx/U)1/2 (73) ,
where TL is a constant whose value depends on how the boun
dary layer is defined (a derivation is found in reference 
44, page 126). The arbitrary 99% of free flow velocity 
definition (u/U = 0.99) for £ may not be suitable for com
parison to i calculated with the turbular flow model if the 
respective velocity profiles have different curvatures. For 
this reason, a fixed value of & cannot be assigned until 
both models have been compared using various definitions for 
& . Values for Tl versus u/U ratios for flat plate theory 
are given in Figure 52.

Figure 52. Laminar Boundary Layer Thickness Constant Versus 
Point Velocity to Free Velocity Ratio.
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The figure shows that if the 99% definition for / is taken, 

takes on a value near 4.8. Thus, if an average 
thickness of S is assumed to occur at halfway between the 
trailing edge and the leading edge, ie, x = 0.4cm, and 
laminar flow at 5.29cm/sec, is used, then a typical value 
for / will be near 1300um by equation (73) using the flat 
plate model.

The arbitrary definition problem becomes very signifi
cant when u/U is greater than 0.99 owing to the sharper 
curvature near 1.00. The figure illustrates why the defi
nition for S must be carefully chosen not to be too conser
vative since non-realistically high boundary layer thick
nesses may result from calculation. A less conservative 
boundary layer definition of u/U = 0.95 does not signifi
cantly lower the calculated boundary layer thickness 
relative to the 99% definition so no significant errors are 
expected in this range. Whether the fluid velocity in' the 
boundary layer is slowed by 99% or 95% should have little 
effect on diffusion behavior in the layer.

Laminar conditions in tubular flow theory require 
equations which are significantly more complicated than 
those from flat plat theory. The equations have been 
derived for the entry length of a straight tube"*"^, which 
will be applicable to the coupon geometry as long as coupons 
are not far beyond the mixing length. (See Figure 47). The 
velocity measurement experiments that were recently
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described, verified that flows were uniform at a coupon's 
location and friction effects of the coupon holder tube wall 
had not reached the coupon. Therefore, the conditions at a 
coupon are the same as if a tube were connected to a rese- 
voir via a well rounded exit port, for which the following 
equations apply.

A few definitions are required to simplify the 
equations. First, a dimensionless axial co-ordinate is 
required so that any tube's flow can be described. The 
quantity represents this co-ordinate and is defined by 
the equation:

CT = x/(rRe) (74),
where r is the radius of the "tube" formed between the 
coupon and the coupon holder tube wall, as indicated in 
Figure 46. The diameter is 1.28cm found by averaging the 
vertical distance from the coupon's center to the holder 
tube wall (1.1cm) with the horizontal outside chord of the 
coupon (1.45cm). The Reynolds number Re is calculated by 
equation (2) page 32, using d = 2r. The inlet length x will 
be taken as the middle of the coupon or 0.4cm, which is an 
average for the entire coupon. Also required is the 
dimensionless axial velocity for the tube, which is given by

a  = v/V (75) ,
where v is the point velocity at some distance, a, from the 
center of the tube at some distance, x, from the entrance of 
the tube. The quantity V is still the volumetric average
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velocity. Since flow is restricted from the ever increasing 
boundary layers, and V must remain the same throughout the 
length of the tube, the velocity in the center of the tube, 
Vc, must increase relative to V. The only time Vc = V is at 
the start of the tube. When the velocity profile is fully 
developed at the end of the entry length, the relationship 
Vc = 1.98 V will hold"*"^  ̂ from then on. The dimensionless 
axial velocity at the center of a tube is given by:

Ac = Vc/V (76),
and will take on a different value, between 0 and 1.98, 
depending on the value of . The analogous quantities to 
the flat plate model are u and V for v and Vc, respectively. 
This enables comparison of the two models.

Another required dimensionless parameter is V  , which 
is a geometrical value that is a function of the tube's 
radius, r, and flow in the length direction only. Values of 
^ c and y  are plotted against d~ in Figure 53, which can be 
applicable to any size tube.

The data has been selected in the range of s values 
expected for this study. If the data were plotted for 
longer tube lengths, a value of 1.9 8 would be seen when 
Cf = 0.23. At ^ c = 1.98, the flow profile is said to be 
fully developed allowing calculation of the minimum entry 
length for fully developed flow. Therefore, the minimum 
entry length would occur when x = 0.23 r Re or 144cm at a 
typical .Re value of 1000. This far exceeds the 0.8cm length
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Figure 53. Relationship Between Dimensionless Tubular Flow 

Quantities for Boundary Layer Calculations.
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of a coupon, verifying that only developing flow is present 
in the model being considered.

The dimensionless variable graphed in Figure 53 can be 
related to <r through a combination of hyperbolic Bessel 
functions of the zero and second degree. This gives an 
equation that completely describes the family of velocity 
profiles within the entry sections of tubular flow. The 
relationship is given by the equation:

A = [I0 (Y) - I0 ( Y a/r)]/I2 (Y) (77),
where a is some distance from the tube's center. Thus, when 
at the tube's center, ie a = 0, /7 = and equation (77)
gives:

c = Io(?)/Iz(Y) (78)"
The data in Figure 53 becomes useful since at some value 
of <r can be readily found, allowing calculation of I2 (V) 
once Iq (Y) is known. This makes direct calculation of the 
second order Bessel function, I2 (Y) unnecessary. The zero 
order hyperbolic Bessel function is tabulated in the 
Handbook of Chemistry and Physics"^ up to Y values of 8.0. 
Unfortunately, lower flows encountered here require V values 
in excess of 8.0 and Iq (Y) must be c a l c u l a t e d u s i n g  the 
equation:

In/*) = i-mJm (iY) (79) ,
wh.ere m=0, i= (-I)1/2 and J0 (IY) i s given by:

I—IIi-HOhD + Y 2ZC1 + / / C 2 + yG/^3 + + ... (80)
Since i 0 M H

- O Il H f I0 (Y) = jO (IY) and I0 (Y) can be



calculated using equation (80). Table 27 is a tabulation Of 
the constants in equation (80). In most cases, calculation 
of 16 terms is sufficient.
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Table 29. Constants
Hyperbolic

for Evaluation of the 
Bessel Function.

Zero Order

Constant Value Constant Value

cI 4 C9 3.452xl016

C2 64 O H O 1.381xl019

C3 2304 C11 6.680xl021

C4 1.475xl05 C12 3.849xl024

C5 1.475xl07 C13 2.602xl027

C6 2.123xl09 C14 - 2.040xl030

C7 4.162X1011 C15 1.836xl033

^8 1.065xl014 C16 I.BSOxiO3G

Instead of calculating a different value of Iq (V) for 
each <7-, a plot of IogI0 (V) was made versus <T to allow easier 
evaluation. That plot is shown in'Figure 54. The data 
follows a straight line (correlation coefficient = 0.99986) 
for most of the range with substantial deviation if Y is 
outside of the 3 to 50 range. A _+4% RSD between actual and 
calculated I0 Ctf) values is expected within the 3 to 20 
range and ±2% within the 4-16 range. The equation of the 
line is:

log I0 (V) = 0.4080 <r- 0.620 (81),
which allows fairly accurate prediction of Iq (V).
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Figure 54. Hyperbolic Bessel Function Evaluation Graph.
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Combination of equations (77), (78), and (81) allows simpli
fication after rearrangement to give the equation:

A = A c (I-IO0*4080 ^  (a/r-l)) (82).
The quantity (a/r-1) can be rewritten as (a/r-1) = (a/r-r/r) 
= (a-r) /r = -y/r, where y is some distance from the wall or 
coupon surface. Equation (8 2) can then be written as:

A  = A c (I - 10-0-4080 Yy/r) (83).
Once A is found for a given y/r ratio, the velocity ratio at 
distance y from the wall is known. Therefore, if y/r is 
plotted versus A , a velocity profile across the tube can be 
seen. The entire profile is unnecessary for this study 
because only a point where the velocity is close to the 
maximum needs to be determined. That point is arbitrarily 
defined as the edge of the boundary layer. Equation (83) 
can be simplified further by dividing both sides by A.c- 
Since A  = v/V and A c = Vc/v (equations (75) and (76)), 
A /Ac = v/Vc , which is analogous to the u/U value in flat 
plate theory. Thus,

v/Vc = (I-I0-O-4080 VyZr) (84).
Equation (84) allows calculation of the boundary layer 
thickness by the entry length tubular flow model if an 
arbitrary ratio of v/Vc (or u/U) is chosen and S = Y -  
Figure 52 listed the analogous flat plate case which allows 
calculation of Ti versus u/U. The two theories can now be 
combined on the same graph as shown in Figure 55. The 
values x'= 0.4cm, U = 5.0cm/sec, and TL from Figure 52 were
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Figure 55. Boundary Layer Thickness Versus Dimensionless 
Velocity Ratio.
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used with equation (73) for the flat plate case... The values 
x = 0.4cm, r = 0.66cm, d = 2r = 1.32cm, V = 5.0cm/sec, and V  

= 0.00912cm^/sec gave a value of 0.000837 by equations (2) 
and (74). Correlating this value with Figure 53 gives 1V  = 
20.0 which, when placed in equation (84), gives:

& = -809 log (I - u/U) (85), 
after taking the log of both sides.  ̂is given in urn.

Inspection of the figure reveals that both theories 
agree well as long as the cutoff point in the definition of 
is kept less than 0.99. The actual coupon case will be 
somewhere within the shaded region and will be assumed to be 
given by the center average line, for lack of more infor
mation. Since the tubular and flat plate models signifi
cantly disagree above 0.99, inaccuracies are expected in 
this region and it will be avoided. Perfect agreement is 
shown at u/U = 0.955. However, it is not known how low u/U 
can be defined before the diffusion layer to hydrodynamic 
layer relationship given in equation (64) breaks down. To 
be safe, the highest u/U value possible should be chosen, 
but not to the extent of poor agreement between the models. 
Somewhere in the 0.955 to 0.99 range should be chosen. For 
lack of more criteria, the breaking point for the coupon 
model curve will be used, which is defined by the inter
section of two straight lines that roughly follow the 
extremities of the curve. The point is located near 1260 urn 
for 5, which when transposed to the coupon curve, gives a
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u/U value of 0.98. This u/U ratio will be considered to 
define the edge of the boundary layer. In other words, the 
thickness of £ will be defined as the point away from the 
surface where the flow is slowed by more than 98% due to the 
presense of the surface. The values v/Vc = 0.98, and <$ = y 
can now be substituted into equation (84), yielding equation 
(86) upon rearrangement:

& = 4.164 r/ V  (86),
This equation is valid for V  in the range of 3 to 2 0. 
Equations (77), (78) and (79) were reevaluated at V= 30 to 
give a numerical constant of 4.068 in equation (86), sug
gesting S is not very dependent on an exact Iq (V). Figure 
53 indicates a data point can be found at V = 10 0 which can 
be assumed to form a straight line with the data point at 
V :30 and the rest of the points above the range of the 
figure. An 'TV value can also be chosen'for equation (73) 
in flat plate theory, using Figure 52 and u/U = 0.98, or,

& = 4.52 (Vx/U) 1/2 (87)
This equation should be valid if Re is <2000.1 An average 
value of S , calculated by equations (86) and (87), will be 
taken as the laminar boundary layer thickness, which can 
then be related through equation (64) to determine the 
diffusion barrier thickness.

The turbulent case can now be considered for both 
models, to be applied at coupon holder tube Reynolds numbers 
in excess of 3000. A weighted average must be taken between
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laminar and turbulent cases for Reynolds numbers in the 
transition zone from 2000 to 3000. Again, flat plate and. 
tubular flow models must be considered because of the unique 
geometry of the corrosion apparatus.

