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ABSTRACT 

Author: Jiunn-Shyong Luo 
Title: Adhesion of Calcareous Deposits Fom1ed on Steel 

Surfaces under Cathodic Polarization 
Institution: Florida Atlantic University 
Dissertation Advisor: Dr. William H. Hartt 
Degree: Doctor of Philosophy 
YeM: 1991 

A procedure has been devised to characterize the adhesion of 
calcareous deposits formed upon steel in association with cathodic 
polarization in seawater. This involved bending the substrate in-situ and 
characterization of deposit debonding in terms of visual appearance, 
changes in the cathodic current density and the net charge transferred in 
association with film disruption. Specific attention has been focused upon 
the influence of exposure time, applied potential, flow rate, temperature, 
substrate surface finish and electrolyte type upon deposit adhesion. 
Presence of a Mg-rich, inner film as well as the impingement of CaC03 
particles enhanced the adhesion of calcareous deposits. Electrostatic forces, 
Van der Waals attraction, and chemical alteration of precipitates could be 
important factors contributing to deposit adhesion. 
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INTRODUCTION 

With the increase of technical activities in the ocean, corrosiOn 
protection of metallic structures in seawater becomes important. One way 
to cope with marine corrosion is to apply cathodic protection by either 
impressed current or sacrificial anodes. A unique feature of cathodic 
protection in seawater is formation of deposits on metal surfaces. These 
deposits not only reduce cathodic current requirements by physically 
forming a resistive barrier between the metal and seawater but also 
mitigate corrosion reactions when the cathodic current source is 
interrupted or terminated (1). Such deposits are a consequence of a pH 
increase of the electrolyte adjacent to metal surfaces and the fact that 
Mg(OH)2 and CaC03, the main constituents of calcareous deposits, 
precipitate from seawater with increasing pH. 

A comprehensive review of calcareous deposits (2) has identified 
permeability and adhesion as the two most important film properties. 
While permeability characterization has been the topic of several previous 
studies, there has been no investigation of adhesion. The ASTM Definition 
of Terms Relating to Adhesives (D907 -70) defines adhesion as "the state in 
which two surfaces are held together by interfacial forces". Consequently, 
adhesion can be inferred in terms of forces or the work of detachment or 
separation of adhering phases. 
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It has been reported that calcareous deposits fanned on cathodically 
polarized steel surfaces in quiescent seawater at -800 m V (SCE) for 30 
days were not removed by flow up to 2700 em/sec (3). This means that 
conventional test systems for the study of calcareous deposits such as a 
rotating disk electrode cannot be employed to investigate adhesion. 

In the present study a mechanical method, the U-bend specimen 
loader, accompanied with electrochemical measurement was developed to 
characterize adhesion of calcareous deposits. Consequently, deposit 
debonding was detennined by visual appearance, changes in the cathodic 
current density, the net charge transferred in association with film 
disruption, and SEM observation. Attention has been focused upon the 
adhesion of deposits as a function of exposure time, applied potential, 
seawater flow rate, temperature, substrate surface finish, and electrolyte 
type (natural sea water versus different synthetic solutions). 
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LITERATURE REVIEW 

2.1 Cathodic Protection 

Cathodic protection is one of the successful ways to prevent 
corrosion of steel structures in underground and submerged marine 
environments. The principle is to lower the potential of the metal to a more 
negative value where corrosion cannot occur. It is recognized that four 
components must be present in a corrosion cell, including 1) an anode, 2) a 
cathode, 3) an electrolyte, and 4) an electrical connection between the first 
two. Because of inherent chemical or structural differences between anode 
and cathode, a cell potential or driving force causes current to flow from 
anode into the electrolyte. If cathodic current is provided by an external 
source to the metal (impressed current anode), then the net anodic current 
is reduced or eliminated altogether. This is illustrated in Figure 1, where 
four successive degrees of cathodic polarization ranging from free 
corrosion (no external current - condition 1) to complete protection (no net 
anodic ' current - condition 4) are illustrated. Complete protection is 
achieved when the metal is polarized to the reversible or open circuit 
potential of the anode (Figure 1). No additional benefit is derived from 
polarization to a more negative potential. Disadvantages of overprotection 
are that additional cathodic current is required (4), any coating upon the 
metal may become disbanded (5) and hydrogen damage of the metal may 
result (6). 
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2.2 Calcareous Deposits 

A unique feature of cathodic protection in seawater is formation of 
mineral deposits on metal surfaces. This scale serves as a physical barrier 
to general corrosion attack, reduces the flux of dissolved oxygen from the 
bulk solution to the metal surface, enhances the "throwing power " of the 
cathodic protection and, thus, reduces the current requirements for 
corrosion protection. 

2.2.1 Mechanism of Formation 

In sea water the two predominant cathodic reactions are oxygen 
reduction and hydrogen evolution. Thus, 

[1] 

[2] 

Hydroxyl ions produced by the above reactions change the equilibrium of 
the C02 system near the metal/electrolyte interface according to equations 
3-5, 

[3] 

[4] 
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[5] 

As OH- and C032- concentrations increase beyond the solubility product 
limit of Mg(OH)2 and CaC03, these two compounds precipitate on the 
metal surface according to 

Mg2+ + 20H- = Mg(OH)2 (ppt) [6] 

(ppt) [7]. 

These solid products constitute the primary components of calcareous 
deposits. 

2.2.2 Surface pH 

In sea water pH is controlled by the inorganic carbon equilibria. 
Carbon dioxide from the atmosphere forms an acid that reacts with the 
base of the rocks. The water may also lose dissolved carbon to the 
sediments by precipitation reactions. In this manner HC03- and C032- are 
imparted to or withdrawn from the water. For simple aqueous carbonate 
solutions the interdependent nature of the equilibrium concentrations of 
C02, H2C03, HC03-, C032-, H+, and OH- determine the bulk pH. The 
production of OH- during cathodic polarization results in a concentration 
gradient between the metal/electrolyte interface and bu_lk solution. The 
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diffusion of C02, HC03-, C03 2- and OH- to or from the interface in 

response to the concentration gradient in tum affects the surface pH. 

A surface pH greater than 10.5 under cathodic protection conditions 

has been suggested by several researchers (7 -9). Experimental verification 

was provided by Kobayashi (7) who applied a cathodic current of 0.938 

mA/cm2 to steel in an unstirred 3 percent NaCl solution of bulk pH 8 and 

measured pH 0.1 mm from the surface to be 11.5. Engell and 

Forchhammer (8) estimated that the pH at the metal surface would be as 

high as 10.9. This was based upon the assumption that a linear 

concentration gradient existed for dissolved oxygen and oH- and that a 

mass balance between the two species may be represented as follows: 

Jdissolved 02 = 1/4 OoH-), [8] 

where Ji = diffusion flux of species i. 

Similarly, Wolfson et al (9) calculated values ranging from 10.75 to 11.25 

based upon parameters of their research. However, when both the charge 

and mass balance are considered, 

Charge balance 

4 CJdissolved 02) + JHC03- + JoH- + 2 CJco32-) = 0 [9] 

and 

Mass balance 

Jco32- + JHco3- + Jco2 = o, [10] 
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Dexter and Lin (10) suggested the value to be around 9.3. More recently a 
computer simulation method (11) was provided by Sadasivan who used the 
rate constant of magnesium hydroxide precipitation to simulate the kinetics 
of scale growth and projected that the pH of sea water adjacent to the metal 
surface is only around one-tenth of a pH unit higher than required to 
precipitate magnesium hydroxide. 

It is well known that magnesium hydroxide is unsaturated in bulk 
seawater, and only when pH exceeds approximately 9.5 should it precipitate 
(12). Furthermore, calcium carbonate is supersaturated in surface 
seawater but does not precipitate because of kinetic effects (13,14). 
Therefore, it is reasonable to assume that neither calcium carbonate nor 
magnesium hydroxide precipitates from sea water of pH 8.2; and, hence, an 
increase in pH is necessary for the formation of calcareous deposits. 

2.2.3 Composition of Calcareous Deposits 

The chemical analysis of calcareous deposits reported by Humble (1) 
IS listed in Table 1. He noted that this calcareous films consisted 
principally of calcium carbonate and magnesium hydroxide. From 
solubility product considerations he projected that with increasing pH 
CaC03 should precipitate first, followed sequentially by SrC03, MgC03, 
and Mg(OH)2. However, only a low strontium concentration was found in 
Humble's analysis, presumably because of the relatively small amount of 
this species in sea water. 
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Magnesium hydroxide is known only to precipitate from sea water as 
brucite. However, calcium carbonate can exist in any of three polymorphic 
forms, which, in the order of normal stabilities, are calcite, aragonite, and 

vaterite. As vaterite has never been found in marine sediments or 
limestones (15), all studies of calcium carbonate precipitation pertain either 
to calcite or to aragonite. It has long been held that the composition of 

sedimentary carbonate crystals is controlled by Mg/Ca ·ratio of the 
precipitating solution (16). Precipitation from solutions with high Mg/Ca 

ratios, approximately 5 for sea water, has been thought to result in the 
formation of acicular crystals of high-magnesium calcite (5-20 mole 
percent MgC03) or aragonite. Theoretical calculations (17 ,18) suggest 

that the most stable calcite in sea water contains between 2 and 8.5 mole 
percent MgC03 in solid solution. Morse et al (19) have confirmed this 

experimentally by Auger electron spectroscopy techniques and revealed 

that the surface layers of calcite crystals in sea water contain 4+2 mole 
percent MgC03. 

Although magnesium calcite is the most stable carbonate phase in sea 
water, it is well known that the presence of dissolved Mg2+ promotes 
precipitation from supersaturated seawater of CaC03 as aragonite 

(15,17 ,20). An accepted explanation is that Mg2+ behaves as a surface 

poison to inhibit calcite nucleation and crystal growth; and as a result 

aragonite, which precipitates more rapidly, is more predominant because 
of kinetic factors (21). A mechanism for Mg-induced calcite nucleation 
and growth inhibition was proposed by Berner (17), who suggested that the 
non-equilibrium incorporation of Mg onto growing calcite crystals, caused 
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these to be more soluble than pure calcite. By contrast Mg2+ is neither 
adsorbed on the surface of aragonite or incorporate into its crystal lattice. 
As a result dissolved magnesium at the seawater concentration appears to 
have no effect on growth rate of aragonite but a retarding effect on that of 
calcite. Furthermore, Burton and Walter (22) have shown that, at 
temperatures of 25 °C or higher, aragonite precipitation rate is greater 
than that of calcite (up to a factor of 4) and is not affected significantly by 
changes in saturation state. Hence, precipitation of aragonite as the major 
C a C 0 3 form of calcareous deposits from surface sea water is not 

unexpected. 