The laminar sublayer is responsible for the diffusion 
barrier in turbulent flow. Equations to calculate its 
thickness in both models share very similar derivations 
which makes them much less involved than the laminar flow 
case just considered. A main quantity responsible for the 
laminar sublayer in the first place is surface shear stress, 
Tq , which is defined by the equation Tq = yW. du/dy, where/* 
is the absolute viscosity and du/dY is the velocity gradient 
in a direction away from the wall . Since the flow pro
file is assumed linear in the laminar sublayer (see law"of 
the wall discussion), du/dy = u/y and AtZT0 = y/u can be 
written. Multiplying by the fluid density, Q , and letting , 
v gives u / (T0Zf) = y/v, where v is the kinematic
viscosity. A new quantity called the friction velocity, V* 
can be introduced which is defined by V* = (TaZf)1^. Thus, 
u/V*^ = y/v or u/V* = V*y/v. Both sides are dimensionless 
variables and can be applied to any model. The term on the 
left is a velocity ratio, analogous to the u/U ratio just 
described in the laminar boundary layer discussion. The 
term on the right is the same form as a Reynolds number and 
is called the friction Reynolds number, Y+. Therefore,

Y+ = V*Y/v (88),
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can be written. Hydrodynamic studies^'*- have shown that the 
critical friction Reynolds number for laminar flow is 5, 
whereby a transition to turbulent flow occurs at higher 
values. Flow is considered fully turbulent when Y+ reaches 
70. The cutoff value of Y + = 5 provides a convenient way of 
calculating the laminar sublayer thickness, When Y+= 5,
Y can be replaced by and upon readjustment, eguation
(88) becomes:

S 1 =, 5v/V* (89).
An appropriate equation for V* from the flat plate and 

tubular flow theories is all that is required to satisfy 
equation (89). Presented without derivation, flat plate 
theory gives the equation:

V* = 0.15 U/ (U S /v)1/8 (90),
for turbulent conditions (reference 121, equation 4.47). 
Since S for a turbulent boundary layer on a flat plate is 
given by:

t = 0.3709 x/Rx0*2 (91),
(reference 121, equation 4.50) equation (90) and (91) can be 
combined and simplified to give:

V* = 0.1698 U/R^0*1 (92),
where Rx is the length Reynolds number given by equation 
(71). Now equations (8 9) and (92) can be combined to give 
the laminar sublayer thickness by flat plate theory:

^1 = 29.44 x/Rx 0-9 (93).
The equation is applicable at coupon holder tube Reynolds
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numbers in excess of 3000.

The tubular model has been studied more thoroughly than 
flat plates in regard to turbulent flow.121- Wall roughness 
has been considered in the derivation of V*, such that,

V* = V(f/8)1/2 (94)
can be written (reference 121, equation 5.40). The value, 
f, is a friction factor which can be evaluated from "a graph 
of Reynolds numbers versus degrees of surface roughness or 
by calculation. The Moody plot is such a graph and is shown 
in reference 121, page 244. A problem i s .encountered, 
however, because the Moody plot applies to fully developed 
flow profiles, which is not applicable here. Instead, the 
equation

f = 0.29 6 / (VxZv)O'2 (95)

is applicable.under developing turbulent conditions. The 
value x is the distance from the entrance of the "tube" 
formed between the coupon and the upper wall of the coupon 
holder tube. It can be seen that f changes with V, but the 
role of roughness is not apparent. Equation (95) must apply 
when roughness does not matter, ie, the tube is.hydrauli
cally smooth. Unless roughness elements protrude above the 
laminar sublayer, there can be no effect on the flow through 
a p i p e ^ ' 121 and the pipe is considered hydraulically 
smooth. That this case is so, in this study, can be seen by 
comparing the estimated size of roughness elements from the 
pretreatment section (Figure 34) with calculated by
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equation (93). If it is assumed that scratches formed by 
the polishing papers, are as tall as they are wide, then the 
largest protrusions will be 6.7 urn when 18 0 grit polishing 
paper is used. This is small relative to = 116um by 
equation (93), which is the thinnest hydrodynamic boundary 
layer encountered in this study (x = 0.2cm and U = 
46cm/sec). Therefore, even the roughest samples used in 
this study can be considered hydraulically smooth within all 
of the flow rates that were tried. The observations that 
were noted on roughness effects on pages 204-223 are cer
tainly substantiated by the laminar sublayer calculations 
given here. Equations (89), (94), and (95) can be combined 
to give:

= 25.99 x/Rx 0*9 (96).
Comparison of equations (93) and (96) shows little 

difference in the calculated values of Sj by the flat plate 
versus tubular models. The numerical constants differ by 
only 9%. The x value in equation (96) is the distance from 
the tube's inlet, while x in equation (93) is the distance 
from the coupon's leading edge. The two x values are the 
same in this study, allowing combination of equations (93) 
and (96) into one equation that describes the laminar sub
layer thickness for turbulent conditions. Averaging the 
numerical constants gives the final flow equation:

. J1 = 27.72 x/Rx0*9 (97), 
where Rx = xV/v.
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Corrosion Rate Prediction:

Now that all of the required equations have been de
veloped, the velocity versus hydrodynamic boundary layer 
thickness graph can be made as shown in Figure 56. The 
graph summarizes most of the discussion of this section 
whereby the previously noted precautions and criteria for 
equation selection have been built into the curve.

The figure shows the discontinuity between laminar and 
turbulent flow past a coupon. The solid line is the best 
determination of the true flow behavior and roughly approxi
mates the smooth change from laminar to turbulent flow given 
by the dotted line. Without further information on the 
actual range of the critical zone between laminar and tur
bulent flow, the solid line must be used. A plot of data 
points of measurements taken at the discrete flows provided 
by the flow restrictors would be similar to the dotted line 
case and the presense of the apparent discontinuity could go 
unnoticed. If the transitional period were actually 
larger, the solid line could easily overlap the dotted line 
and an empirical formula of ^  versus flow could be deter
mined. The dashed lines were included to show the hypo
thetical cases if no laminar to turbulent transition were 
occuring.



urn

IOOO-

Iominor

R e i 2000 3 0 0 0

5 2 0  '  2 5
(V), FLOW RATE -  cm/sec

Figure 56. Flow Rate Versus Hydrodynamic Boundary Layer Thickness Around a Coupon

318



319
The hydrodynamic boundary layer thickness given in 

Figure 56 must be converted to a diffusion barrier 
thickness, using equation (64), before corrosion rates 
can be calculated. Since the dimensionless Schmidt number, 
Sc, in equation (64), is a function of the diffusion coef
ficient, which varies with solution species, a different 
^  will be calculated for each species. No singular plot of 

versus flow will suffice to describe flow effects. Once 
is determined for a given species and flow. Pick's dif

fusion laws (equations (5) and (6)), can be used to cal
culate the corrosion rate if diffusion of that species 
controls the overall rate. If a calculated rate agrees with 
the observed rate, an indication of the actual rate deter
mining step in the overall corrosion mechanism would then be 
possible. The case of O 2 diffusion versus flow will be 
considered.as an example of the required calculations.

The base conditions listed in Table 7 for the nonagar 
case will be used for the calculations. The pertinent 
conditions are temperature = 30°C, C>2 concentration = 7.5 
ug/ml, flow = 16.4cm/sec, 1/3 strength seawater, one hour 
exposure time, and coupon area = 3.37cm2. The diffusion 
coefficient for C>2 in a strong e l e c t r o l y t e ^ 2 ^  a t  30°C is 2.4 
x 10“^cm2/sec and the hydrodynamic boundary layer from 
Figure 56 at 16.4cm/sec is 460 urn. This gives a diffusion 
barrier thickness, of 63.5 urn by equations (63) and
(64), using a kinematic viscosity value of 0.00912 cm2/sec



320
for seawater. The C>2 concentration at 7.5ug/ml in the bulk 
seawater can be expressed in molar concentration by dividing 
by 32ug/umole, which gives 0.234 umole/cm^. If O2 diffusion 
is rate limiting, the concentration at the coupon's surface 
must be zero, and the concentration difference across the 
diffusion barrier would be equal to the bulk concentration. 
The concentration gradient across the diffusion barrier 
becomes 0.23 4umole/cm^/63.5um/10^um/cm or 36.9 umole C^/cm^. 
The flux of O 2 arrival by equation (57) would be 2.4x10"^ 
c m 2/sec x 36.9 umole/cm^ = 8.86xl0-  ̂umole/cm2/sec. If it 

is assumed that the only cathode reaction is the reduction
of O 2 by the reaction 2H20 + O 2 + 4e~ -- > 40H"", then 4
moles of electrons will have to be provided by dissolving 
alloy per mole of O 2 that arrives at the surface. This 
assumption is reasonable, because H+ reduction.is unlikely 
at the seawater's pH of 8. The total flux of electrons 
supplied by the alloy must be 4 ueq e's/ umole O2 x 8.86 x 
IO-^umole O2Zcm2Zsec or 3.54 x IO""2 ueq e'sZcm2Zsec, before 
the supply of O 2 would be consumed in excess of diffusion 
arrival. The flux can be converted to more familiar terms 
of current density by multiplying by Faraday's constant, 
which is 96486 coulombsZeq. Thus, 3.54xl0-2ueq e'sZcm2Zsec x 
96486 uco.ulombZueq e's = 342 ucoulombZcm2Z sec or 342
uampZcm2. The current density must be related to the number 
of electrons released by a unit of alloy before the cor- 
rosion rate in terms of alloy weight loss can be found. The
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alloy formula and valence of the initially formed metal ions 
will allow calculation of the number of equivalents of 
electrons resulting from alloy, dissolution. Table I gave 
the composition of alloy CDA715 in weight % which can be 
converted to the following formula by using molar ratios:

Cu1.000Ni0.4686Fe0.0091Mn0.0099Zn0.0013X0.0072 (x = miscel
laneous impurities at ~60g/mole). The most reasonable
valencies for the resulting ions are Cu+, Ni+2, Fe+3, Mn+2, 
Zn + 2, and X + 2. Multiplying each mole value in the formula 
by the corresponding valency, and summing all of the terms 
gives 2.001 moles of electrons/mole alloy. The possible 
formation of Cu+2 and Fe+2 will not cause a problem because 
of the pH and the formation of Cu+2 is a secondary reaction, 
that contributes no new electrons. The weight associated 
with one mole of alloy is found by multiplying the formula 
mole ratios by the respective atomic weights and summing to 
give a value of 92.612g alloy/mole alloy. Therefore, there 
are 2.001 equivalents of electrons/92.612 g alloy or 0.0216 
ueq/ug alloy (46.28 ug alloy/ueq e's). Multiplying by Fara
day's constant gives 0.0216ueq/ug alloy x 96486 u coul/ueq = 
2085 u coul/ ug alloy. The oxygen current density can then 
be divided by this charge/weight ratio for the alloy to give 
342 u a m p / c m 2 / 2 0 8 5  ucoul/ug alloy = 0.164/ug/cm2/sec which is 
the hypothetical alloy corrosion rate if O2 diffusion were 
controlling the overall reaction rate.

The actual corrosion rate for the same conditions was
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given in run I of Tables 14-18 of the material balance 
section: Rate = Alost/A/t = 227.7 ug/3.37cm2/ (I hour x 3600
sec/hr)= 0.0188 ug/c m 2/sec. The actual value is about 8.7 
times smaller that the rate predicted if the rate deter
mining step were O2 diffusion at a bulk concentration of 7.5 
ug O2Zml. This can be taken as good evidence that O2 dif
fusion does not affect the corrosion rate. A following 
section on the effect of O2 concentration will enable calcu
lation of the tarnish rate under actual O2 dependence. 
The calculation scheme seems complicated, but it is more 
fundamental than the empirical dimensionless - mass transfer 
analogies normally used for this type of work. The Sherwood 
number is most often used and is defined by the expression:

Sh = KL/D (98).
The constant K is a mass transfer coefficient, which when 
multiplied by the difference in concentration between the 
surface and bulk, gives the flux due to diffusion normal to 
the surface. L is some characteristic dimension such as 
radius for a pipe or distance from the leading edge of a 
plate, and D is the diffusion coefficient. The value for 
Sh must be calculated from an expression such as the fol
lowing for pipe flow:

Sh = 0.03 Re0^8Sc0*33 (99).
K can then be calculated. Each geometry and flow pattern

i o itype requires a new empirical expression whereby the 
numerical constant changes. The exponent on the Reynolds
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number varies from 0.3 to I and the exponent on the Schmidt 
number remains near 0.33 as long as mass transfer and 
hydrodynamic boundary layers begin at the same place. No 
gain in simplicity by using this approach in this study is 
possible because of the complicated geometry of the coupon - 
holder tube assembly. Equations (98) and (99) and others 
like them tend to be used indescriminateIy and the under
lying assumptions in their derivations can go unnoticed. 
They do allow "ballpark" calculation of corrosion rates, 
however, derivation information such as that given in this 
section should be consulted.