2.2.4 Nucleation and Growth of Calcareous Deposits 

Ambrose and Lee (23) studied the nucleation and growth of 
calcareous deposits on cathodically polarized steel in seawater. They 
pointed out that increased interfacial pH resulted in nucleation of deposits 
which contained a higher Mg/Ca ratio compared to those obtained from 
following growth of deposits. It was also noted that deposit nucleation 
produced changes in interfacial solution chemistry, such as a decrease in 
surface pH, which resulted in growth occurring under different conditions. 
In other words deposit composition and structure may be different in the 
nucleation and growth phases. 

Recently, Mantel and Hartt (24) investigated substrate, surface finish 
and flow rate effects upon calcareous deposits and found that a typical 
current density versus time trend at -900 m V (SCE), as shown in Figure 2, 
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involved 1) a current density decrease during the first few minutes of 
exposure, 2) an upper plateau of approximately constant current density to 
about 2000 minutes, 3) a transition regime of current density decay (2000-
4000 minutes) and 4) a lower plateau of constant current density 
(time>4000 minutes). The nucleation and growth of calcareous deposits 
projected to correspond to and be responsible for this behavior involved 
1) an initial Mg-rich layer precipitated during the first few minutes of 
exposure, 2) individual, isolated CaC03 particle formation during the 
initial 2000 minutes, 3) a progressive CaC03 particle impingement from 
2000-4000 minutes and 4) a uniform CaC03 outer layer distribution 
(time>4000 minutes) (24). Thus, it was suggested that calcareous deposits 
formed upon cathodically polarized steel in sea water consisted of a 
relatively thin, continuous, Mg-rich inner layer and a more voluminous, 
Ca-rich, outer one of individual particles (25). The Mg-rich precipitate 
formed more quickly because of favorable kinetic factors. Morphology of 
theCa-rich deposit may have been influenced by the nature of the Mg-rich 
layer upon which it formed. 

2.2.5 Influential Factors 

There are a number of factors which may influence the 
composition, structure, thickness, porosity and properties of calcareous 
deposits. Current /potential/exposure time, seawater composition, flow 
rate, temperature, pressure, and substrate surface finish have been 
discussed most frequently. 
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Current/potential/exposure time 

It is generally recognized that Faradaic current is a measurement of 
the rate at which electrochemical reactions take place. In cases where 
potential is less negative than the reversible hydrogen value, current 
requirements to polarize steel to adequate cathodic potentials in sea water 
are determined by dissolved oxygen availability as affected by oxygen 
concentration polarization and by calcareous deposits. The role of 
calcareous deposits on cathodically polarized steel surfaces is to reduce the 
dissolved oxygen flux from the bulk solution. Therefore, the current 
requirement to maintain a specific cathodic potential decreases with time as 
the deposit develops. 

The first empirical relationship between properties of calcareous 
deposits and current densities was reported by Humble (1). He analyzed 
deposits formed from seawater and the variation of Mg/Ca ratio with 
current density and concluded that deposits formed at low current densities 
were more rich in calcium than those formed at high current densities. 
The trend of increasing Mg/Ca ratio with increasing current density 
(1,26,27) was related to the alkalization of sea water near the cathodically 
protected metal surface and the fact that deposition rate of Mg(OH)2 is 
about ten times higher than that of CaC03 (28). Humble also noted that 
deposits formed at low current densities were more permanent than at 
higher current densities because of the lower solubility of ca2+ as opposed 
to Mg2+; and the greatest resistance to 02 diffusion as well as highest 
mechanical strength was obtained for current densities between 500 to 3000 
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mA/m2. Confirmation of this was reported by Cox (29) from experiments 
upon alternate immersion of specimens polarized at different current 
densities. He pointed out that the relatively poor protection afforded by 
deposits at current densities greater than 3000 mAjm2 was due to hydrogen 
evolution at the metal/electrolyte interface. The lack of protection for 
current densities below 500 mAjm2 may be due to a relatively low rate of 
deposit formation. However, Gartland et al (30) studied current density 
requirements for cathodic protection of steel in the North Sea and 
concluded that potential, sea depth (temperature and pressure), and sea state 
activity determined the current requirements for cathodic protection in 
actual service. 

The effect of potential on the properties of calcareous deposits has 
been studied by several researchers (9,25,31). Wolfson and Hartt (9) found 
that film thickness increased linearly with exposure time and that the more 
positive the control potential, the thinner the calcareous deposits. 
However, later study by Mao and Hartt (32) who used an edge-on scanning 
electron microscopy technique to investigate the thickness of deposits 
fonned at -850 mV or -1000 mV (SCE) to 1560 hours exposure found that 
deposit thickness increased during the initial 100 hours and then was 
constant with further exposure time. They suggested that the difference 
between Wolfson's thickness results and their's was due to build-up of 
successive layers of deposits and the influence of these upon the two 
measurement techniques employed. In addition, Phillipponneau et al (31) 
pointed out that high cathodic polarization (-1150 m V SCE) induced the 
precipitation of Mg(OH)2 as brucite. As the applied potential became 
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more negative, the deposits that formed were more porous and were more 
likely to flake (23). 

A comparison of the formation of calcareous deposits under 
different modes of cathodic polarization has been studied recently (25). A 
mixed-mode of polarization (initial galvanostatic followed by 
potentiostatic) provided a more protective calcareous deposit compared to 
that formed by either purely potentiostatic or galvanostatic control. This 
was based upon deposit characterization in terms of current density, film 
thickness and thickness-to-charge ratio. 

Seawater composition 

The structure and properties of calcareous deposits may be 
influenced by the composition of the sea water from which they precipitate. 
One example of this is apparent from the fact that Mg2+ is a strong 
inhibitor of calcite precipitation while phosphate and organic compounds 
retard aragonite deposition (33). 

Klas (34) investigated the effect of electrolyte concentration upon 
calcareous deposits by cathodically polarizing steel specimens in synthetic 
sea water of 1:16, 1:4, and 1:1 dilution. He found that the rate of current 
decay for the first several hundred hours exposure was more rapid in the 
full strength solution than in the diluted ones, where decay rate was 
approximately the same for the two diluted conditions. The Mg/Ca ratio 
for these deposits was less in the diluted solutions than in the full strength 
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for steel polarized to -780 m V (SCE) and greater for polarization to -980 
mv or -1080 mV. 

Culberson (35) studied the deposition of calcareous deposits in NaCl 
solutions with and without magnesium (as MgCl2) during cathodic 

protection and found that the presence of the magnesium ion increased 
current requirements for cathodic protection because of CaC03 

precipitation inhibition. He also pointed out that current requirements for 
cathodic protection decreased at high solution pH, and a linear relationship 
between current density and carbonate ion concentration was observed. 

Flow Rate 

Formation of calcareous deposits on the steel surface has been 
identified as a diffusion controlled process (1 0), such that a relationship of 
the form 

iL=cvm [11] 

applied (30), where, iL is the limiting current density, V the local flow 

velocity, and C and m constants which are a function of the flow rate 
(laminar versus turbulent). Furthermore, it has been held that in cases 
where OH- produced by cathodic polarization is not consumed rapidly by 
Mg(OH)2 precipitation, these ions diffuse across the hydrodynamic 

boundary layer. For static flow conditions this boundary layer is relatively 
thick, and pH gradient near a bare metal surface under a given potential or 

14 



flow velocity will be as shown in Figures 3 and 4, respectively (36). As 
the flow velocity is increased, the hydrodynamic boundary layer thickness 
decreases; and pH gradient becomes steeper. As a result the current density 
required to maintain a prescribed cathodic potential on a bare cathode 
surface should increase. However, this may or may not be the case. 
Recently, Mantel et al (24) found that precipitation of the Mg-rich film 
occurred readily during the initial few seconds of exposure, and its 
precipitation was under OH- concentration control. Analyses by Sadasivan 
(11) showed that the concentration of OH- at the substrate-seawater 
interface was relatively constant due to Mg2+ buffering. Hence, it is 
apparent that previous projections such as Figures 3 and 4 are not the cases. 

Gartland et al (37) have shown that the current density distribution 
around a film free cylinder is dependent on the variation of the diffusion 
layer thickness, which decreases with increasing flow velocity. They also 
noted that in the presence of a surface scale the current density variations 
around the cylinder (constant potential mode) depended upon scale 
permeability rather than effects of flow. 

Mantel and Hartt (24) studied the effect of flow velocity upon 
precipitation of calcareous deposits and found that under potentiostatic 
polarization the upper plateau current density (see Figure 2) varied in 
proportion to flow rate. They suggested that this was related either to 
differences in dissolved oxygen transport through the Mg(OH)2 film or in 
the film thickness varying inversely with flow rate. However, the current 
density after approximate 4000 minutes of exposure (Figure 2) was found 
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to be independent of flow rate, and they concluded that this was probably 

due to the film being sufficiently thick and resistive compared to the 

electrolyte diffusion boundary layer so that the significance of the latter 

was negligible. 

An effect of local shear stress in the boundary layer region produced 
by solution flow conditions on calcareous deposits has been proposed by 
Hartt and Lin (38). They suggested a theoretical critical shear stress for 

breaking down deposits according to the relationship 

[12] 

where 'to is the shear stress near the interface, 'ts the contact shear strength 
of calcareous deposits, Ys the specific gravity of calcareous deposits, y the 

fluid specific gravity, d the characteristic size of calcareous deposits, v the 

fluid viscosity, p the fluid density, and u* = J't 0 I p , the friction or 

shear velocity. However, recent laboratory investigations (3) showed that 

calcareous deposits formed on cathodically polarized steel surfaces in 
quiescent seawater at -800 m V (SCE) for 30 days were not removed by 

flow up to 2700 em/sec. This indicates that the effect of flow rate may be 

complex because it affects the conditions for buildup as well as the 

tendency for breakdown of the scale. 
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Temperature 

It is generally recognized that a greater amount of cathodic 

protection is required in cold sea waters than in warm. A reduction of 

scale quality and rate of deposition with decreasing temperature in the 
range 0 to 20 °C was reported by Clapp (39). Therefore, the effect of 
temperature on the formation of calcareous deposits is important. 

Kunjapur et al ( 40) studied the influence of temperature on the 
deposition of calcareous deposits on cathodically polarized steel in 

seawater. They found that less calcareous deposits and a higher steady state 

current density existed at 3 °C than at 25 °C and that the Mg/Ca ratio in 
the deposits increased with decreasing temperature. Dexter and Lin (1 0) 
explained these phenomena by using an interface pH model associated with 
the inhibitory nature of Mg2+. They stated that the interface pH was 
higher at 3 °C than at 25 °C. Since the solubility of Mg(OH)2 decreases 

with temperature, whereas that of CaC03 increases, the Mg/Ca ratio of 

deposits is expected to be higher at low temperatures. Furthermore, at low 
temperatures calcite is the major CaC03 form; and magnesium inhibits 

both the nucleation and growth of this phase. Thus, less deposits have 
typically been found at low temperatures. 

Recently, Finnegan and Fischer (36) measured calcium and 
magnesium ion concentrations in calcareous deposits and found that 
deposits formed in natural seawater at 10 °C were mainly comprised of 
magnesium calcite with 6 to 10 mole percent MgC03, while at 30 °C the 
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MgC03 content increased to 14 mole percent. However, historical studies 

have emphasized that calcites containing more than 8.5 mole percent 
MgC03 are less stable and those containing less than 8.5 mole percent 
MgC03 are more stable than aragonite (41,42). Likewise, aragonite is the 
major deposit form of CaC03 at temperatures greater than 25 °C because 

the precipitation rate of aragonite relative to calcite increase with 
increasing temperature. 

Pressure 

Pressure is one of the important factors which regard to the degree 
of saturation for various inorganic compounds comprising calcareous 
deposits. England et al ( 43) investigated the influence of pressure upon 
calcareous deposits by use of an autoclaved test cell. They determined that 
the deposit formed at pressure was high in magnesium. However, ambient 
pressure tests which were performed subsequent to the above research also 
revealed a high magnesium concentration (44). Finnegan and Fischer (36) 
showed that there was no significant change in Mg/Ca at high pressures (50 
and 100 Bar) compared to atmospheric pressure. 

Substrate surface preparation 

Nisancioglu et al ( 45) exposed prerusted and polished steel specimens 
potentiostatically in sea water and found that the limiting current density 
due to oxygen reduction was influenced by the surface preparation. They 
pointed out that due to the relatively large area associated with a porous, 
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electronically conducting rust layer the prerusted specimens had a 
capability for catalyzing the rate of the cathodic reaction. Moreover, they 
demonstrate the importance of the geometry of cathode specimens in 
determining the polarization behavior. For a given flow rate, identical 
surface preparation and the same applied potential, a large structure 
member was expected to polarize more rapidly than a small one. These 
results call for added care in the evaluation and employment of polarization 
data for cathodic protection design purposes. 

The influence of surface preparation on the properties of calcareous 
deposits has been studied by several researchers (23,24,36). Ambrose et al 
(23) suggested that surface preparation was a factor in controlling the 
porosity of the deposits. Finnegan et al (36) reported that the surface 
preparation conditions (ground, grit-blasted, or prerusted) did not 
significantly affect chemical composition of the deposits; and the amount of 
iron in the calcareous deposits could be directly related to the surface 
preparation. However, due to the formation of a thin film of Mg(OH)2, 

Mantel et al (24) concluded that the substrate surface finish had no 
significant effect on the current density required for cathodic protection or 
on the morphology and composition of calcareous deposit particles. 

2.2.6 Performance of Calcareous Deposits 

Beneficial aspects of calcareous deposits have been known for 
decades. These films can 
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1. provide a physical barrier to general corrosion attack, 

2. reduce the flux of dissolved oxygen from the bulk solution to 
the metal surface, 

3. enhance the throwing power of cathodic protection, 

4. reduce the current density required for protection and, thus, 

5. make the cathodic protection method of corrosion control 
more efficient and economical in sea water. 

Historical investigations of the protectiveness of calcareous deposits have 
focused upon Mg/Ca of the deposits, and concluded that the more 
advantageous situation arises when little or no magnesium is present. 
Recently, however, Finnegan and Fischer (36) proposed that the sum of the 
calcium and magnesium ion concentrations of the deposits was a more 
appropriate measure of protectiveness. They found that increasing cathodic 
polarization increased Mg+Ca and that the protectiveness of the deposits 
increased with decreasing solution flow rate and with increasing 
temperature. However, the structure of the deposits formed from 
Finnegan et al's work was identified as magnesium calcite. Previous 
studies (24, 25) showed that in addition to a Mg-rich inner layer aragonite 
is the major form of calcareous deposits. Magnesium calcite is stable in 
seawater with substitutions of 2 to 8.5 mole percent Mg at ambient 
temperature, beyond which aragonite is stable (17). Hence, the high 
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Mg+Ca content Finnegan et al observed implies that the deposit was 
unstable magnesium calcite; and the measure of protectiveness of 
calcareous deposits with Mg+Ca may cause misleading that high magnesium 
calcite is more stable than aragonite. However, to determine the 
protectiveness of calcareous deposits, the interactive nature of influential 
factors (as mentioned in the preceding section) should be considered. 
Consequently, the steady-state current density, deposit thickness, adhesion, 
and surface coverage become important characteristics in determining 
protectiveness. 

2.3 Adhesion 

Various definitions of adhesion have been proposed ( 46). From 
concepts of energy or heat of reaction, adhesion is defined as the energy 
liberated when two surfaces coalesce to form an interface. In terms of 
forces, adhesion is described as the maximum force exerted when two 
adhering materials are separated. However, any satisfactory definition 
must account for both the thermodynamic and mechanical aspects of 
adhesion. ASTM D907-70 defines "adhesion" as the state in which two 
surfaces are held together by interfacial forces which may consist of 
valence forces or an interlocking action or both. Valence related adhesion 
may be ascribed to van der Waals forces, chemical bonding, or electrostatic 
attraction. The interlocking action is considered as microscopic mechanical 
interconnection over portions of the interface. 
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2.3.1 Adhesion Theory 

There is no single theory or mechanism which can explain all 
adhesion behavior. The nature of the forces and the mechanism of 
adhesion depends on specific types of adhering systems. At the present 
time different viewpoints on adhesion have been proposed ( 47 ,48): 

1. mechanical theory, in which adhesion is attributed to 
mechanical interlocking at interfaces; 

2. adsorption theory, in which physical and chemical interactions 
are considered the primary driving force of attraction; 

3. electrostatic theory, which explains adhesive attraction 
forces in tenns of electrostatic effects at an interface; and 

4. diffusion theory, in which adhesion is attributed to 
intennolecular entanglements or interatomic migration at the 
interface. 

~echanicaltheofY 

The mechanical theory of adhesion is characterized by mechanical 
interlocking of the materials due to a rough surface. Early study by 
Bikerman ( 49) proposed that surface roughness consisting of open 
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serrations, as opposed to microvoids and overhanging grooves, presented 
more surface area of substrate-adhesive interfaces so that van der Waals 
forces would operate easier. In other words, the mechanical keying or 
interlocking of the adhesive into the irregularities of the substrate surface 
is the major source of intrinsic adhesion. Reegen and Ilkka (50) 
confirmed this point experimentally by peeling tests and found an increase 
in peel strength (up to a factor of three) with increasing surface roughness 
from 4.0 micrometers to 23.0 micrometers. However, the mechanical 
theory cannot account for good adhesion between smooth surfaces. The 
nature of the adherends and adhesives per se seems to be more important 
with regard to the strength of mechanical interface ( 47). 

Adsorption theory 

The adsorption theory of adhesion is characterized by an 
intermolecular effect at substrate-adhesive interfaces and is divided into 
two categories: physisorption and chemisorption. Physisorption arises 
from the attractive forces between non-reacting molecules, otherwise 
known as van der Waals forces. These include dispersion forces and dipole 
forces. Dispersion forces arise from the rapid fluctuation in electron 
density within each atom, which induces an electrical moment in a near 
neighbor and thus leads to attraction between two atoms. Dipole forces 
take place when a dipolar molecule approaches another polar or non-polar 
molecule. Huntsberger (51) calculated the attractive forces between two 
planar bulk phases due solely to van der Waals forces and showed that at a 
separation of 1 nm the attractive force would be approximately 100 MPa. 
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However, later studies (48,52) pointed out that air voids, spreadability of 
adhesive and adherend contact angle contribute to joint strength. 

Chemisorption is associated with exchange of electrons and the 
formation of chemical bonds, such as ionic, covalent and metallic, between 
substrate-adhesive interfaces. Crocker (53) noted that although optimized 
van der Waals interactions were sufficient to provide interfacial strength, 
additional chemical bonding might promote joint strength. It was shown in 
practice that chemical bonding at an interface could modify the progressive 
desorption of adhesive due to moisture infiltration along an interface at 
high humidities (53,54 ). 

Although adsorption theory successfully provides explanations for 
bond performance between substrate-adhesive interfaces, it ignores the 
presence of electric charge on the bond surface as well as the typical 
features of high polymers, in which they differ from both liquids and 
elastic bodies. 

Electrostatic theory 

The electrostatic theory treats the adhesive-adherend system as a 
capacitor which is charged due to the contact of two different phase 
substances. The strength of the joint is presumed due to the existence of an 
electrical double layer. 
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Deryaguin (55) proposed the electrostatic theory based in part upon 
the fact that fracture of a joint could sometimes lead to electrification of 
the fracture surfaces and even to electrical discharge and electron emission. 
He stated that separation of the parts of the capacitor , as occurs during 
breaking of the joint, led to separation of charge and to development of a 
potential difference which increases until a discharge occurred. However, 
Huntsberger (56) and Weidner and Crocker (57) criticized this by 
considering that electrostatic effects were byproducts of the fracture 
process and did not contribute to bond strength. In other words these 
electrical forces present themselves only when the ahhesive-adherend 
system is broken; and the interfacial forces arising from any electric 
double layer do not make a major contribution to the intrinsic adhesion. 