In general, the calculations in the numerical example 
just given are no more complicated than the empirical mass 
transfer equations. Flow velocity was referenced to Figure 
56 and equation (64) to get a diffusion barrier thickness, 
which was correlated with concentration information about 
the bulk seawater to get a concentration gradient. 
Equation (5) was then used to get a flux which was 
correlated with alloy composition and corrosion reaction 
information to get a predicted alloy corrosion rate based on 
diffusion control by a given corrosion species.

This scheme can be applied to any corrosion species 
that can control the reaction by diffusion such as Cl-, OH-, 
HCO3-, Cu+, Cu+2, Ni"1"2, and O2- 'Among this group, O2, HCO3-, 
and Cl- can cause cathodic polarization, whereby they are 
consumed at the surface and must diffuse from the bulk. In
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contrast, OH , Cu+, Cu+^, and Ni+  ̂ can cause anodic polari
zation and must diffuse from the surface to the bulk. 
Measurement of their surface concentrations is difficult,
even by potentiometric methods132. The easiest method in
volves flux measurements through monitoring bulk seawater
concentration changes with time, as was done in this study. 
Since effects of the seawater chemistry were studied, pre
sentation of a species’ measured flux versus theoretical 
flux will be given more appropriately in that section to 
follow. The calculations found there will verify how 
accurately the flow equations given in this section can 
predict corrosion rates.

Flow Effect Observations and Measurements: - ■

The discussion so far has been limited to flow charac
terization and prediction of flow effects. Measurements 
were also taken using various flow restrictors, with and 
without agar. The nonagar case was shown in Figure 4, page 
34, which showed apparent assymptotic behavior at higher 
flows. As expected, the profile is inverted relative to the 
hydrodynamic profile given in Figure 56 due to.the inverse 
relationship between flux and diffusion barrier thickness in 
equation (5). The expected breaking point (labeled 2 in 
Figure 4) occurs, in the critical range for laminar to tur
bulent flow, although it appears to be a much smoother 
region as compared to Figure 56. This suggests the dotted
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line in Figure 56 may be more accurate, afterall. However, 
unless further study on the specific flow patterns around a 
coupon are made, the- solid line in Figure 56 must be Used.

Two other points can be made about Figure 4. The- fact 
that variation of flow can affect the corrosion rate at all, 
suggests diffusion rather than activation control is domi
nant, especially at lower flows. The dissolution - precipi
tation mechanism mentioned in the introduction should be 
occuring and will be verified in the effects of seawater 
chemistry section to follow. The other point to be made is 
in regard to the finite rate at stagnant flow, marked by (3) 
in Figure 4. Figure 56 is assymptotic at low flows, which 
predicts no corrosion at all at zero flow. Since there is a 
finite rate. Figure 56 cannot be used for flows below 2 
cm/sec with any accuracy. Shrier has suggested a dif
fusion barrier thickness of 500 urn will apply when stagnant 
conditions are utilized. This gives a minimum tarnish rate 
of 0.0148 ug/cm^/sec under conditions of Table 7. Assuming 
the tarnish layer is C U 2O , gives a flux of 0.0148 
ug/cm2/sec / 143 ug/umole or 1.03 x 10“  ̂ umole/cm2/sec. If 
the responsible reactant is O 21 then dividing by Dq^= 2.4 x 
IO"5 cm2/sec, as prescribed by equation (5), gives a concen
tration gradient of 4.31 umole O 2Zcm^. Multiplying by the 
500 urn or 0.05 cm diffusion barrier suggested by Shrier 
gives a concentration difference of 0.22 umole/ml. Assuming 
a surface concentration of zero in diffusion control, gives
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a bulk seawater concentration of 0.22 umole/ml x 32 ug/umole 
= 7ug/ml, which compares very favorably with the actual bulk 
concentration of 7.5 ug/ml C^. Therefore, the 500 urn stag
nant diffusion layer thickness seems to be very accurate and 
O2 diffusion is rate limiting.

Not being able to characterize flows below 2cm/sec is 
very unfortunate because of an apparent change in the growth 
morphology towards nodule growth at very low flows. Beaker 
tests in stagnation were performed to study tarnish rates. 
It was found that the coupons became very patchy and non- 
reproducible with indications of galvanic cell actions 
between points of contact with the beaker and points open to 
the seawater. Even standing a coupon on end to minimize 
contact area did not improve results. A slight stir was 
attempted by placing the coupon in a 250ml beaker of sea
water and allowing a very small (2mm diameter x 10mm length) 
teflon coated stirbar to rotate at about 40 rpm. The 
patchiness disappeared, but the tarnish layer was very dull 
in appearance and looked very much like the tarnish encoun
tered when rough or agar coated samples were run. A micro
graph from the auger indicated it was coated with the same 
type of nodules as a rough nonagar treated sample or a 
freshly exposed agar treated specimen. Figure 57 shows the 
surface of a low stir, 30 minute, nonagar coated, smooth 
specimen versus a nonagar, 180 grit, roughened, 16cm/sec 
flow, one hour specimen.
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Figure 57. Micrographs of Coupons Under Low Flow and 

Roughened Conditions Without Agar.
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The low flow sample shows about 80% coverage by 0.2urn 
nodules, which were confirmed by point and line analysis to 
be almost entirely CU2O. NiO enriched regions occured 
between the nodules, but to a much thinner depth at 100 A. 
The roughened sample showed 50% coverage by 0.44um nodules 
with much the same composition as the smooth, low flow 
nodules. For comparison, ■ the agar case shown in Figure 58a 
indicates 75% coverage by 0.4um nodules with similar compo
sition to other nodules (note magnification differences).

These observations are very important because they show 
that agar is not required for nodule growth.- Since nodules' 
also grow due to alteration of surface concentrations by 
flow or by increased surface area, there is strong evidence 
that agar causes its corrosion behavior by altering the 
surface concentration, as well. It appears the agar layer 
just acts as a diffusion barrier since alteration of the 
diffusion barrier by other means gives similar results.

The presense of agar under flowing conditions re
presents two diffusion barriers, namely, the agar layer 
itself, and the diffusion layer due to hydrodynamic flow. 
In the majority of cases, the agar layer is less than 6 Oum 
thick. This is less than the thinnest laminar sublayer 
thickness of 116um encountered in this study.. Any roughness
caused by the agar layer is well within the laminar sub-

(
layer, and the flow characteristics should be considered 
hydraulically smooth.
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Figure 58. Micrographs of Agar Coated Coupons at Various 

FIows.
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Sw jr * -JS

The two barriers should be additive if the enhanced 
blocking effect to diffusion within the agar layer is con
verted to an equivalent thickness. On page 197, it was 
noted that the agar layer on a coupon is 20.4 times more 
effective at blocking diffusion as a stagnant layer of water 
of the same thickness (assuming a boiling agar dip is used). 
Therefore, if the agar layer thickness is multiplied by 
20.4, the effective thickness should be calculated. The 
diffusion layer thickness due to the agar layer can be 
calculated by multiplying equation (56) by 20.4:

£ a = 1.60 Agarl (100), 
where agar is the area normalized weight of agar applied to
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a coupon in ug/cm2. £ a is in urn and can be combined with 

due to hydrodynamic barriers, to give the total diffusion 
barrier thickness when, agar is used:

. ' I t =  Ii- j : (101). .
Thus, a coupon dipped in 1% agar will have an agar weight 
near 200ug/cm2. The total Og diffusional barrier thickness 
at 16cm/sec flow will be 3 2 Oum + 69.Oum = 3 8 9um. This 
thickness is sufficient to suspect Og diffusion control.

A critical thickness should exist whereby nodule for
mation will begin by nucleation and sustained growth of 
larger nuclei. Two approaches were tried to determine this 
value. The weight or thickness of agar was diminished by 
dipping a coupon in 0.25% agar which gave an agar layer 
weight of 75ug/cm2. Equation (100) gives S a  = 12 Oum. 
Equation (101) gives = 18 9um when S^ = 6 9um at 16c m / sec 
flow. No nodules could be detected even at 20,000X. Agarl 
was increased to 116ug/cm2 to give a total diffusion 
thickness of 225um. This time the surface was nearly 100% 
covered by small 0.2um nodules. The critical thickness for 
nodule formation must be between 189um and 25Sum.

Another approach was to increase the flow while holding 
the agar thickness fairly constant. Some of the micrographs 
from that experiment are shown in Figure 58. Not shown is a 
coupon coated with 375ug/cm2 .agar at 4.8cm/sec flow, giving 
S t = 973um. The surface had about .85% even coverage with 
relatively large 0.47um nodules after one hour exposure.
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Not shown is a 16 9ug/cm^ coated coupon at zero flow giving a 

= 770um. Unlike its nonagar counterpart, which showed, no 
nodules, and uneven tarnish, the agar coated coupon had 
0.22um nodules at 75% even coverage. The agar does prevent 
the galvanic cell actions seen in the uncoated stagnant case 
by keeping the metal away from the glass and allowing fresh 
seawater to diffuse to the entire surface. The coupons were 
placed on end to minimize contact area.

In general, the nodules increase in size with lower 
flows until nearly stagnant conditions are encountered and 
the nodules reduce their coverage and size. Again, unknown 
galvanic effects may be present at stagnation. The almost

f
undetectable nodules at higher flows suggests a critical 
diffusion thickness can be obtained. Clearly, the micro
graph in Figure 58c is very close to the critical value as 
suggested by the extremely small size of the 25% coverage by 
O.lum. nodules. The flow was 46cm/sec with Agarl = 120ug/cm2 
to give = 208um.

The critical value must be very close to 2OOum based on 
O2 diffusion control. This translates to an equivalent 
hydrodynamic boundary layer thickness of ISOOum which would 
occur at 3.5cm/sec flow according to Figure 56. Therefore, 
a flow less than 3.5cm/sec should give nodules on a nonagar 
coated coupon. The slow stir experiment did show this 
behavior when the flow was estimated to be less than 
2cm/ sec. The experiments agree quite well and give a good
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value for critical nodule formation. The effects of agar 
are also much more understandable.

The effects of flow were also studied in the.material 
balance experiments. Tables 14-18 list the data under runs 
1, 3, 9, 10 for the nonagar and agar cases at zero and 
16cm/sec. Comparison of runs I and 9 indicate the flow 
versus no-flow affects when agar is absent. The weight of 
corrosion product reduces by a factor of 3, while total 
solution losses drop by a factor of 14 at zero flow versus, 
16cm/sec. Ni solution losses only drop by a factor of 5 
owing to the greater solubility of Ni in the solution phase 
throughout the exposure time. The tarnish rate ratios 
versus solution loss ratios suggest formation of a tarnish 
layer is less sensitive to O2 availability than is alloy or 
corrosion product dissolution. At low flow rates and 
salinities, the precipitation part of the dissolution- 
precipitation (DP) mechanism is even more favored, than at 
higher flows, as indicated by (Wcp - W0)/Ws ratios in Table 
18. While the total rate of tarnish production is less at 
zero flow, more of the alloy loss goes into tarnish pro
duction which suggests that a protective tarnish layer is 
formed more efficiently at lower flows. Metal ratios in the 
tarnish are unaltered by flow suggesting the tarnish layer- 
properties will be similar at most flows. The solution 
metal levels show depletion of Cu due to the more efficient 
formation of C u 2O in the tarnish layer at low flows.
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This is supported by the Wcu/Wsc ratio which jumps sub
stantially from 3 to 22 when flow is changed from 16 cm/sec 
to 0 cm/sec. Total alloy losses drop by a factor of 3 pre
sumably because of the lack of ©2 by diffusion control in 
the zero flow case.

The trends just described for the nonagar case are 
closely paralleled by the agar case. In all instances of 
the flow data, a drop of about 10 to 20% in the nonagar 
versus agar cases are seen due to the larger diffusion 
barriers in the agar case. The fact that they closely 
parallel one another suggests the same basic corrosion 
reactions are occuring whether or not nodules are present. 
Only the growth morphology appears to change. Therefore, 
the same chemical reactions can be used for both cases. It 
should be pointed out that once the nodules grow together 
and the rate slows from corrosion product blockage of the 
anode reaction, solution diffusion will no longer be 
significant. Therefore, since the agar is just a diffusion 
barrier, it is predicted that agar will have no effect if 
applied after an exposure time that allows the nodules to 
coalesce. The prediction was verified in the exposure time 
section. Unless plugging by silt or excessive biofilm 
growth occurs, the effects of a biofilm should be minimal. 
If plugging and growth do occur, the diffusion rate could 
become slow enough to again be rate controlling..