Diffusion theory 

The diffusion theory of adhesion proposed by Voyutskii (58) 
suggests that adhesion of high polymeric substances is produced by the 
diffusion of chain molecules or their segments from one phase into 
another, thereby providing a bond between film and substrate. Unlike 
other adhesion theories, Voyutskii's view was based upon the typical 
properties of high polymers where there is no interface between polymer 
surfaces but a region of variable composition or "interphase". This means 
essentially a gradual transition takes place between substrate and adhesive 
phases and forms a mixed layer containing both molecules. 
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Any requirement of diffusion alone as the sole adhesion mechanism 
is sufficient to restrict applicability of this theory to systems in which 
diffusion can occur. Thus, it cannot apply to cases involving one or more 
solids, such as glass or metals at temperatures well below melting, since 
sensible diffusion cannot occur in these systems during the times and at the 
temperatures employed in the adhesive joining process. 

2.3.2 Adhesion Measurement 

Experimentally, adhesion is measured in terms of forces or the work 
of detachment or separation of the adhering phases. The separation may 
take place at the interface, in the interfacial region (also called interphase) 
or in the bulk of ·the weaker adhering phase. The last of these is termed 
cohesive failure and is related to the cohesive strength of that bulk phase. 
For cases where the separation occurs at an interface or in an interphase, it 
is designated as adhesion failure (59). 

For a given adhering system different techniques yield different 
practical adhesion values. To be meaningful a test program must be 
developed for each situation. There has been considerable effort devoted 
to developing adhesion measurement techniques (60). In the present study 
some test methods have been reviewed and classified as to whether they 
pertained to adhesive, coating or electrodeposited materials. 
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Adhesion testing for adhesive and coating materials 

Tensile tests 

In these tests a force is applied perpendicular to the adherend

adhesive interface and the force-area necessary to disrupt the interface is 

taken as a measure of adhesion strength. Schlaupitz et al (61) outlined the 

following requirements for an ideal tensile test to measure bond strength: 

1) symmetry across the interface, 2) absence of local stress concentration, 

3) minimum plastic defonnation, 4) state of the stress identical on either 

side of the interface, and 5) failure should occur at the interface rather than 

in the adherend or adhesive. 

Shear tests 

Shear stresses are produced by forces which act in the plane of the 

adhesive layer and which resist the movement of the adherends in opposite 

directions. In practice, the particular shear tests for structural metal 

adhesives are single- and double-lap-shear tests, and double-shear torsion 

test. The single-lap-shear specimens can be used for detennining shear 

strengths of dissimilar materials. The double-lap-shear specimens 

minimize the variable of joint eccentricity and result in higher values of 

shear strength than single-lap-shear specimens. The double-shear torsion 

test can detennine the shear modulus of adhesives for better bonded joint 

design (61). 
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Peel tests 

When a bonded adhesive joint is gradually forced apart from the 
edges inward, the tearing of the adhesive is called peeling. Cagle (62) 
stated that an unbonded area in a bonded panel could become a localized 
source of failure which progressively enlarged when the panel was 
subjected to sufficiently high static or alternating loads. According to this, 
peel tests involve applying a force through a bending moment arm at a 
predetermined peel angle; and peel strength is expressed in terms of force
length. Mittal (63) concluded that stresses induced in the adhesive layer 
during peel tests might be influenced by angle of peel, rate of peel, width 
of the test strip, and thickness of the adhesive layer. In addition, for 
comparative purposes peel strength cannot directly be compared with the 
tensile or shear strength which is in terms of force/area. 

Bendin2: test 

Lateral stresses sufficient to cause adhesion failure are most easily set 
up by distorting the substrate, for example by a bending test. In this case 
adhesion failure may be less important than cohesive cracking, but careful 
inspection often reveals that coarseness of the crack pattern is directly 
related to the inadequacy of adhesion (64 ). Moreover, a film that appears 
merely to have cracked will often peel spontaneously from the cracks 
within a few minutes of testing, indicating that adhesion failure had in fact 
begun over a substantial area. 
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In this method a flexible painted panel is bent over a mandrel at a 
controlled rate either slowly (bending test) or rapidly (falling weight 
impact test). The principle of operation is based upon the idea that 
differential lengthening of substrate and coating results in forces that tend 
to separate the two. Bending radius and thickness of both substrate and 
coating affect the adhesion strength. Thus (65) 

t 
L = 2R+ t X 100 [13] 

' 

where L is the extension, in percent, t the thickness of the panel (assuming 
the thickness of the paint film to be much smaller) and R the radius of the 
mandrel. If the elastic modulus of the paint film is known, the stress to 
detach the film may be calculated. Otherwise, the mandrel diameter to 
produce detachment or cracking is noted. 

Scratch tests 

In these tests a film attached to a substrate is scraped by a blade 
(knife) moving in one direction. The force to maintain this motion is 
recorded and taken as a measure of the adhesion of the film. However, a 
drawback of this procedure is that the knife can simply tear through the 
film, in which case the measured force has no relation to adhesion per se. 
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Ultracentrifuge test 

In this technique adhesion is determined by measuring the force 
necessary to detach a coating from a rotor surface. The specimen is spun 
at extremely high speeds to provide the requisite centrifugal force. At a 
critical speed of rotation the coating can no longer withstand the 
centrifugal stress and is detached. However, in this test the rotors must run 
in vacuum to reduce surface heating by air friction. Consequently, any 
residual solvent or adsorbed water is removed; and so environmental 
effects are absent. This test condition may, however, result in a situation 
where it is difficult to distinguish between cohesive or interfacial failure 
(64). 

Ultrasonic vibration 

The normal force in this method is supplied by the inertia of the 
coating subjected to rapid reversals of motion at frequencies in the 
ultrasonic range. The amplitude of vibration, a, of a rod is calculated from 
the measured input voltage. Then the maximum acceleration is given by 
4n2t 2a, where/ is the fundamental frequency of vibration given by 

( i L) Jf, E being Young's modulus, L the rod length, and p the film 

density (64). Knowing the dimensions and density of the film, the force at 
each reversal can be calculated. 
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Blister method 

In this test a gas or liquid fluid is injected beneath the coating at the 
coating-substrate interface and the hydrostatic pressure is increased until 
the coating begins to detach (peel away) from the interface. The beginning 
of peel is usually indicated by a discontinuity on the pressure-volume plot. 
Most of the work using this method has been done on relatively thick (25 
!J.m) paint films (66,67). Dannenberg (68) concluded that the technique 
was appropriate for surface coatings other than organic paints; and the 
adhesion strength would be influenced by thickness, ductility, or brittleness 
of the coating. 

Adhesion testing for electrodeposit materials 

Ring shear tests 

Zmihorski (69) originally used a ring shear test to measure adhesion 
between electrodeposited chromium and steel. A cylinder rod was coated 
with separated 0.20 to 0.60 mm thick rings of chromium. This rod was 
then forced through a hardened steel die with a hole larger in diameter 
than of the rod but smaller than the rod plus coating. This caused the 
coating to detach, and the adhesion strength R was detennined from the 
formula 

R = _1?__ 
nds, 
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where, p is the load to cause failure, d the diameter of cylindrical rod, and 
s the width of the chromium deposit. After testing, the failures can be 
located visually or by metallographic techniques. When adhesion is poor, 
the deposit separates from the substrate at the interface of the two. When 
adhesion is strong, separation occurs within either the deposit or substrate. 

Conical-head tensile tests 

With this test, developed by Moeller and Schuler (70), the 
electrodeposit, the substrate, and the bond between the two are tested in 
tension, the loading direction being normal to the bond. Flat panels are 
plated on both sides with thick electrodeposit. Conical-head specimens are 
machined from the panels and then tested by standard tension testing 
procedures. After testing, visual examination is usually all that is needed to 
detennine the location of the failure. Specimens with good adhesion fail in 
either the substrate or the deposit, thus providing a measure of tensile 
strength of the failed member. Dini and Johnson (71) pointed out that this 
test, which uses standard tensile testing methods, is probably a better 
measure of bond strength than other static tests, since it is easy to reveal 
whether the bond is metallurgical in nature or simply mechanical. 

Ollard tests 

The Ollard test (72) measures the adhesion of a plated coating by 
pulling the coating directly from its substrate in tensile. The tensile load is 
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supplied by a testing machine, and the adhesion is calculated from the 
known failure load and the area of the bond. However, Davies and 
Whittaker (73) expressed concern that the applied tensile forces on the 
coating are not always perpendicular to the interface, nor is it necessarily 
distributed unifonnly over the area used to calculate the bond strength. 
Hence, this technique does not fulfill many of the requirements for a tensile 
test and is suitable for thick films only. 

Knapp (74) developed a sheet test modification which is valid for 
somewhat thinner deposits. In this technique the test specimen is a sheet 
material which has a thick electrodeposit on both sides and is subsequently 
machined in a pattern suitable for support in a die holder. A steel plunger 
is inserted in the central opening so that the coating can be pushed. 
Nevertheless, Mittal (63) stated that thin deposits must be overplated with a 
heavy adherent deposit for testing and this rendered the specimen 
preparation a lengthy process. 

Electrochemical method 

This method is based upon the assumption that the degree of adhesion 
of an electrodeposited metal coating on a metal surface is related to the 
active surface of the cathode on which the metal material is deposited, and 
this is detennined by the magnitude of polarization at the moment of 
turning on the plating current. From the behavior of the polarization as a 
function of time, Vagramyan and Soloveva (75) detennined the degree of 
adhesion. However, Mittal (63) noted that the extent of area on which the 
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metal was deposited did not necessarily detennine the adhesion strength and 
that the effect of thickness of the electro deposit should be considered. 