One last observation concerns the rate of erosion of
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agar with flow. The relatively low flow rates used in this 
study showed only a 15% loss in weight at 46cm/ sec versus 
9.3% at zero flow. Most of the weight loss appears to be 
through solubility since there is no shear at zero flow. 
Exposure time studies showed only an 11% weight loss of agar 
after one day, at 16cm/ sec which means the agar initially 
loses some weight due to solubility during the first hour 
Thereafter, its weight remains very stable. The agar 
appears to be very durable and unchanging making it an 
excellent candidate for a biofilm substitute in corrosion 
studies. In no instance was spalling observed at the flow 
rates used here.

In summary,. general flow effects have been charac
terized to allow fairly accurate prediction of corrosion 
rates. Basic conclusions about the effects of organic gels 
on the corrosion process have been made, based on the flow 
data. The discussion related all of the major sections of 
the study and, so, forms the key part of the dissertation, 
which justifies the detail given. The flow equations will 
be utilized more extensively in the sections to follow to 
further illustrate this point.
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Temperature

Cupro-nickel alloys find widespread use in heat ex
change applications such as shipboard condensers and cooling 
towers because of their high corrosion resistance coupled 
with low resistance to heat transfer. It is fitting that 
effects of temperature on corrosion processes be studied as 
a primary corrosion parameter. As with most of the para
meters that have been considered in this study, temperature 
will change the alloy's behavior toward all of the other 
conditions. To be perfectly rigorous, a complete recharac
terization of each parameter at each temperature would be 
required. Unfortunately, such a study is unfeasable due to 
the high number of samples that would have to be run. 
General temperature effects can be studied, however, pro
vided all of the other parameters are held at base con
ditions and temperature is treated as an independent 
variable. Such an approach was used in this study.

The corrosion rate under heat transfer conditions . is 
consistent with that under isothermal conditions at some 
mean temperature of a given temperature drop. As the fluid 
velocity increases, this means temperature must shift from 
the metal temperature to the solution t e m p e r a t u r e . C o n 
sequently, isothermal temperature conditions can be used to 
represent the mean temperatures under heat transfer con
ditions at some particular flow rate. Variation of
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temperature would then be analogous to heat transfer 
conditions as flow is varied. This is fortunate since iso
thermal conditions are easier to carry out, experimentally.

The range of possible temperatures in heat transfer 
applications includes ambient at very high flows to boiling 
under stagnant flow conditions. The- most practical, wall 
temperatures will vary from ambient to 80°C with many 
operated at 30°C. The 30° value was adopted as the base
value for this study, which is most easily obtainable with 
the corrosion apparatus (See Figure 16). A range of 2°C to 
45°C was studied using an ice bath and a heated water bath.

The properties expected to be affected by temperature 
include alteration of seawater chemistry, Og solubility, 
kinematic viscosity, diffusion coefficients, corrosion pro 
duct solubility, and kinetic rate constants. Only Og solu
bility and kinematic viscosity decrease with increasing 
temperature. The others will generally increase or remain 
stable. The seawater composition can be considered to be 
stable, with temperature, according to Stumm and M o r g a n .  

Chlorinity, total carbonate and bicarbonate/carbonate ratios 
do not differ between cold and warm seawaters, however, pH 
will decrease 0.2 units with a 20°C rise. As will be shown 
in the next section, the tarnish rate is insensitive to. pH 
in the 5.5 to 9.0 range. Bicarbonate alkalinity and 
chlorinity have a strong effect on tarnish rate, but, as 
long as they remain constant with temperature, seawater
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composition will not be a pertinent parameter.

As the temperature increases, the corrosion rate will
increase and will continue to do so if the C>2 level is held
constant. In an open system, the O2 is free to leave and
will diminish significantly above 80°C causing the rate to
initially increase then decrease if O2 is a controlling 

13?reactant. An open, once-through system is approached by
the corrosion apparatus used in this study, however, the 
range of temperatures used would not allow the rate drop due 
to loss of O2 to be observable.

The solubility of O2 can be described by the following 
equation which has been derived from data given with the 
Yellow Springs O2 probe used to monitor O 2 levels (a deri
vation is given in laboratory notebook #1):

O 2 = (21.89P - 0.925T + 0.822) / (1.449T + 51.92) (102).
P is the atmospheric pressure in inches of Hg, corrected to 
sealeveI as given by the local weather bureau, and T is in 
°C. The equation is applicable at the 4900 foot elevation 
and from 0° to 60° with an accuracy of _+ O.OSppm O2 within 
that range. It has also been corrected for solubility 
differences between fresh water and seawater and agrees well 
with probe readings in 12.8'g/kg seawater. Equation (102) 
can be used in conjunction with Figure 56 and equation (64) 
to determine the corrosion rate based on O 2 diffusion con
trol at 30°. Calculations were illustrated in the previous 
flow section and will be further discussed in this section
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and in the effects of C>2 section to follow.

The kinematic viscosity also decreases with rising 
temperature as shown in Figure 59. The same trend is seen 
by the absolute viscosity/*, which differs slightly from the 
kinematic viscosity due to the increase in density of the 
seawater at lower temperatures. The data was taken from 
Schlichting's text‘d ,  and were adjusted for the higher 
density of 1/3 strength seawater versus freshwater at all 
temperatures. The correction factor was the ratio of the 
density of seawater to freshwater at 30° (1.0297/0.997), 
which is multiplied by fresh water data given in the text.

Figure 59. Variation of Absolute and Kinematic Viscosities 
of lOg/Kg Seawater With Temperature.

t e m p e r a t u r e
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The most rapid change can be seen at lower tempera

tures , with fairly insignificant variations above 50°C. 
Since the kinematic viscosity is an integral part of.the 
previously derived flow equations, it is important to 
consider these changes, when rates are being calculated at 
different temperatures.

Knowledge of the absolute viscosity is also required 
when calculating temperature effects on the diffusion coef
ficient. Equation (9), on page 69, considered the case of 
constant viscosity at variable temperature in the calcu
lation of diffusion coefficients. This, according to Figure 
59, is unreasonable at lower temperatures. A new equation 
considering both parameter variations can be given :

D /X /T = constant (103) ,
where D is in c m 2/sec, M  is in g/cm sec, and T is in °K. 
Once a diffusion coefficient at one temperature is known, 
the constant can be determined and D at any temperature can 
be found after consulting Figure 59. This equation applies 
to molecular diffusion such as O 2 , rather than ionic 
diffusion.

Ionic diffusion is more complicated because of charge 
separation effects and the different current carrying 
capacities of various ions. Systems of mixed electrolytes, 
such as seawater, will cause unidirectional diffusion of 
each ion species under the influence of a combination - of 
electrical and concentration gradients as given by the
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following equations'^®:

J+ = (A+/F2) (-RT dC+/dy - FC+ dE/dy) (104)
J_ = (A_/F2) (-RT dC_/dy + FC_ dE/dy) (105),

where J + and J_ are diffusion flux densities of cation and 
anions, respectively, in eq/cm sec. C+ and C_ are corres
ponding ion concentrations in eq/ml, while A+ and A _ are

n Oequivalent conductances in (amp/cm )(V/cm)(eq/cm ). F is 
Faraday's constant = 96488 coul/eq, R is the gas constant = 
8.315 J/mole°K, and dE/dY is the potential gradient. The 
concentration levels of corrosion species relative to bulk 
ions in the seawater are small due to the high ionic 
strength of seawater and low rates of corrosion. This ,is 
especially true when once-through conditions are used. The 
situation is analogous to D.C. Polarography wherein, a sup
porting electrolyte of high ionic strength is added to 
eliminate potential gradients and cause complete concen
tration polarization. Inspection of equations (104) • and 
(105) will reveal that if the ion concentrations of interest 
are small, the potential gradient terms will drop out 
leaving Pick's first law (equation (5)),

D = A  RT/F2 (106),
Therefore, if the equivalent conductance for an ion of
interest is known, the diffusion coefficient can be calcu-

i onlated. Sherwood, et al, indicate diffusion coefficients 
will slightly decrease initially with increasing electrolyte 
concentration, then increase until the diffusion coefficient
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at infinite dilution is reapproached. This suggests A ap
proaches at higher ionic strengths, where rf is zl at 
infinite dilution. The value of A* can be used as a substi
tute for A r without much error. Table 28 lists limiting 
ionic conductances for various pertinent ions.

Table 28. Limiting Ionic- Conductances in Water at 25°C
Cation a; Anion Al
H 1' 349.8 OH" 197.6
Na+ 50.1 CL" 76.3
K+ 73.5 HCO3" ■ 44.5
l/2Mg+2 •53.1 1/2S04"2 80
l/2Ca+2 59.5 Br" 78.3
l/2Cu+2 54 1/2C03"2 57ca

The effects of viscosity can be included in equation (106) 
by comparing it to equation (103) for molecular diffusion. 
Clearly, the constant in equation (103) would include 
aR/F2 , which would already provide units in cm2/sec for D . 
The only way the equaiton can be corrected for viscosity is 
by ratioing the viscosity at some temperature to that at a 
standard temperature. Since A0 is given at 25°C in Table
28, and ^25° = 0 • 0105g/cm sec from Figure 59, the constant
for the ionic version of equation (103) becomes 0.0105 x
R/F2 = 9.378X10--1-2 . The value of D can then be found:

D = 9.378 x IO-12 A0TZyU (107),
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where D is in c m 2 / sec, /U is in g/cm sec (stokes), and ^ is 
as given in Table 28. Equation (107) should be used for 
calculation of ionic diffusion coefficients at different 
temperatures, while equation (103) should be used for 
molecular diffusion calculations. These equations will 
probably give better estimates of diffusion coefficients 
than the method used to generate data given in Table 20. 
There, D values were calculated relative to chloride ions. 
Diffusion coefficients versus temperature for several cor
rosion species are shown in Figure 60 as calculated using 
equations (103), (107) and Figure 59. The curve for Cl- is 
shown for comparison although it is inconceivable that dif
fusion of this major species could be rate controlling.

Figure 60. Diffusion Coefficients for Corrosion Species 
Versus Temperature.

temperature 0C
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With the exception of OH” , the species are closely 

grouped. The data show the expected 30% rise for each 10°C 
temperature increase, which is characteristic of diffusion 
controlled reactions. Figure 60 will also be used to calcu
late rates at several temperatures in a,n attempt to identify 
diffusion control or kinetic control in the measured 
corrosion rate.

A rise in corrosion product solubility is also expected
to occur with a temperature increase. Whether or not the
degree of dissolution is significant at 30°ti was addressed
in the previous exposure time discussion. It was concluded 
that the main, source of solution loss is by incomplete
precipitation rather than by direct dissolution in 12.8g/kg 
seawater at 3 0°'C. Extension of this behavior up to 50°C was 
demonstrated by a bulk Cu2O dissolution experiment. ' One 
gram of Cu2O powder was stirred in 100 mis of 50°C, 12.Sg /Kg 
seawater for two hours. After setting, the decantate.was 
filtered through a 0.45um millipore filter to remove re
maining solids. The filtrate was then analyzed for soluble 
copper by atomic absorption spectrophotometry (page 118), 
which revealed a relatively small level at lOug/ml. This 
indicated that only 0.1% of the Cu2O dissolved. Assuming the 
Cu2O in a tarnish layer is just as insoluble as bulk powder, 
leads to the conclusion that dissolution.losses at tempera
tures less than 50°C are insignificant.

The last major parameter affected by temperature is the
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kinetic rate. Variation of the rate constant with tempera
ture should indicate what type of mechanism is occuring and 
whether or not the overall tarnish reaction is diffusion or 
rate controlled. The Arhenius expression can be used to 
describe surface reaction rates versus temperature"^"*":

k = Ae~Ea/RT (108),
where k is the rate constant, A is a collision or orien
tation factor, Ea is an effective activation energy, R is 
the gas constant = 1.9 8 ca I / mo Ie°K, and T is °K. If only 
one mechanism is occuring within the temperature range of 
interest, a plot of log k versus 1/T should give a straight 
line with a slope of Ba/ 2.303R. Rate control by more than 
one mechanism will be evident if Ea varies with temperature, 
i.e. nonlinear. A plot of tarnish rate versus T shown in 
Figure 61, is required before this can be checked.

Figure 61. Actual Tarnish Rate Versus Temperature.

---- predicted

TEMPERATURE °C
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The figure applies to 12.8g/kg salinity at a flow of 
14.4cm/sec. The tarnish rate is calculated from the weight 
of corrosion product, WCp , divided by coupon area and ex
posure time in seconds.

Most of the temperature range is dominated by linear 
behavior, which is indicative of diffusion control. The 
trend is convenient because reliable corrections of a rate 
at one temperature to the standard 30° can be made. Mainte
nance of exactly 30° is unnecessary as long as the tempera
ture is monitored within +0.5°C and exceeds IS0C .

The predicted rate curve should be ignored for the time 
being because its development requires concentration infor
mation from the next section. The calculation scheme for 
the predicted rate is outlined at the end of the effects of 
alkalinity section to follow. Referral will be made to 
Figure 61 in that section where conclusions are drawn con
cerning the validity of the equations given in this section.

At this point, it would■ be difficult to determine a 
value for k and A in equation (108) ,. Fortunately, knowledge 
of tarnish rates at different temperatures, as given in 
Figure 61, makes calculation of these Arhenius parameters 
unnecessary. The logarithmic form of equation (108) can be 
used at two temperatures, then ratioed to eliminate the 
preexponential factor, A, from the calculation:

log k2/k1 = (Ea/2.303R)((T2-T1)ZT2T1) (109), 
where T2 > T1 . The ratio of the rate constants can be
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replaced by the ratio of measured tarnish rates since units 
will cancel and kg/^l = Rate2/Rate-^. ' Data from Figure 61
were used in equation (109) to calculate Ea values. Table
29 lists Ea values calculated within 5°C temperature incre-
ments over the range of Figure 61.

Table 29. Apparent Activation Energy Values in the 0 to 
50°C Temperature Range.

T0C Ea(Kcal/mole) T0C Ea
0 - 5 53.9 25 - 30 13.1
5 - 1 0 34.2 30 - 35 . 9.22
10 - 15 41.9 35 - 40 8 . 3 4

15 - 20 26.6 40 - 45 6.59
20 - 25 18.5 45 - 50 6.14

Ea is not constant, which means there is more than one 
rate determining factor. The lower Ea values are in a range 
that is close to the 3 - 5  Kcal/mole range for apparent 
diffusion activation energies.  ̂ The higher activation 
energies are in the 10 - 50 Kcal/mole range for metal sur
face adsorption reactions calculated from exchange current 
densities. Therefore, it appears diffusion control is 
dominant at higher temperatures and activation control is 
dominant at lower temperatures. This is expected since 
enhanced rates at higher temperatures would be required 
before diffusion control could become limiting.

The activation controlled expression for calculation



of a two dimensional surface reaction rate is given by:101
r  = Fa = kCs (HO),

where r is the reaction rate due to a particular reactant or 
product, Fa is the usage or production flux of a corrosion 
species, k is a kinetic rate velocity constant, and C13 is 
the surface concentration. The diffusion controlled rate 
expression is Pick's first law given by equation- (5), page 
68. Since both processes are occuring, one expression con
taining both equations must be used.

A steady state treatment of equations (HO) and (5) 
gives the steady state rate equation: (IOl)

r = C k(D/£d) / (k + D/Sd) ( H D ,
where C is a concentration term. If the species of interest 
is a reactant, C is given by the bulk concentration. If the 
species is a surface reaction product, C is the surface 
concentration. It must be determined after enclosing the 
system, ie, use a finite volume, and measuring the concen
tration change over a period of time^ The calculated flux 
is then utilized in equation (5) to determine C- Possible 
reactants in this study are O 2, HCO2-, and Cl- , while 
products include OH-, CO2-^, Cu+, and Cu+ .̂

.Inspection of equation (111) reveals that the reaction 
will be diffusion controlled if k >> D/j d and activation 
controlled if k << D/&^. This criteria will be used to 
characterize the corrosion mechanism's dependence on tempe
rature. It should be pointed out that corrosion rate -flow

3 4 8
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dependence is also accounted for in equation (111). When 
decreases at a higher flow, DZlJd must increase and acti
vation control is favored. When £ d increases with lower 
flow, or if an agar layer is used, diffusion control is 
favored.

All of the terms in equation (111) except k have now 
been characterized for temperature dependence. Therefore, k 
can be calculated at any one temperature. The following 
tables summarize some of the necessary data to calculate k.

Table 30. Hydrodynamic and Diffusion Barrier Thicknesses 
Versus Temperature.

C O Re Jo1 J oh ' J HO Oj S Cu*1 Jcoj1 J c r

0 1033 1 1 4 9 * 90 1 2 2 74 79 81 8 9

10 1431 994. 9 8 133 81 8 6 8 8 9 6

20 1838 8 9 3 105 143 87 93 94 104
30 2 2 8 9 670 93 126 76 ’ 8 2 8 3 9 2

40 2818 315 50 69 42 44 45 50
60 3 8 6 0 196 40 54 33 35 36 39
80 ' 5056 154 3 8 52 32 34 3 4 3 8

100 6 2 8 9 126 37 50 31 33 33 37
* all values are in urn. Data applies to a flow of 
14.4cm/sec in 12.8g/kg salinity seawater.
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Table 31. Diffusion Velocities Versus Temperature.

O
O

Velocities x 10^ cm/sec
'V~UC0s' o G , - .

0 • 1.08 1.98 0.73 0 . 8 3 0.87 I. 05
10 1.41 2.61 0.97 1.09 1.14 I . 3 8

20 1.76 3 . 2 3 1.20 1.37 1.41 I. 7 2

30 2.99 5.51 . 2.04 2.01 ' 2.41 2. 9 2

40 6.03 11.1 4.11 4.69 4.85 5. 8 9

60 11.3 20.8 7.71 8.77 9.07 11 .0

CO O 16.5 30.4 11.2 12.8 13.2 16 .1
100 2 2 . 6 41.6 15.4 17.5 H Cd 2 2 .0
* vx = Dx/ S x

Tarnish rate data was given in Figure 61. Material 
balance data given in Tables 14-17 will also be useful to 
correlate tarnish rates to overall loss rates. Since Figure 
56 only applies at 30°C, the values for S h in Table 30 had 
to be painstakingly calculated using equations (86), (87) , 
(97), and the procedure outlined in the flow discussion. 
Due to the effects of viscosity, temperature variation leads 
to a range of Reynolds numbers that is comparable to the 
flow experiments. Consequently, the tarnish from laminar to 
turbulent conditions can be achieved by raising or lowering 
the temperature, without adjusting the flow.

• It is interesting to note that the diffusional barriers 
go through a maximum at 20°c due to the different behaviors 
of viscosity and diffusion coefficients, with temperature.
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The maximum value for ^ C>2 is still well below the critical 
thickness of 200 urn for nodule formation. The flow would 
have to be slowed or an agar coating would have to be ap
plied before nodules could form within the entire 0 to 100°c 
temperature range. The maxima disappear when the diffusion 
velocity is calculated, as given in Table 31. Once found, 
the D/£ term in equation (111) can be combined to give a 
term with velocity units called diffusion velocity, v . 
Competition between the diffusion velocity and the chemical 
reaction velocity, defined by k, determines the overall 
tarnish rate.. Once k is determined at 30°C, equation (109) 
can be used to find the k at other temperatures. Equation 
(111) can then be used to calculate a predicted rate based 
on control by several corrosion species. The predicted 
curve that matches the observed curve will be due to the 
rate determining species. The rate determining reaction for 
the entire tarnish process would then be obvious. ■ .

Consideration of rate control by a given species 
requires some concentration information to solve equation 
(111). It is now appropriate to discuss the seawater 
chemistry's role in the corrosion process to provide the 
concentration information. When the overall rate shows a 
dependence on a given species, equation (111) can be used to 
calculate k. The predicted temperature dependence can then 
be compared to the observed trend in Figure 61.
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Water Chemistry

The first experiments performed in this study focused 
on the response of Cu/Ni coupons to different water types. 
Dramatic changes in a coupon's color and lustre were noted 
in a few minutes in deionized and diluted seawater, while 
doubly distilled, tap water, and full strength seawater gave 
almost no tarnish after 4 hours. The behavior indicated the 
corro.sivity of a given solution is very dependent on the 
background ion levels rather than just dissolved O2? The 
tap water did cause a tarnish after it was allowed to stand 
overnight before the corrosion test. This suggested the 
chlorination level suppressed the tarnish reaction or dis
solved any existing tarnish that may have formed. The. 
behavior in the other solutions indicated very low ion 
levels in cooperation with O 2 was sufficient for tarnish 
while large concentrations prevented the reaction.

The preliminary experiments did serve to identify, 
which aspects of water chemistry needed to be controlled and 
studied. Those properties included salinity, dissolved O2, 
pH, alkalinity, and chlorination. Trace metals were added 
with no significant effects during the time frame of the 
study. The major application of the alloy being studied was 
in marine environments, so only seawater was considered. 
Approximate salinities and their origins for various sea
waters used in the study were given in Table 8. In addition

J
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to salinity measurements, a whole battery of analyses were 
performed as summarized in Table 32. *

Table 32. Seawater Analyses.
Bremerton Seattle 

Aquarium 
(filt.)

Westport Instant I/3Bremerton 
Ocean 
(38.4-g/l)

C 16.772 16.467 . 17.148 17.536 5.428
S 29.938 29.748 30.879 31.571 9.806
Gt 30.073 29.900 31.137 31.733 9 . 8 5 6

A 0.1170 0.1176 0.1250 0.0146 0.0423
pH 7.825 7.813 7.817 9.200 7.760
0 7.35 7.49 7.39 7.43 7.52

CO O 49.73 49.40 52.31 51.98 19.19
Cl 16.556 16.451 17.131 17.536 5.423
Na 9.212 9.153 9.352 9 . 7 3 0 - 3.012
SO 2 . 3 2 0 2.305 2.401 1.827 0.760
Mg 1.105 1.098 1.143 1.180 0 . 3 6 2

Ca ' 0.353 0.351 0 . 3 6 6 0.371 0.116
K 0.341 0.339 0.353 0.346 0.112
* All units are in g /Kg unless noted o t herwise: C= 
chlorinity; S= salinity-; Gt= total solids; A= bicarbonate 
alkalinity; O2= ug/ml; S.C.= specific conductivity mmho/cm.
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Analysis for background levels of Cu and Ni indicated 

they were too low for direct detection and so, will be 
considered insignificant. Any detectable Cu or Ni levels in 
the water will be due to Cu/Ni corrosion. Some of the data 
in Table 32 will be used to calculate rate constants as 
outlined in the temperature section.

The data show the constancy of the natural waters'*"®̂ ". 
No significant differences were seen in the corrosion re
sponse to one third strength dilutions of the natural 
waters, so, it is assumed that Bremerton seawater is repre
sentative of the group. Bremerton water diluted to one 
third strength with doubly distilled water was used as the 
base corrodant throughout the study. The instant ocean 
mixture was nonrepreducible and varied widely in COg-  ̂ to 
HCOg- ratios and pH. Its use was very limited. The effects 
of the. salinity, Og solubility, pH, alkalinity, and chlori
nation were studied in detail. Alkalinity, salinity,and 
chlorination had the most effect on tarnish rates.

Salinity;

Salinity is a measure of the salt concentration of 
ocean water. It is nonspecific and serves to characterize 
evaporation losses by brackish waters. The total salt con
centration can be easily changed by dilution in doubly 
distilled water, without alteration of ion ratios, as shown 
in Table 32. Tarnish rates of 70/30 cupro-nickel coupons,
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with and without agar coatings, were measured in a series 
of diluted seawaters. Each seawater gave a characteristic 
maximum tarnish rate at a salinity of I .Iq/Kg as shown in 
Figure 62.

The fact that a maxima occurs indicates two processes 
are occuring. Rate enhancement by one component, coupled 
with dissolution enhancement by another would explain the 
trend. A semiquantitative search for the components that 
might cause this behavior was conducted. Single salt 
additions to doubly distilled water in stirred beakers were 
made with a corrosion test before and after each new 
addition, concentrations indicated in Table 32 for 1/3

IBremerton were adhered to. No rate enhancement was seen 
until HCOg- was added. All other additions including COg-  ̂

left the coupons clean and shining after 30 minute 
exposures. A solution of just NaHCOg at 0.0423g/kg 
.(0.00067M) was tried, however, no tarnish was seen. 
Apparently, there is a synergism with some other ionic 
species. Individual salts were added to 0.00067M NaHCOg 
until a rapid tarnish was seen. Only after NaCl was added, 
did the rate increase. The experiment was repeated with KCl 
rather than NaCl with the same enhanced results. Therefore, 
the synergism exists between Cl- and HCOg-. Although Br- is 
only a minor component in seawater, KBr was tried at NaCl 
levels with 30% less tarnish, as indicated by the inter
ference colors discussed in Table 21. Apparently, a halide



TA
RN

IS
H

 R
A

TE

Instont Oceon

Sea t t le  Aquorium (filtered)

Salinity -9/Kg

Figure 62. Tarnish Rate Versus Salinity of Various Seawaters.