Cathodic treatment 

In a sense cathodic treatment is similar to the blister test mentioned 
above with the difference that here hydrogen is used as the fluid to cause 
the separation. In the present test the coated part is the cathode in an 
electrochemical cell, and hydrogen evolution blisters the coating when 
potential is more negative than the reversible hydrogen value. However, 
the technique has no applicability to polymeric substrates and is qualitative 
in nature. 

In general, adhesion or adhesive strength is a macroscopic property 
that depends on bonding across the interfacial region, local stresses, and the 
adhesive failure mode. The failure mode may be determined by the 
environment, the chemical and electrochemical properties of the film and 
substrate materials, film morphology, mechanical properties, defect 
morphology of the interfacial region and the manner in which external 
stresses are applied (76). In these cases visual inspection is inadequate to 
ascertain the locus of failure, and techniques such as ion scatting 
spectrometry (ISS), secondary ion mass spectrometry (SIMS), scanning 
electron microscopy (SEM), Auger electron spectroscopy (AES), X-ray 
photoelectron spectroscopy (XPS), and electronspectroscopy for chemical 
analysis (ESCA) should be employed (77). 
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%Na 

%Fe 

% Si 

%Cl 

%C03 

%Ca 

%Mg 

%Sr 

%0H 

Balance 

Current Density, mA/m2 

540 1080 1860 

0.72 0.85 0.78 

3.78 3.46 2.60 

0.65 1.77 1.30 

0.44 0.84 0.76 

44.62 32.62 29.66 

28.91 20.88 17.54 

6.51 13.53 18.00 

0.14 0.06 0.04 

8.37 18.18 23.35 

94.14 92.19 94.03 

Table 1. Analysis of calcareous deposits. 

[Data of Humble (1)] 
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1.03 

2.12 

0.41 

0.55 

14.70 

6.73 

29.47 

0.006 

38.25 

93.536 
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EXPERIMENTAL PROCEDURE 

3.1 Specimens 

The test specimens, 150 mm long by 25 mm wide rectangular strips, 
were cut from 0.20 mm thick sheet of carbon steel. The nominal 
composition of this steel is shown in Table 2. The surfaces were polished in 
sequence with 320 and 600 grit SiC paper wetted with mineral oil for all of 
the experiments except the surface finish investigations where 60, 320, and 
1500 grits (the 1500 grit is finer than 600 but is not graded by the same 
standard as the others) were employed as well. Once the desired surface 
had been prepared, the specimens were washed with soap and distilled 
water and degreased with acetone. A 0.40 mm diameter by 25 mm long 
steel wire was then spot welded on each specimen, and an electrical 
connection to the potentiostat was made from this. One side of each 
specimen was also masked with electroplating tape (3M, No. 470) to 
prevent the formation of deposits on that surface. Immediately preceding 
the experiments specimens were again ultrasonically cleaned, acetone 
rinsed and air dried. 

3.2 U-bend Specimen Loader 

To investigate calcareous deposit adhesion a bending system was 
designed and constructed, as shown in Figure 5. The principle of operation 
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was based on U-bend stress-corrosion cracking testing but with several 
modifications. These involved polarizing in the test solution for a 
prescribed period and then moving the specimen ends together to affect a 
predetermined amount of bending and holding in that position. The 
bending was performed slowly and evenly by manually turning the driver 
(see Figure 5) such that the specimen ends moved together at a rate of 5-
7.5 em/min. 

3.3 Electrochemical Cell 

The electrochemical cell, as shown in Figure 6, was a 304 x 228 x 
228 mm Plexiglass bath which included 1) a U-bend specimen working 
electrode, 2) aPt coated Nb mesh counter electrode, 3) a saturated calomel 
reference electrode, 4) them1ometer, 5) scale and 6) test solution inlet and 
outlet. The scale was used to determine the displacement of specimens 
during bending. 

3.4 Test Solution 

Test solutions consisted of both natural and synthetic seawater. The 
former was sand-filtered, once-through seawater, as is available at the 
Center for Marine Materials Laboratory at Florida Atlantic University. 
The properties of this water for an annual cycle have been reported 
previously (78). During the test period the seawater temperature was 24 to 
28 oc. 
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The preparation of synthetic seawater was based on ASTM D-1141 
"Standard Specification for Substitute Ocean Water" but with several 
modifications. The ·Solution included 0.7 M NaCl (99.85% minimum 
purity, The Laboratory, Inc.) and 0.0025 M NaHC03 (Certified A.C.S. 
Baker Analyzed Reagent). The 0.7 NaCl solution was chosen to reproduce 
the total ionic strength of natural seawater. For some experiments 0.01 M 
CaCl2 and/or 0.055 M MgCl2 (Baker Analyzed Reagents) were added 
depending on the objective. The pH of the solutions after adjustment with 
0.1 N NaOH was 8.2+0.1, and determined by an Orion Research Model 
701A Digital Ion Analyzer. 

3.5 Test Installation 

A reservoir and ball valve were used to control flow rate through 
the cell at 1 oo+ 10, 400+ 10 or 8QO+ 10 ml/min. A TECHNE-TE8A 
temperature-controlled bath as well as FrS recirculating cooler system 
were used to keep the electrolyte temperature at 10+0.5, 22±0.5, and 
30+0.5 oc. Cathodic polarization was performed using locally fabricated 
potentiostats based on the circuit designed by Baboian et al (79). These 
consistently maintained potential within +2 milivolts of the prescribed 
value, as determined by a BK Precision 2830 digital multimeter. Prior to 
the start of each experiment the electrochemical cell was washed with 
distilled water and rinsed with the test solution. Then the test solution was 
added to the cell and the desired flow maintained for a minimum of two 
hours before introducing the specimen. The electrical connections were 
made prior to placing the specimen in the cell, and the potentiostat was 
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preadjusted to the prescribed value by using another specimen of the same 
substrate material. 

3.6 Test Procedure 

The test conditions were established from previous work (24,25) and 
preliminary polarization experiments. The favorable conditions for scale 
growth typically involve a potential of -850 m V (SCE) or more negative 
for potentiostatic work; and so three cathodic potentials, -850, -900 and 
-1000 m V, were employed. The pre bending exposure duration, where a 
strip specimen with desired surface finish was cathodically polarized at a 
potential of -850, -900 or -1000 m V and a flow rate of 400 ml/min, was 
1000, 2000, 3000, 4000 or 6000 minutes. When the prescribed exposure 
time was reached, the cathodic potential was changed to -900 m V (for 
specimens initially polarized to -850 or 1000 m V), followed by a 120 
minute stabilization period, bending 25 mm and subsequent current 
monitoring for up to 2000 minutes. The same procedures were also 
employed to investigate the influence of flow rate on adhesion except that 
specimens were cathodically polarized to -900 m V (SCE) for 2000 or 6000 
minutes, flow rate was altered from an initial value of 100, 400, or 800 
ml/min to 100 or 800 ml/min; and specimens were bent either 25 or 38 
mm. The control potential and resulting current were monitored at 
intervals ranging from 20 seconds to 1 hour by a Metrabyte DAS-8 data 
acquisition system with control interface boards. Upon termination of an 
experiment specimens were rinsed with distilled water and acetone, air 
dried and stored in a vacuum desiccator. 
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3.7 Specimen Analysis 

An lSI Super IliA Scanning Electron Microscope (SEM) was used to 
study the morphology and microscopic detachment of deposits from the 
specimen surface. To prevent electrode surfaces from static ~harge 
buildup a carbon sputter coating was applied. 

The deposit crystallography was analyzed using a Phillips model 
APD 3720 X-ray diffraction unit with an XRG 3100 generator. The 
diffraction angle and X-ray intensity were recorded and compared with 
pure crystal standards (Powder Diffraction File, International Center for 
Diffraction Data,1989). To calibrate the sample displacement error, pure 
silicon powder was added. 
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SPECIMEN 

Nominal Composition: 

Element c Mn P S 

Wt% 0.08-0.13 0.3-0.6 0.04 max. 0.05 max. 

Dimension of Specimen : 

Length = 150.00 mm 

Width = 25.00 mm 

Thickness = 0.20 mm 

Table 2. Chemical composition and the dimension of specimens used in 
this work. 
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(1). Specimen (3). Reference electrode 
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RESULTS AND DISCUSSION 

4.1 Adhesion Testing 

Preliminary experiments were performed to qualify the adhesion test 
procedure. Strip specimens masked on one side with electroplating tape 
were cathodically polarized at -900 m V (SCE), 800 ml/min for 4000 
minutes. Figure 7 presents current density versus time data for these 
where the exposed surface was bent in either tension or compression. No 
loading was applied during the initial 180 seconds, but subsequent to this 
the specimen was continuously bent at a rate of approximately 2 mm/min. 
For the tension case little or no change in current density or deposit 
appearance was apparent; but a gradual current density increase, followed 
by a relatively sharp increase after about 1080 seconds, occurred for the 
compression specimen. As the current density gradually increased a color 
change from gray to white occurred for some of the deposit on this 
specimen; and the film fracture followed by progressive detachment from 
the specimen was concurrent with the sudden current density increase. 
Subsequent examination of the specimen indicated that areas of the deposit 
which had become white were debonded. Apparently deposits bent in 
compression were more susceptible to debonding than ones deformed by 
bending in tension, and occurrence of this debonding can be revealed by 
either the current density increase or the color change. It was determined 
that tension side deposits would debond after more extreme bending; 
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however, all subsequent experiments involved deposits on the compression 
side of specimens. 

It is suggested that the strip specimens were subjected to 
simultaneous bending loads and axial forces during adhesion testing. An 
illustration is shown in Figure 8, which portrays a film-free specimen 
before and after bending. A loading force P acting on a cross section mn, 
which is normal to the axis of the specimen (see Figure 8), can be resolved 
into two orthogonal components, Nand V, which are,respectively, 

N = P sinS and V = P cos9 , [14] 

where 9 is the angle between the loading direction and the plane of cross 
section mn. When the specimen is bent, a bending moment M = Pd, in 
which d is the arm of the loading force P, results and acts on the cross 
section mn. The resultant normal stresses at any cross section of the 
specimen are obtained by superimposing the axial stresses due to N and the 
bending stresses due to M. The maximum stresses should occur at the half 
length of the U-bend specimen, where the axial force and bending moment 
are greatest. These stress distributions are shown separately in Figure 9a 
and b. Note, however, that in all instances of combined bending and axial 
load the neutral axis (N.A.) of the cross section does not pass through the 
centroid and may even be outside of the section. This, the net stress state, 
which is shown in Figure 9c, can be determined from the equation 
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cr =~+Me 
A I 

' 
[15] 

in which A is the area of the cross section, I the moment of inertia of the 
cross-sectional area with respect to the neutral axis and c the distance from 
the neutral axis to the surface in either the positive or negative y direction 
(see Figure 9). As a result it is clear that a greater surface stress existed on 
the compression rather than tension specimen face. 