356



357
HCOg combination enhances the tarnish reaction.

It is interesting to point out that tests conducted in 
just 3.4% NaCl to mimic seawater, will be nonrepresentative. 
Other researchers have noted the need for HCO3- addi
tions.136'13 .̂ A comparison was made between diluted Breme
rton seawater (0.16m/Cl ) and an artifically prepared 0.16M 
NaCl7 0.00067M NaHCO3 solution. No distinguishable differ
ence by tarnish layer color comparison could be seen. This 
suggests a simple and easy way to prepare a substitute for 
seawater, which is representative and can be very accurately 
controlled.

The mechanism for synergistic reaction cannot be deter
mined from salinity. A study of the effects of alkalinity 
to be presented shortly, was conducted, which does allow 
determination of a mechanism.

I O OA mechanism has been proposed in the Iiteraturexjo for 
chloride enhancement where the following reaction occurs:

CuXn1_n(ag) + 20H"(ag) = Cu<0H>2~ + 1'

where X is a halide. CuXn1-n species form upon Cl- ad
sorption to the surface. Once solvated, they react with 
free OH- to form a soluble, cuprous hydroxyl complex which 
then dehydrates:

2Cu (OH) ~ 2 — * Cu3O(S) + H2O + 2OH- (ag) 2
The Cu2O is free to precipitate on the surface to complete 
the tarnish reaction. A question is raised regarding the 
low rate of reaction when only Cl is added. This would



occur if OH- and Cl- are adsorbed on the -surface. As the 
cathodic reduction reaction proceeds, producing additional 
OH", the precipitation reaction (2) does not consume the OHl 

The surface can become blocked to O2 by buildup of ad
sorbed OH- . Unless the OH- can be removed, the surface 
reaction will be inhibited. The bicarbonate ion could help 
remove the excess OH- by its normal buffering capacities,. 
thus, opening up surface reaction sites. The Cl" ion ad
sorbed or near the surface would then promote anodic dis
solution of the metal which is free to form the complex, for 
reaction I. More surface sites would allow the cathodic 
reduction of O2 to proceed faster, supporting the anodic 
dissolution. The rapid rate increase with low salinity 
levels in Figure 62 would fit the synergistic mechanism.

The mechanism would also fit the behavior at high 
salinities. If more Cl- is available, more CuXn1-n(ag ) 
would, be formed, and a higher fraction can escape to the 
bulk seawater before encountering a OH- (ag) ion. This 
incomplete precipitation behavior is supported by this study 
as was discussed in the temperature and exposure time 
sections. At very high salinities, the Cu2O that formed 
actually can dissolve by the reaction:

Cu2O + 4C1" + H2O — > 2CuCl2- + 20H" 3
Dissolution of bulk Cu2O was shown to be <.1% at 12g/Kg 
salinities, however, 11.2% of powdered Cu2O dissolved in 
full strength seawater at 34g/Kg. Material balance data in
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Tables 14-18 for Runs I, Ilf 12f 13f showed the same effect. 
(Wcp-W0)/Wg ratios decrease from 1.55.at lOg/Kg to 0.018 at 
3Og/Kg in the nonagar case and from 2.19 to 0.042 in the 
agar case. If the salinity is dropped to 1.5g/Kg, the agar 
case raises to 4.86 from 0.0 4 2 f which is a substantial 
increase. The dissolution loss is verified by'Wcp versus W g 
values. The nonagar lOg/Kg salinity sample shows a 145 to 
87.8 W cp to W g ratio, while the 3 Og/Kg case shows a 3.4 to 
16 8 W cp to W g ratio. Therefore, the mechanism proposed in 
reactions 1-3 is supported by the observed tarnish rate 
trend in Figure 62 and material balance data. An inhibition 
mechanism is also possible whereby Cl- is adsorbed, thus 
blocking the surface at high concentrations. This is not 
supported by the data, however, because such a mechanism 
would limit the entire electrochemical reaction. Very 
little soluble Cu or solid CU2O could be generated.

Dissolved Oxygen:

The effect of dissolved has been discussed in the 
temperature section and equation (102) was given to allow 
calculation of dissolved Og at various temperatures. At the 
base temperature of 30°C, in an open system, the O2 level

Owill be near 7.5ug/cm . This value is fairly constant and 
will not decrease by more than 30% if the temperature is 
kept below 45°C. A 30% decrease will not be significant as 
is shown in Figure 63.
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Figure 63. Dissolved Oxygen Versus Tarnish Rate.
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The data were generated by purging the system with 

for a few minutes through the bubbler attachment on the 
corrosion apparatus (see Figure 15). The O2 level was 
monitored by the Yellow Springs O 2 probe before the cor
rosion test was begun and after to give an average level in 
the 30 minute exposure time. The flow was 14.4cm/sec. with 
lOg/Kg seawater at 30°C.

The plateau and sharp decline at 3ug /c'm^02 is indi
cative of rate control by O2 as a reactant at that level. 
It has been proposed^-3 and is generally accepted that O2 is 
the main cathodic reduction species at a pH above 7. Mass 
balance data in Tables 14-18 for Runs 1,3,14,15, indicate no 
significant rate reduction at I.OugZcm^O2, which verifies no 
other significant oxidizing agents are present. Alloy 
weight losses drop from 2 2 8ug to 6 Oug in the nonagar case 
and from 2Olug to 54ug in the agar case. Most of the re
maining weight loss is due to solution dissolution of the 
alloy since ' (WCp-W0)/Wg values significantly decrease by a 
factor.of 5.4 in' both cases. The reduction reaction is 
given by:

2H20 + O2 + 4e“ --> 40H“ 4-
This overall reduction reaction is thought to be made up of. 
a simpler and mechanistically feasible intermediate reaction 
involving peroxide ion:

°2(ads) + H 
HO

+ e H02 (ads)
2 (ads) + H+ + e H2°2 (ads) 6
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«202( 3 4 3 ) + 2e- = ZOH' 7

The proton transfer from a water molecule to the ad
sorbed O2 molecule is a slow step and may compete with the 
O2 adsorption rate in the overall rate. Since the O2 must 
reach the surface by diffusion, the dropoff in rate at 
3ug/cm^ could be diffusion controlled as well as activation 
controlled by reaction 5 or adsorption. The data and tables 
in the temperature effects section can now be used to 
determine the reaction velocity and diffusion velocity con
tributions to the overall rate by equation (111) .

First, to make sure the reaction is O2 dependent, the 
rate at 2ug/cm^02 will be chosen for the steady state rate. 
The rate in Figure 63 is for tarnish layer production, 
however, which must be converted to an O2 consumption rate. 
The diffusion calculation example at the end of the flow 
section illustrated the procedure for converting the tarnish 
rate to O2 consumption rate. It was shown that one mole 
unit of alloy (based on Cu) weighing 92.6g will provide 
2.001 moles of electrons for the O2 reduction. Therefore, 
for each mole of alloy consumed, 0.Smoles O2 will be con
sumed and 2 moles of OH" will be produced, using reaction 4. 
The material balance data for nonagar base conditions 
indicates 0.228ug of alloy is lost when 145ug of corrosion 
product is formed. This allows the tarnish rate of 3x10"^ 
ug/cm^/sec from Figure 32 at 2ug/cm^02 to be converted to an 
alloy weight loss rate. Thus, 3xl0~^ug/cm^/sec x (228/145) =
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I

4.72xl0~3ug/cm2/sec will approximate the alloy weight loss.
Using the above conversion factors gives an O2 consumption
rate of (4.72x10 ^/92.6) x 0.5 = 2.55x10™^umole 02/cm^/sec.
The bulk -Q2 concentration must be converted to umole/cm3 by
dividing by 32ug/umole or 2ug/cm3/32ug/umole = 0.0625
umole/cm3 . Equation (111) can now be solved for k using a
diffusion velocity for O2 at 30°C of Vq = 2.99x10""3 cm/sec

2
from Table 31. Thus, 2.55xl0-5 umole/cm3/sec = k(2.99x!0""3. 
cm/sec) (0.06 2 Sumole/cm3)/(k + 2.99x10-3CmZsec) gives a
value of kn u2 = 4.73 XlO-ĵ cm/sec . Since k g  is 6.3 times
smaller than Vg OX kg << Vg C'-OXPIl

2
the rate is acti

2 2 2 2
vat ion controlled for the most part. The slow reaction 5 
of the reaction sequence 4-6 or O2 adsorption activation 
energy controls the rate when O2 < 3ug/cm3 at 30°C. The 
reaction rate roughly doubles from 2ug/cm3 to 3ug/cm3 O2, 
which still does not exceed the faster O 2 diffusion 
velocity. Therefore, it can be concluded that the tarnish 
rate is independent of O2 concentrations above 3ug/cm3. The 
overall rate is O2 reduction, activation controlled below 
3ug/cm3 O2 . The plateau in Figure 63 can be taken as a 
reliable indicator of O2 independence of the tarnish rate. 
Some other process must be the rate controlling step. The 
remaining most likely species to control the rate are OH- , 
and HCOg- since they have been observed to change the rate 
in the color estimation studies. Since O2 is not rate 
controlling at the base conditions, kg will not be
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evaluated at different temperatures to verify the tem
perature versus rate plot. The OH- or HCO3- rate constant 
will give a more accurate temperature-rate plot if either is 
rate controlling at the base corrosion conditions.

Effect of pH:

Samples of seawater showed an average pH of 7.80 in 
Table 32. A study was conducted to determine the effects of 
raising or lowering the pH by adding NaOH or HCl to the 
seawater. Open, stirred beaker tests were run with rates 
estimated by the color method in Table 21. The results are 
shown in Figure 64.

Figure 64. Effect of pH on Tarnish Rate.

low pH sensitivity
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The steep drop offs above 8.6 and below 5.5 indicate 

Cu2O is unstable or not easily formed outside of the region. 
This behavior can be predicted by the potential - pH diagram 
for copper in seawater if the free corrosion potential of 
the alloy is known. The corrosion potential was measured 
with a high impedance millivolt meter by placing a saturated 
silver-silver chloride reference electrode and a coupon, 
suspended by an alligator clip, into a stirred beaker of 
lOg/Kg seawater, as long as the clip-coupon junction was 
held above the solution an accurate potential could be 
measured. The potential versus the reference was -0.025V, 
which is, by itself, + 0.199V versus SHE. Therefore, the 
corrosion potential of the coupon was 0.199V - 0.025V or 
+ 0.174V versus SHE. Potential-pH diagrams for Cu and Ni in 
seawater- are shown in Figure 65.^^9,140

The average seawater pH at the corrosion potential is 
indicated by the dark spot on each diagram. The pH sta
bility range of Figure 64 is also indicated in each plot of 
Figure 65, for comparison. It can be seen that the actual 
measured stability range for Cu2O is close to the range 
predicted by the potential - pH diagram for copper. if the 
corrosion potential were extrapolated to the line marked 3 
in the Cu diagram, the formation of solid Cu(OH)2 would be 
. expected. This would occur if the pH were above 10, which 
is possible due to the fact that OH" is formed as a product 
at the surface. A buildup of OH" is expected at the surface
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such that the pH will shift toward the upper end of the 
stability region. Unless HCO3" can diffuse fast enough to 
the surface to keep the surface pH down, Cu2O formation 
would be impossible under steady state flow conditions. 
This is more appropriately discussed in the effects of 
alkalinity section to follow.

Figure 65. Potential - pH Plots for Cu and Ni in Seawater.
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The line marked 14 in the potential-pH diagram for 

copper represents direct electrochemical dissolution of the 
CU2O to Cu+  ̂ at a pH of 5.2. This dissolution reaction sets 
the lower range of predicted stability which very closely 
agrees with the actual pH of 5.5 shown in Figure 64. The 
low pH situation should not be encountered in normal cor
rosion conditions, unless there is a high Cu+  ̂ level in the 
seawater. Additions of Cu+2 to a run lowered the pH to 5.2 
and prevented Cu2O tarnish. When 1000 PPM Cu"*"2 was added, 
the pH dropped to 4.3 and a black coating of CuCl formed on 
the coupon as indicated by auger analysis. The Ni diagram 
shows no precipitated Ni species are stable. The diagram 
predicts that Ni forms a soluble Ni(OH)2 complex at the 
surface where the pH is higher, then releases the OH- ions 
when the lower pH of the bulk seawater is encountered. This 
trend is consistent with the observed behavior during cor
rosion wherein most of the Ni passes into solution. Any Ni 
found in the corrosion product is probably trapped during 
formation of the tarnish layer in a doping mechanism.

The apparent region of insensitivity to pH between 5.5 
and 8.6 shown in Figure 64 can be interpreted by considering 
how small the OH- concentration is with respect to the 
surface concentration. Since the pH scale is logarithmic, a 
pH close to 8.6 would be required before any change could be 
noticed. Bulk pH will be considered in the surface pH 
calculation to follow.
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Alkalinity:

The effect of alkalinity or HCO3- is felt to be as
sociated with the rate determining step of the initial 
tarnish reactions being considered. The strong influence on 
the tarnish rate as HCO3- is added with salinity increases 
predicts HCO3- as a rate determing species. An experiment 
was run with 0.16M NaCl to which increasing amounts of 
NaHCO3 were added after each corrosion test. The Cl- con
centration was maintained at 0.16M . Coupon colors were
used to monitor the tarnish rate giving the data shown in 
Figure 66.
Figure 66. Tarnish Rate Versus Bicarbonate Alkalinity.
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The figure shows a much broader rate profile, as HCO3- 
is added, compared to the salinity behavior when Cl- was 
increased with HCO3- . In fact, the tarnish rate at full 
strength seawater (34g/Kg) was immeasurable within the same 
exposure time. The gradual decrease in rate at high HCO3- 
concentrations is probably due to blockage of surface reac
tion sites by the large HCO3- ions in place of O3 . The 
steepness of the curve at low salinities suggests careful 
control of HCO3- concentration is needed for reproduci
bility., Since rate control is suspected with HCO3- or 
OH- , a calculation of the rate constant is warranted. It is 
proposed that HCO3- aids the reaction by controlling the pH 
in the diffusion layer as it does in the bulk water. The 
rate limiting step is enhanced because HCO3- helps to pre
vent excessive OH- buildups, thereby lowering cathodic 
polarization. Since HCO3- is at a fairly high concentration 
and its diffusion velocity is relatively fast at 2cm/sec, it 
is not expected to be diffusion limited.

It should also be pointed out that the pK3 for the 
bicarbonate/carbonate buffer system is 9.3 in seawater which 
is the pH where the HCO3- to CO3-  ̂ ratio varies the most. 
How this affects the rate will also be considered.

Equation (111) will be utilized again, to determine the 
rate constant, k, and the predicted diffusion rate for the 
OH- ion. If it is assumed that OH- is the rate determining 
ion at base conditions, then the actual rate can be used to
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calculate k. Material balance data will also be required as 
well as a flux measurement in a closed volume, since that is 
the best way to determine the surface concentration of an 
outwardly diffusing substance. The 0H“ flux was easily 
measured by a pH probe inserted in the seawater during the 
test. The pH was monitored for several repeat runs to 
improve the accuracy. An average flux of 1.934xl0-4 umole 
OH-/cm /sec was calculated per 30 minute exposure to lOg/Kg 
seawater at 30°C. The flow was 14.4cm/sec. At this point, 
a quick calculation using Pick's, first law applied to HCOg- 
w i11 reveal if HCOg- is diffusion limited. If it is 
limited, its surface concentration will be zero and C in 
equation (5) would become the bulk calculation of 0.00067M. 
The diffusion velocity or D./<50fr is 2.04 x 10 cm/ sec from 
Table 31. Therefore, the predicted flux is (2.04xl0- 
^cm/sec) 9.670umole/cm^ = 1.36xl0-^umole/cm^/sec which is 7 
times higher than the measured outward OH- flux. In other 
words, HCOg- diffusion cannot be rate limiting because it 
predicts a rate that is too fast relative to the observed 
rate. The neutralization reaction for HCOg- and OH- is also 
expected to be fast as given by the reaction:

HCOg- + OH- — > H2O + COg-2 8
The information given thus far, indicates HCOg- by itself, 
does not control the rate. it must participate in a 
reaction that is rate limited before it can enhance the
overall rate.
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The measured OH- flux can be used to calculate the 

surface OH” concentration. By equation (5) , C =  flux x <$d/D 
or C = flux/ '’"t/'oH-' where 'ITqh- is the diffusion velocity = 
5.51 x 10_^cm/sec from Table 31. Thus, C = 1.934xl0-  ̂

umole/cm^/sec/5.51xl0-^cm/sec = 0.0351umole/cm^. This is 
3.SlxlO-^M. If the bulk pH is 7.8, the OH- concentration is 
6.31x10-7M, and C = (Cs - Cb) = (Cs - 6.31xlO-7M)=3.SlxlO-5 
M . So Cs is 3.573x10-5M. The pH at the surface is there
fore, calculated to be 9.55. Because of the additive nature 
of the calculations, it is easy to see why the rate drops 
when the bulk pH approaches 9. The actual surface pH at a 
bulk pH of 9 would be 3.SlxlO-5M + IO-5M = 4.SlxlO-5MOH- or 
pHs = 9.65. The bulk OH- concentration can significantly 
alter the surface pH and possibly drive it into an unstable 
region for CU2O production. Equation (111) can now be used 
to evaluate the rate constant, kgy-.

The measured flux of OH- = r = 1.934xl0-^umole/cm^/sec 
and Vqh- is 5.. 51xl0-5cm/sec at 30°C. Therefore, when Cg = 
3.573xl0-^umole/cm5 , k0H- is found to be 0.3224 cm/sec. The 
rate constant velocity term is 0.3224/5.51xl0-5cm/sec or 
58.5 times larger than the diffusion velocity. The overall 
tarnish reaction is heavily diffusion controlled by OH- at 
the surface. The cathodic reduction reaction 4 produces OH- 
at a rate that exceeds diffusion losses. This causes the 
surface pH to rise to a level where CugO is thermodynami
cally unstable. Any production of CU2O in a tarnish layer
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depends on a buffering effect by an ion that will not adsorb 
to the surface. HCOg- provides this requirement and shows 
its most effective buffering capacity at the pH of the 
surface layer. It is easy to see why HCOg- enhances the 
rate of a cathodically polarized Og reduction reaction.

As a final check, the rate constant, kg^-, was evaluated 
at various temperatures using equation (109) and the average 
activation energies given in Table 29. The resulting kQH- 
values were then correlated with the respective diffusion 
velocities at the same temperatures from Table 31. The data 
was entered into equation (111) to give a predicted cor
rosion rate. The overall corrosion rate could then be 
related to a tarnish rate by comparison to material balance 
trends. For example, run I of Table 14-18 give an alloy 
corrosion rate of 228ug per 145.9ug of corrosion product. 
Therefore, a factor of 0.64 must be utilized by the alloy 
corrosion rate to get a tarnish rate. The factor should be 
applicable as long as. base corrosion conditions are used, 
excepting temperature. Temperature is accounted for in the 
rate calculation prior to the use of the factor. The 
predicted rate versus temperature curve in Figure 61 shows 
the. results of the calculations. Comparisons to the 
measured rate curve indicates the temperature, flow, 
material balance, and rate expressions do characterize the 
corrosion behavior Of the alloy as corrosion parameter are
varied.
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Chlorination:

Chlorination was included in the study because it is 
routinely used in control of biofilm buildup. It promotes 
metal loss beneath a biofilm causing detachment under shear 
stresses of flow conditions. It also causes oxidation of 
extracellular material which causes detachment. If it is 
used continuously, it will not allow formation of a pro
tective tarnish layer. This aspect was addressed in the 
study. Figure 67 shows the effect of addition of a few PPM 
HOCL to the seawater. The values are added amounts and do 
not reflect the free chlorine levels, ie, chlorine demand has 
been ignored. This assumption will not alter the general 
corrosion behavior of the coupons in chlorinated solutions.

Figure 67. Chlorination Effects Versus Tarnish Rate.
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The critical concentration is 3.5PPM HOCl with no 

significant tarnish on coupons placed in greater than 6PPM 
HOCl seawater. Supplementary material balance data includes 
some chlorination experiments which verify that the drop in 
the rate of Figure 66 is due to alloy and oxide solubility. 
Runs 1,3,16,17 of Table 14-18 list the pertinent data. W Cp 
values drop from 145.9ug to 2 8.4ug in 8 PPM HOC I solutions 
for the nonagar case. The agar case data show less of a 
drop from 141.4ug to 42.4 suggesting the agar does not have 
some chlorine demand. This allows more tarnish to form 
beneath the layer. Solution losses under chlorination are

significantly greater than chlorine free environments ac
cording to W s values. W s increases from 87.8ug to 135.7ug 
in the nonagar case with a slightly smaller increase of 
60.Oug to 113.3ug in the agar case. This reflects the 
higher chlorine demand of the agar, which serves to protect 
the tarnish reaction to some extent. (w cp - w O ^ w S values 
verify the trends, by showing drops of 1.55 to .21 and from 
2.19 to 0.37 in the nonagar and agar cases, respectively. 
It is surprizing that alloy weight losses decrease with 
chlorination as shown in Table 17. A 20% decrease was seen 
in both of the nonagar and agar cases versus no chlorinated 
conditions. The overall electrochemical activity had to 
reduce to give less alloy weight loss suggesting the metal 
itself is no more soluble in chlorinated conditions versus
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normal conditions. The tarnish reaction appears to be sup
pressed in oxide formation, with a greater fraction lost to 
solution. Surface blockage or oxide dissolution is 
suspected, however, a pretarnished coupon showed no visible 
changes after being exposed to 8 ppm HOCl in seawater for I 
hour. Aging the coupon's tarnish before exposure may have 
an effect.

The chlorine demand of the agar should eventually 
result in agar loss due to decomposition. To check this, an 
agar coated coupon was weighed before and after corrosion in 
8 ppm HOCL seawater at lOg/Kg salinity for one hour. The 
agar weight before corrosion was 837ug while it was 751ug at 
the end of the test for a loss of only 10.35%. This was 
nearly the same as the initial loss rate of 9% seen in a 
chlorine - free stagnant solution. Therefore, it can be 
concluded that there is no additional agar removal by 
chlorination under the flow conditions of the study. A 
higher flow rate may allow the decomposition effects of 
chlorination of agar layers to be seen. Except for less 
e f f i c i e n t  f o r m a t i o n  of p r o t e c t i v e  tarnish layer, 
chlorination does not harm the metal or agar layer; A 
higher dosage increase from 8 ppm to 20 ppm HOCl gave very
similar results.
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■ Agar Effects

The influence of agar on the corrosion process has been 
the major point of this study. Many of agar's effects have 
been discussed already, 'however, variation of an agar 
coating as a separate variable has not been covered in 
detail. The properties of an agar layer that are control
lable include thickness, density, and chemical composition 
through a choice of commercial agar types. Material balance 
data, a diffusional microstructure study, and highly magni
fied auger analysis supplement this direct effects study.

The thickness .and density of agar have been studied in 
the agar characterization discussion given previously. To 
avoid repetition, referral is made to that section for the 
experimental procedure that was used here. Thickness was 
the first agar variable to be studied in the material 
balance scheme. Runs 1-4 of Tables 14-18 list the data 
which is plotted in Figure 68.

Equations (100), (101), and a value of 126um from
Table 30, were used to convert Agarl values to total 
diffusional barrier thicknesses. Total alloy weight loss,
weight loss to solution, and tarnish weight gain rates are

. .  . . - . 3 #%shown for comparison.
The linearity of the lines are testimony to the 

diffusion of OH" dependence of the reaction rates. The data 
clearly obey Pick's first diffusion law (equation (5)).
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Figure 68. Corrosion Rates Versus Total OH Diffusional 

Thicknesses.

n o  n o d u l e s
9 5 %  n o d u l e s  
o . 4 7  u r n  x  8 0  %

O o g o r
2 5 1  u g  o g o r

921 ug 1 3 4 6  u g

Linearity also demonstrates the additive nature of the 
effective thickness of the agar layer as the weight of agar 
is increased. Since the weight of agar can be accurately 
determined on a microbalance, thickness calculations will 
also be accurate.