It is projected that for deposits formed on the compression side of a 
specimen a shear force resulted at the substrate-film interface and caused 
the film to debond as a critical stress was reached. Since the bending 
moments at cross section mn and m1n1 (see Figure 10) are equal and 
opposite, the normal stress O'x over the faces np and n 1p 1 will also be equal. 

Hence, the element is in equilibrium; and the shear stress 't should be zero. 
However, the difference in the moduli of elasticity Es and Ec of steel and 
calcareous deposits, respectively, as well as varying bending moments 
along the specimen cause shear stresses which tend to debond or spall the 
film. 

Figure 11 presents photographs of specimens which were polarized 
to -900 m V (SCE) at 400 ml/min flow rate for 4000 minutes and then bent 
to different deflections. In each case grayish-white, uniform deposits were 
observed on the specimens before bending. Upon flexing these changed to 
a distinctive white in locations of debonding, and flakes of deposits 
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detached. The photographs illustrate that the amount of spalling increased 
with increasing bending. 

Figure 12 presents a current density versus time plot to 4000 minutes 
for specimens polarized at -900 m V (SCE), 800 ml/min and with and 
without mechanical bending. In both cases current density decreased with 
time as calcareous deposits developed on the surface, but the specimen that 
was bent after 2000 minutes exposure exhibited a relatively abrupt current 
increase in response to this stressing. It is generally recognized that an 
effect of calcareous deposits on the polarization behavior of steel in 
seawater is to reduce the oxygen flux from the bulk solution· to the steel 
surface. In the case of loss of adhesion or spalling of the deposits, 
unfilmed surface became exposed thereby causing an increase in current 
density. 

Plastic slip in the substrate, as shown in Figure 13, could cause or at 
least contribute to deposit debonding. In cases where dislocation pile-ups 
cut the metal surface, the brittle calcareous deposit film may break or 
debond and bare metal surface become exposed. If the slip step height 
(SSH) of the substrate is relatively small compared to the film thickness, 
then film integrity may be preserved with little or no change in current 
density or color of the deposit. As SSH increases, however, an open space 
( debonding) between the film and the substrate is anticipated, thereby 
causing the color change and current density increase. 
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Moreover, two factors associated with the debonding process are 
thought to influence the current density increase. The first is the extent to 
which the deposit is removed from the steel surface. Thus, if the 
separation is by a relatively small distance and there are few fissures in the 
film for electrolyte and dissolved oxygen intrusion, then the current 
density increase should be small compared to a situation where these 
dimensions are large. The second factor pertains to the surface area of 
debonding (large area leads to a large current density increase). To date, 
no attempt has been made to quantitatively evaluate the current density 
increase in terms of these two components. 

No attempt has been made to measure the debonded area of 
calcareous deposits during specimen bending, and possibly understand the 
role of the two above factors. Instead, the charge density increase in 
association with debonding (based upon the net specimen area), was 
employed to quantify the extent of film disruption. This parameter was 
obtained by integrating the increase in current density after specimen 
bending over the time between detachment (and/or fracture) of the film 
and its repair under potentiostatic polarization. A general schematic 
diagram of the current transient during the sequence of film detachment 
and repair is shown in Figure 14. The charge density associated with this 
process is indicated by the hatched area. 
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4.2 Time-dependence of Deposit Adhesion 

To investigate the effect of exposure time upon adhesion, a specimen 
was exposed to a flow rate of 100, 400 or 800 ml/min for times up to 6000 
minutes at -900 mV (SCE). Figures 15-17 present the results of current 
density versus time experiments to 1200 seconds (1 020 seconds after the 
start of bending) for these specimens. In all cases current density was 
relatively constant for the first 180 seconds but increased upon bending, 
followed by a decay to another steady state value. Formation of calcareous 
deposits during the prebending polarization period apparently provided an 
efficient barrier to the diffusion of dissolved oxygen resulting in the 
relatively low, initially constant current density. When a specimen was 
bent, loss of adhesion or spalling of the deposit led to an increase in current 
density. 

The increment of charge density in the first 20 minutes after 
specimen bending is shown in Figure 18, which reveals that this parameter 
decreased in a similar manner for each of the flow rates investigated. 
After 4000 minutes charge densities for flow rates of 400 and 800 ml/min 
were essentially constant at about 8 and 12 Coul/m2, respectively. 
Precipitation of calcareous deposits is thought to involve adsorption of 
colloidal particles on the steel surface when a certain degree of 
supersaturation is reached. Further deposition then occurs as growth 
around these grains. Adhesion of deposits may be enhanced by 
impingement of particles during further growth. Previous studies (24,25), 
as mentioned in section 2.2.4, have concluded that this occurs in the 2000-
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4000 minute period. Interestingly, the charge density decrease shown in 
Figure 18 occurred in this same range suggesting that the growing together 
process yielded a film that was relatively resistant to disruption upon 
bending compared to ones formed for shorter times. 

4.3 Effect of Potential upon Adhesion 

A series of experiments was performed at potentials of -850, -900 or 
-1000 mV (SCE) with flow rate 400 ml/min for 1000, 2000, 3000, 4000 
and 6000 minutes to study the effect of applied potential. The notation 
-850/-900 m V is used to indicate that cathodic potential -850 m V (SCE) 
was applied for a certain exposure time followed by altering this to -900 
m V (SCE); and after a 120 minute stabilization period the bending test was 
performed. Figures 19 and 20 present the current density versus time 
behavior for -850 and -1000 m V specimens as a function of time during 
the bending process. In general, the trend for these is in accord with the 
time-dependent experiments discussed above (Figures 16 and 17). 

For these same experiments charge density for the first 20 minutes 
after specimen bending is shown in Figure 21 as a function of pre bending 
exposure time. At -850/-900 and -900/-900 m V (Figure 21) charge density 
decreased with increasing exposure time. At -1000/-900 mV, however, an 
increase in charge density was observed during the first 4000 minutes of 
exposure followed by a decrease. It is well known that the hydrogen 
reaction and gas evolution occur at -1000 mV (SCE), and the gas fanned at 
the steel-electrolyte interface could cause the film to debond. As shown in 
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Figure 22 a steady decrease followed by a relatively sharp increase in 
current density was observed for the specimen cathodically polarized at 
-1000 mV (SCE) for 6000 minutes without any bending. Loss of adhesion 
in this latter experiment was apparent from the deposit color change as 
shown in Figure 23. 

It is generally recognized for the present electrolyte and polarization 
conditions that current density is equivalent to the rate of OH- generation 
which, in tum, detennines the driving force for deposit formation (25). 
As the applied potential is made more negative, cathodic current density 
and pH near the metal-electrolyte interface should increase; and a Mg-rich 
film precipitates when [Mg2+][oH-]2 > Ksp. In addition, the precipitation of Mg(OH)2 is anticipated to be under OH- and not Mg2+ concentration 
control (24). Thus, for a low applied potential a relatively thick Mg-rich inner layer and dense CaC03 outer layer can be expected; and this may 
enhance the adhesion of deposits to the metal surface. However, at more 
negative potentials a cathodic reaction involving water dissociation and 
hydrogen reduction occurs, and this may compromise this adhesion as 
discussed above. 

4.4 Flow Rate Effect 

Figure 24 presents a current density verse time plot to 6000 minutes 
for specimens polarized at -900 m V (SCE) and flow rates of 100, 400, or 
800 ml/min. As anticipated (24 ), the upper plateau current density varied 
in proportion to flow rate, but the long-term current density was 
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essentially velocity independent. On this basis it was decided to perform a 
series of short term (2000 minutes) and long term (6000 minutes) 
experiments to study the influence of flow rate upon adhesion of deposits. 
The current density versus time during bending trend and the current 
density increase as a consequence of calcareous deposit debonding are 
shown in Figures 25 and 26. The notation of 400/100 ml/min was used to 
indicate that flow rate was switched from the initial 400 ml/min to 100 
ml/min when a certain exposure time was reached so that all bending was 
performed at the same flow condition (100 or 800 ml/min). In all cases 
current density increased in response to specimen bending. 

Figures 27 and 28 quantify the current density increase in terms of 
charge density for the specimens with prebending exposure times of 2000 
and 6000 minutes, respectively. While in the former case (2000 minutes) 
the data suggest that deposit adhesion decreased with increasing flow rate, 
comparison of the current density for /100 ml/min and /800 ml/min 
specimens just prior to bending (Figure 25) at 100 ml/min reveals that this 
current density was directly proportional to flow rate during the initial 
2000 minutes. This was probably due to an inverse dependence between 
thickness of the Mg-rich film which dominates at times up to 2000 minutes 
and flow rate (24 ), and so it may be that adhesion was influenced by this 
factor (film thickness). Such a possibility is also consistent with the data in 
Figure 18. Consequently, the charge density distinctions in Figure 27 may 
reflect this thickness difference rather than an influence of flow rate per se 
upon adhesion. 
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For the long term exposure (6000 minutes) Figure 28 reveals the 
same trend as Figure 27. Such an observation could also be related either 
to differences in film thickness or in the amount of the Mg-rich inner layer 
of calcareous deposits or both. It has been reported (24) that films formed 
at lower flow rates resulted in more CaC03 nuclei than at higher flow. It 
is anticipated that as the effective flow rate increased, growth rate of CaC03 particles should decrease; and so it may be that two dimensional 
growth (in the substrate plane) and larger CaC03 particles characterized 
the higher flow rate case and thicker films (three dimensional growth) with 
finer grains the lower flow rate. This may have influenced film thickness 
and density. However, with completion of CaC03 particle impingement, 
which was probably governed by the pH profile, the lower plateau steady 
state current density, which was independent of flow rates, was reached. 

As discussed above, it is believed that precipitation of the Mg-rich 
inner layer is under OH- and not Mg2+ concentration control (24). The 
reduction of the total amount of OH- in the diffusion boundary layer with 
increasing flow could result in a lower overall driving force for Mg(OH)2 
formation and, hence, precipitation of a thinner Mg-rich layer. The 
presence of a relatively thin Mg-rich inner layer could cause poor 
protectiveness (or adhesion) of calcareous deposits, since it is upon this that 
CaC03 precipitates formed. A previous study (25) suggested that a mixed-
mode of polarization (initially galvanostatic followed by potentiostatic) 
provided a more protective calcareous deposit compared to one where 
deposits formed by either purely potentiostatic or galvanostatic control. It 
was pointed out that a high initial current density provided by galvanostatic 
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polarization enhanced calcareous deposit precipitation kinetics and resulted 
in more magnesium (alternately, thicker Mg-rich film) in the deposits. 
Thus, the quantity of the Mg-rich inner layer could be a factor which 
determines adhesion (or protectiveness) of calcareous deposits. To 
investigate this a series of experiments was performed where specimens 
were bent to a greater extent (38 mm instead of 25) and the accompanying 
current density change recorded. Figure 29 presents the results where a 
specimen was exposed to a flow rate of 100, 400, or 800 mVmin for 6000 
minutes, followed by bending 38 mm at 100 ml/min. Consistent with 
Figure 26 the current density increased in response to bending, but the 
relatively sharp increase occurred at different times after bending for each 
flow condition. At 800 ml/min the time of film disruption (180<t<200 
seconds) was shortly after the specimen was bent; but debonding was 
prolonged at 100 ml/min to 320 seconds even though here also the bending 
commenced at 180 seconds. The debonding time for flow rate 400 ml/min 
was intermediate between these two. Subsequent measurement of film 
thickness using a micrometer with three p.m resolution indicated that the 
thickness of deposits formed at each of the flow conditions was in the range 
255+5 J.lm. This implies that in the present study a flow rate effect did not 
dramatically change CaC03 film thickness for a long term (6000 minutes) 
exposure, but it could have influenced the amount of magnesium present in 
the sublayer. 

58 



4.5 Effect of Temperature upon Adhesion 

To investigate any effect of temperature upon calcareous deposit 
adhesion, experiments were performed at 10, 22, and 30 °C. Figure 30 
presents the current density required to maintain polarization of a steel 
specimen to a potential of -900 m V (SCE) as a function of time for each of 
these temperatures. At 30 °C the current density decreased at a relatively 
rapid rate to a low, final steady state current density. In comparing this to 
the two lower temperatures, note that: 1) the upper plateau current density 
(although ill-defined) decreased with decreasing temperature, 2) the rate of 
decrease in current density with time was directly proportional to 
temperature, and 3) the final steady state current density (assuming this to 
have been reached at 6000 minutes) varied inversely with temperature. It 
is generally recognized that in the absence of deposits a linear relationship 
exists between bulk solution dissolved oxygen concentration and current 
density at -900 mV (SCE) (31). Although the solubility of oxygen 
increases with decreasing temperature, the lower diffusion coefficient and 
thicker diffusion layer result in a decreased oxygen flux at lower 
temperatures and the observed current density-temperature trend. Once 
deposits form, however, the diffusion barrier effect caused the steady state 
current density to decrease with increasing deposition. Thus, the lowest 
steady state current density at 6000 minutes occurred at 30 °C. 

Figure 31 presents the current density versus time trend for these 
same specimens during the bending process. In all cases current density 
increased in response to bending. The increment of charge density 
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resulting from this is shown in Figure 32. The trend here suggests that 
deposit adhesion increased with temperature. However, subsequent 
examination of the specimens indicated that relatively thin deposits were 
formed on the metal surfaces at 10 °C compared to those at the higher 
temperatures. Hence, it is more likely that the high charge density at 10 °C 
was due to a thickness effect rather than an influence of temperature upon 
adhesion per se. Nevertheless, a decrease in charge density occurred 
between 22 and 30 °C; and this may be attributed to a thicker CaC03 outer 
layer enhancing adhesion of deposits. 

It has been reported that the solubility of Mg(OH)2 decreases with 
decreasing temperature whereas that of CaC03 increases. Also, Dexter 
and Lin (10) reported that the interface pH is higher at low temperature, 
thus facilitating presence of magnesium as well as calcium in the films. 
Therefore, it is reasonable to infer that deposits fom1ed at 22 °C consisted 
of a thicker Mg-rich inner film with a thinner CaC03 outer layer 
compared to those formed at 30 °C. However, precipitation of the Mg
rich film occurred readily during the initial few seconds of exposure (24); 
and development of this layer was limited in association with the modest 
electrolyte layer thickness within which pH was such that [Mg2+)[0H-]2 > 
Ksp. In addition, once CaC03 particles achieved critical size, growth was 
rapid due to a relatively high supersaturation level of CaC03. Thus, a 
dominance of CaC03 over Mg(OH)2 at the highest of the three 
temperatures is projected; and the presence of a relatively thick CaC03 
film compared to one formed at low temperature indicates that the rate of 
CaC03 particle coalescence (three dimensional growth) increased with 
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increasing temperature. Therefore, a high impingement rate of CaC03 
could be the reason for enhanced adhesion of calcareous deposits at 30 °C 
compared to the two lower temperatures. 

4.6 Substrate Surface Effect 

Although it has been reported that the effective resistance of deposits 
to oxygen diffusion is independent of surface finish (24 ), it is interesting to 
know if this factor affects deposit adhesion. To study this specimens with 
surface finish 60, 320, and 1500 grit were exposed to a flow rate of 400 
mVmin. for 2000 and 6000 minutes at -900 m V (SCE). Figure 33 presents 
the current density versus time plot to 6000 minutes for these specimens 
exposed at 22 °C. The general characteristic of this plot is a rapid initial 
current density drop followed by a poorly defined transition from the first 
plateau to the second (as mentioned in the literature section). Such an 
observation is consistent with the results of others who have shown that the 
formation of a thin Mg(OH)2 film results in the substrate surface finish 
having no effect upon the current density required to maintain a prescribed 
potential (24). 

Figure 34 presents the current density versus time behavior as a 
consequence of film debonding for specimens with prebending exposures 
of 2000 and 6000 minutes. After bending, a higher current density 
resulted at 2000 minutes compared to 6000; and the trend for this was in 
accord with the time-dependent experiments discussed above (Figures 16 
and 17). Results of the charge density increment as a function of surface 
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finish are shown in Figure 35. At a prebending exposure time of 2000 
minutes charge density increased inversely with surface roughness, but 
little or no change was found for the long tenn (6000 minutes) exposures. 
Thus surface finish affected adhesion of short term (2000 minutes) deposits 
but had no significant influence at the longer time. In other words a 
mechanical interlocking effect produced by a rough surface finish 
increased adhesion of deposits comprised of the uniform Mg-rich layer as 
well as of individual, isolated CaC03 particles. However, once the particles 
grew together and covered the entire specimen surface, deposit thickness 
and interconnectivity probably governed adhesion instead of the depth of 
substrate surface irregularities. 

4.7 Electrolyte Type Effect 

To investigate the influence of dissolved Mg2+ and ca2+ ions in sea 
water upon the adhesion of deposits, a series of experiments was performed 
in synthetic and natural sea waters at -900 m V (SCE), 400 ml/min, and 22 
°C for times up to 6000 minutes. These experiments involved the 
following solutions: 

1. 0.7 M NaCl + 0.0025 M NaHC03 + 0.01 M CaCl2 (termed 
the Ca solution), 

2. 0.7 M NaCl + 0.0025 M NaHC03 + 0.055 M MgCl2 (termed 
the Mg solution), 

3. 0.7 M NaCl + 0.0025 M NaHC03 + 0.01 M CaCl2 
+ 0.0055 M MgCl2 (termed the Ca+Mg solution) and 
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4. natural sea water. 

Based upon the presence of these cations in the solution, it was anticipated 
that CaC03, Mg(OH)2, both CaC03 and Mg(OH)2, and calcareous deposits 
would precipitate from theCa, Mg, Ca+Mg solutions, and natural sea water 
solutions, respectively, upon cathodic polarization. 

Figure 36 presents the current density versus time plot to 6000 
minutes for specimens polarized in the four solutions. The general trend 
for this is that a sharp current density drop occurred initially to an upper 
plateau value as discussed above. Also, a lower, final current density was 
achieved or approached during the time frame of the experiments except 
for the Mg solution. For this latter case the upper plateau current density 
was highest (335 mA/m2) of the four and was maintained to 6000 minutes 
exposure. In the Ca solution a relatively sharp decrease in current density 
between 1000 and 4000 minutes led to the lowest steady state value (31 
mA/m2). In the Ca+Mg solution and natural sea water the rate of current 
density decrease was less than for the Ca solution; and the final current 
densities were higher (57 and 114 mA/m2, respectively). In addition, 
comparison of the results from the Ca and Ca+Mg solution and natural sea 
water showed that the time required for reaching a final current density 
was longer in the solution with both calcium and magnesium. This 
indicates that CaC03 deposition was faster in the absence of magnesium 
ions (18), and the deposition in both the Ca+Mg solution and sea water was 
inhibited by magnesium ions. To confirm this an experiment was 
perfonned in a "Ca2Mg solution", where a specimen was polarized in the 
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Ca solution for 2000 minutes, followed by addition of 0.0055 M MgCl2 
with subsequent current monitoring to 6000 minutes. As shown in Figure 
37 the added Mg2+ retarded the rate of current density decrease to about 
the same as natural sea water. 