The data for the Vl or tarnish rate line appear to be 
much less sensitive to diffusion barrier thickness than 
solution loss rates, given by the W g line. This is expected
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since the only way material can be lost to solution is by 
diffusion, while the precipitation reaction has some acti
vation dependence. It is useful to note that agar weight 
does not have to be carefully controlled when tarnish rates 
are being considered. Significant errors will be incurred 
if solution loss or alloy loss rates are utilized.

The critical thickness for nodule formation under OH- 
diffusion control is 230um as shown by the vertical dashed 
line. The OH- critical value was calculated by multiplying 
the O 2 based value of 200um (see end of flow section) by 
^OH- /^C>2 ̂ rom Table 3 0. This corrects for the faster 
diffusion velocity of OH- over O 2- The line appears 
accurate since nodules did not form at or below the line, 
but did form above the line.

The alloy tarnish rate at the critical thickness can be 
converted to a critical current density allowing comparison 
to a study of Cu electrodeposition processes in the 
literature.1^5 Micrographs very similar to those in Figure 
58 were taken of nodules formed when certain currents were 
applied to Cu electrodes immersed in SO4-2 electrolyte. An 
equation was derived which allows calculation of the 
critical current density for nodule formation as follows: 

(IZi1)Crit =0.4 (112)
The quantity i is the measured exchange current density 

in uA/cm2 and i4 is the critical current density for O 2 
diffusion control. The dissolved O2 section gave a critical
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concentration of O2 at 3ug/cm3 for rate control. Table 30
gave a diffusion layer thickness of J 0 = 93um, so Pick's

2
first law gives an O2 flux of D0CbZJ0 = 0.00 77ug02/cm2/sec.
Dividing b y  32g/mole gives flux = 2.419xl0-4 umole/cm2/sec. 
Multiplying by Faraday's constant gives a limiting current 
density of 9 3.4uamp/cm2 = i-j_. The current density for the 
alloy curve in Figure 68. at the critical nodule formation 
boundary can be calculated: ISxlO-3Ug alloy/cm2/sec/92.6ug
alloy/mole x 2ueq e's/mole alloy x 96488ucoul/ueg = 37.51 
uamp/cm2 = i. Therefore, the i/ig ratio is 37.51/93.4 =
0.402, which agrees surprizingly well with the approximate 
value of 0.4 given in equation (112) . . Therefore, the
critical thickness for nodule formation in Figure 68 appears 
to be accurate and has some literature support.

The density of the agar was also studied aS a parameter 
by varying the dipping temperature when the coupons were 
coated. At cooler temperatures, the agar will set up before 
much evaporation occurs. The agar density is fixed by the 
set-up concentration and will be reapproached every time the 
agar is dried and rehydrated. Therefore, the blocking 
factor can altered from 20 in a boiling dip to 4 in a 45° 
dip at a 2% starting agar concentration (see agar 
characterization section). The effective diffusion layer 
thickness is then given by the blocking factor times the 
layer thickness. Therefore, varying the dip temperature 
provides another way of changing the diffusion barrier.
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Higher viscosity at temperatures below 60° tends to make the 
agar difficult to apply with reproducibility (_+20%). For 
this reason, a boiling dip is recommended, coupled with 
control of the agar weight/volume%. Tarnish rate measure
ments indicated a rate reduction of 50% occurs when a 0.57% 
dip is used versus a 94° boiling agar dip. Reproducibility 
is good (^10%) above 70°C. The lower tarnish rate is re
flected in the thicker layers that adhere at lower tempera
tures. Thickness increases outweigh lower formation factors 
which would require recharacterization of the agar-on-coupon 
behavior at each new temperature.

Agar type was also varied. A low setting version of 
bactoagar called agarose was tried, however, no nodules 
would form despite thickness calculations that were com
parable to bactoagar. Apparently, since the degree of cross 
linking in the agarose i-s much lower (low setting) than in 
bactoagar, its formation factor must be smaller. The ef
fective diffusion barrier thickness falls below the critical
value for nodule formation.



381

... SUMMARY, AND. CONCLUSIONS
>

The study of effects of organic gels on the corrosion 
of 70/30 cupro-nickel alloys in seawater has led to a more 
complete understanding of the entire corrosion process. 
Eight major corrosion parameters have been evaluated with 
and without an organic coating to characterize the effects 
of that coating as each of the parameters were syste
matically varied. Of the organic coatings that were 
investigated, bactoagar has been chosen as a good replace
ment for a nonviable biofilm because it is easily prepared, 
controllable in a laboratory situation, and representative 
of the polysaccharides found in real biofilms. In brief, 
the effects of the most important corrosion parameters with 
and without agar can,be summarized:

I. Exposure time studies apply to initial cor
rosion reactions during the first four days of cor
rosion. The rate of change of corrosion reactions 
significantly slows after a four day exposure which 
makes it difficult to observe the effects of the other 
parameters with any sensitivity. Three main stages of 
growth have been identified during the initial cor
rosion reaction period. They include initiation, 
characterized by linear tarnish layer growth.
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reorganization, characterized by logarithmic tarnish 
layer growth, and equilibration, characterized by 
parabolic tarnish layer growth.

Initiation, in the nonagar coated and coated cases 
is a relatively fast process that is controlled by 
cathodic polarization due to diffusion of OH- away from 
the metal surface. Since it is a steady state process, 
growth is expected to be linear. If an agar coating is 
applied prior to corrosion, the tarnish process is 
complicated by a nucleation period of about an hour, 
whereby a critical concentration of Cu+ and OH- ions 
build. Once supersaturation occurs, tarnish layer 
growth proceeds by a dissolution - precipitation mecha
nism that leads to nodular growth of CU2O rather than a 
thin continuous layer of oxide. The nodules continue 
to grow and eventually coalesce giving a continuous 
layer similar to the non coated case, but several times 
thicker. Since a biofilm takes time to become estab
lished, application of an organic layer before cor
rosion is not representative. It does however, help 
clarify the corrosion processes. Most of this study 
has been devoted to this initial time region which 
occurs in the first hour of exposure.

After one to four hours, the layer begins to 
reorganize by doping with Ni. An adsorbed surface 
layer of negatively charged species such as Cl- and OH-
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affects the transport of electrons and cations to the 
solid solution interface. This causes, a logarithmic 
growth rate to occur. As the layer grows, it becomes 
increasingly doped with Ni + 2 and Fe+3 ions such that 
growth depends on the thickness of the layer rather 
than adsorbed surface species. This occurs after ten 
and 24 hours and growth becomes parabolic in nature. 
Thereafter, growth is too slow to measure corrosion 
parameter effects with sufficient accuracy.
2. Flow of seawater significantly affects the 
transport of reactants and products to and from the 
surface. It has been adequately characterized for the 
geometry of the coupon corrosion apparatus. Much 
characterization was required since flow effects were 
the key to understanding interplay between all of the 
other parameters. Two flow patterns were identified 
which lead to different corrosion behavior. They 
include laminar flow and turbulent flow at low and high 
pumping rates, respectively. The critical flow rate 
past a coupon is 16 cm/sec, which is the basic flow 
rate used in the study. Equations that allow calcu
lation of the diffusion barrier thickness in both flow 
regions were developed. They predict corrosion be
havior that is very similar to the observed behavior 
which indicates they are adequate models for the 
coupon-corrosion cell geometry. The effect of agar is
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to increase the effective diffusion layer thickness at 
the surface of a coupon. This leads to the single most 
important conclusion of this study, that is, agar 
coatings merely serve as a diffusion barrier and have 
no other inherent corrosive activity. Thus, the be
havior of an agar layer can be completely characterized 
by flow and diffusion equations. Innpculation of agar 
with bacterial strains will lead to a direct obser
vation of the corrosive properties of those strains, 
without complications introduced by the substrate.

3. Temperature effects in the 0° to 45° range 
have been evaluated. As expected, corrosion activity 
increases with increasing temperature. Diffusion con
trol by OH- appears to be dominant above 2O0C while an 
activation dependence becomes increasingly prevalent 
down to 0°C. The temperature behavior can be described 
by a combined diffusion - activation rate equation that 
leads to accurate prediction of temperature effects. 
The equation can be incorporated in flow equations to 
give a reliable combined mathematical description of 
two of the most important corrosion parameters.

4. Seawater chemistry effects that were studied 
include salinity, chlorination, and C>2 solubility. Og 
solubility effects can be completely predicted by the 
flow equation in the agar and nonagar cases. The Og 
solubility study has led to prediction of a critical
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current density for nodule formation, of 37 uamp/cm2, 
which agrees very well with observed nodule formation 
behavior. A critical diffusion layer thickness of 23Oum 
for nodule formation can be accurately correlated with 
the current density. This allowed prediction of nodule 
growth if the flow rate is low, if the agar layer is 
thin, or if the blocking factor of the agar is too low.

The effects of salinity were to increase the tar
nish layer production rate to a maximum at 8g/Kg then 
decrease the rate to barely detectable levels at 
salinities above 15-20g/Kg. A synergistic rate 
enhancement due to HCOg- and Cl"" has been identified. 
High salinities lead to low tarnish production due to 
increased incomplete precipitation and excessive 
solubility. • ■

Chlorination studies have led to identification of 
a critical concentration of 3.5 ppm added HOCl before 
tarnish production is curtailed by excessive solubility 
and incomplete precipitation.

5. Agar characteristics were systematically al
tered and the effects on tarnishing reactions were 
measured. Thickness and density characterization of 
agar layers on coupons gave good correlation of agar 
properties with the flow equations. This has led to 
the conclusion that agar acts merely as a diffusion 
barrier and can be used to alter the barrier at will.
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A considerable effort has been invested in development 

of new analytical techniques for this study. Those tech
niques can be outlined in the following-categories:

Ii Agar coating and removal techniques utilizing a 
boiling agar dip for coating, and a boiling water dip 
for removal, have been perfected to a point where layer 
thicknesses can be applied and reproduced within 10% 
in a range of I to 60 um, with a 4-10 % accuracy. A 
sensitive microbalance and operator patience is re
quired since weights are in the low ug range.
2. Agar characterization techniques for; determination 
of the blocking factor of agar layers have been deve
loped. They are based on diffusion measurements and 
lead to an accurate description of the microstructure 
of agar layers.
3. Material Balance studies have been systematically 
organized into a set of equations that allow accurate 
"record keeping" of the destinations of each metal in 
the alloy. This method has become one of the most 
important tools to completely characterize the entire 
corrosion process. Just characterizing the tarnish 
rate behavior by auger analysis was insufficient.
4. Auger analysis has proved to be very useful in this
study because of the relative thinness of the tarnish

6layers (<2000 A) . Data handling procedures were deve
loped that allow calculation of atomic percents when
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auger transitions overlap. The depth profiles have 
been accurately calibrated and sputter yeild dif
ferences are not significant under the etching con
ditions that were employed. Speciation by calculation 
is also possible from the depth profile information, 
which is normally obtained by XPS methods. In ad
dition, surveys, point and line analyses, element maps 
and SEM procedures have been optimized for study of 
cupro-nickel alloys. The auger analysis must be used 
with the material balance techniques to understand the 
entire corrosion process.
5. Corrosion techniques have been developed for a 
tubular flow - coupon hybrid geometry that allows 
visual monitoring of the corrosion process, no post 
corrosion handling that can effect delicate tarnish 
layers, and precise control of corrosion parameters. 
Many samples and parameter variations can be performed. 
Pretreatment procedures that free a coupon of history 
effects have been developed.
6. Miscellaneous analytical techniques included copper 
and nickel analysis by ion exchange preconcentration 
and matrix alteration for AA, tarnish layer analysis by 
XPS, wet chemistry procedures for- complete seawater 
analysis, and gravimetric determinations of corrosion 
products. In addition, numerous computer programs were 
developed to aid in calculations and interpretations.
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The study has been difficult due to the interplay of all 
variables. This has necessitated the excessive length of 
the dissertation and the intensity of the research. It has 
fulfilled its purpose to develop the research capabilities 
of the author and- his understanding of corrosion processes 
in a controlled laboratory environment. It is hoped that 
this study will be a significant contribution to similar 
on-going research tasks to follow.
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