It is generally recognized that Mg(OH)2 is undersaturated in sea 
water for ambient conditions and tends to precipitate only for pH > 9.5. 
Calcium carbonate, either as aragonite or calcite, has a lower solubility 
product than Mg(OH)2 and is supersaturated under near-surface conditions. 
Precipitation kinetics for CaC03 are, however, slower than for Mg(OH)2 
due to an inhibiting influence of Mg2+ upon aragonite nucleation and upon 
both nucleation and growth of calcite (17). Hence, with the presence of 
ca2+ and Mg2+ in sea water the initial film which precipitated was Mg
rich; and CaC03 formed predominantly as aragonite rather than calcite. 
These factors provide an explanation for the observation in Figure 36 that 
1) the highest steady state current density occurred in the Mg solution, 2) 
the lowest plateau current density was obtained in the Ca-only solution, and 
3) intermediate values were exhibited in the Ca+Mg solution and natural 
seawater. It is possible, however, that given sufficient exposure time the 
long-term, steady-state current density for the latter two solutions might 
approach that of the Ca-only one. Nevertheless, it has been reported that 
dissolved phosphate and organic compounds retard the precipitation of 
aragonite (33). This could have been responsible for the higher final 
current density in natural sea water compared to the Ca+Mg solution 
(Figure 36). 
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The results of deposit thickness measurements are given in Table 3. 
Presence of Mg2+, phosphate, and humic substances in natural sea water · 
may reduce deposit thickness. However, the thickest film was formed in 
the Ca+Mg solution rather than in the Ca one. This may be attributed to 
aragonite being the major form of CaC03 in the Ca+Mg solution so that 
precipitation of CaC03 was faster than that of calcite in the Ca solution 
(see section 4.8). At 5 °C calcite precipitation rates are nearly equivalent 
to those of aragonite; but at higher temperatures (25 °C or more) growth 
rates of aragonite relative to calcite are greater by up to a factor of four 
(22). In addition, Berner (17) found that Mg2+ was not adsorbed on the 
surface of aragonite or incorporated into its crystal lattice. As a result, 
dissolved magnesium at the seawater concentration appears to have no 
effect on the rate of aragonite growth (17), while phosphate and humic 
substances distinctly retard aragonite precipitation (33) and cause a 
decrease in deposit thickness. 

Figures 38 and 39 plot current density versus time curves during the 
bending for specimens of 2000 and 6000 minute prebending exposure time, 
respectively, for each of the three synthetic solutions and natural sea water. 
For the long term (6000 minutes) experiments a relatively sharp current 
density increase was observed for specimens exposed in the Mg and Ca 
solutions (Figure 39). It is reasoned that extremely thin deposits (24) were 
formed in the Mg solution, but a thick (270 J..lm) CaC03 scale in the Ca 
solution was broken during the bending process. As mentioned in section 
4.1 and 4.7, the effective resistance of deposits to oxygen diffusion was 
small for a thin film; but a thick scale broken resulted in a great extent of 
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bare substrate surfaces exposing in the electrolyte. Thus, a sharp current 
density increase during specimen bending was apparent in these cases. 

The increment of charge density during the first 20 minutes after 
specimen bending is shown in Figure 40. These data suggest that adhesion 
of calcareous deposits was enhanced by the presence of the Mg-rich inner 
layer. In other words the Mg-rich film may serve as a primer to increase 
the adhesion strength of calcareous deposits. A possible explanation could 
be that the electrostatic forces between the substrate and Mg-rich film were 
stronger than those at a substrate-CaC03 interface. For a substrate having 
a negative surface charge the positive ions in the substrate-solution 
electrified layer, such as Mg2+ and ca2+, tend to be in more eminent 
contact with the substrate or present in a greater concentration than when 
potential is more noble. Since the Mg/Ca ratio in sea water is about 5, a 
greater concentration of magnesium on a unit substrate area, as shown in 
Figure 41, is expected. Thus, when a metal was charged to -900 mV 
(SCE), magnesium ions may have contributed positive charges to the metal 
surface and built strong attraction forces at the metal-film interface 
compared to those of calcium ions. 

4.8 X -ray Diffraction 

When X-rays encounter a crystalline material, they are diffracted by 
the periodic atomic or ionic array. The diffraction angle e depends upon 
the wavelength /..,of the X-rays and the distance d between the planes 
according to Bragg's law 
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nA. = 2d sin e. [16] 

In the present study Cu alpha! radiation was used at 40 kV and 30 rnA. 

The X-ray powder diffraction patterns of the calcareous deposits 
precipitated from sea water showed that either calcite or aragonite was 
dominant depending on the exposure conditions. Tables 4-7 report 
diffraction angles, peak counts, d spacing and relative intensity (I!Imax) for 
the deposit fonned from the Ca, Ca+Mg, Ca2Mg solutions and natural sea 
water. The X-ray intensity versus 29 plot for each deposit is presented in 
Figures 42-45, respectively. The standard powder diffraction files for 
calcite, aragonite and brucite (80) are listed in Tables 8-10, respectively. 

The precipitate from the Ca solution, which contained only sodium 
and calcium cations, was a mixture of approximately 83 percent calcite and 
17 percent aragonite ( Figure 42). In the presence of magnesium ions, 
such as for the Ca+Mg solution and natural sea water, the calcium 
carbonate precipitated as seemingly pure aragonite (Figures 43 and 45). 
However, in the Ca2Mg solution the precipitate consisted of approximately 
52 percent calcite and 48 percent aragonite (Figure 44). These results are 
consistent with those of previous investigations by showing that magnesium 
inhibits both nucleation and growth of calcite, and aragonite is the major 
form of calcium carbonate in calcareous deposits. Moreover, note that 
calcite content in the Ca2Mg scale was smaller than for the Ca-only 
solution. This could be due to the precipitation/dissolution of magnesium 
calcite in the former solution. When pure calcite was exposed in 
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supersaturated seawater, the first layer of additional precipitate was 
probably dominated by Ca2+ and C032- with a small amount of Mg2+. 
With growth of a second layer, Mg2+ ions occupied sites of ca2+ ions (81) 
as well as those above Mg2+. Repetition of this growth process would thus 
create a higher Mg content for successive layers, as well as an increasing 
solubility of these layers. It has been reported (82) that the stability of 
magnesium calcite is dependent upon the percentage of magnesium in the 
deposit. Berner (17) found that calcites containing more than 8.5 mole 
percent MgC03 were less stable than aragonite in sea water. Therefore, it 
is clear that extended crystal growth on pure calcite seeds in sea water of 
normal Mg content may result in the crystallization of magnesium calcite, 
but subsequent dissolution of this crystal type causes aragonite to be the 
major fonn of CaC03. 

4.9 SEM Observations 

The morphology of deposits formed from the different solutions, 
including sea water, was studied. In the Mg solution the general 
appearance of the specimens after 2000 and 6000 minute exposure was 
similar (Figures 46-49). Round particles associated with an extremely thin 
layer formed on the polished substrate surface. Figures 50-53 present 
micrographs of deposits formed from the Ca solution. A combination of 
cubic-like and fiber-like structures was apparent on specimens polarized 
for 6000 minutes. Moreover, a shale-like inner layer which was not clear 
after 2000 minutes exposure (Figures 50 and 51) uniformly covered the 
substrate surface at long term (6000 minutes) exposure. In the Ca+Mg 
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solution a fiber, flower-like structure associated with a small round particle 
base layer was apparent on the 2000 minute exposure specimen (Figures 
54-55). Further growth of this deposit, as shown in Figures 56 and 57, 
resulted in a shale type base with a fiber flower-like structure. For 
precipitates fonned from the Ca2Mg solution the deposit appearance was a 
combination of cube-like, fiber flower-like and shale base structures for 
the specimen exposed to 6000 minutes (Figures 58 and 59). Micrographs 
of deposits fonned from natural sea water upon polarization to -900 m V 
(SCE), 400 ml/min, and 22 °C are shown in Figures 60-63. Although the 
shale type inner layer was not apparent for 6000 minute specimens 
(Figures 62 and 63), the general appearance is that of a fiber flower-like 
structure not unlike that for the Ca+Mg solution. In summary, a listing of 
deposit morphologies for specimens polarized in the different solutions is 
given in Table 11. 

Comparison of the microscopic observations and X-ray diffraction 
patterns, as discussed in section 4.7, suggests that the cubic structure of 
CaC03 precipitates is the calcite phase, while aragonite constitutes the 
shale and fiber flower-like morphologies. This is in agreement with the 
results reported by Katz (41) that calcite exhibits smooth crystal faces and a 
well-developed rhombohedral habit, but aragonite consists of acicular 
crystals. In addition, Folk (83) proposed that the presence of Mg2 + 
prevents calcite growth by blocking sideward growth of the crystal lattice, 
but c-axis growth (axial) proceeds at more rapid rates. Thus, accumulated 
sidewise misfit of crystal growth could result in a fiber, flower-like 
aragonite structure. Moreover, the shale-like aragonite found in the Ca, 
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Ca2Mg, and Ca+Mg solutions may be described as blended together, 
flower-like aragonite. This was confirmed by the micrograph shown in 
Figure 64 which is of a specimen cathodically polarized to -850 m V (SCE) 
for twenty days in quiescent natural sea water. 

In section 4.7 it was suggested that the presence of a Mg-rich inner 
layer may increase adhesion of calcareous deposits. The observed deposit 
morphologies, as summarized in Table 11, tend to support this projection. 
Deposits with a Mg-rich inner layer (Figures 54 and 55), shale type base 
and calcium carbonate crystals (Figures 56 and 57) which formed from the 
Ca+Mg solution exhibited the lowest charge density during specimen 
bending (Figure 40); while for theCa solution deposits of shale type base 
and calcium carbonate crystals (Figure 52 and 53) presented the highest 
charge density with the exception of the Mg-only solution. This is 
consistent with the suggestion put forth earlier that the Mg-rich inner layer 
may play an important role in enhancing deposit adhesion. In addition, it is 
interesting to note that the deposits formed from the Ca-only solution 
resulted in nonintertwined calcite cubits which probably provided little or 
no lateral strength to the neighbor particles; whereas fiber, flower-like 
aragonite formed from the Ca+Mg solution and natural sea water 
interconnected each other and gave lateral strength. Hence, although the 
shale type base deposit was not clear for a specimen exposed in natural sea 
water for 6000 minute, the presence of a Mg-rich inner layer did lower 
charge density compared to deposits for Ca and Ca2Mg solutions (Figure 
40). Micrographs of a thin, partially disbanded Mg-rich film are shown in 
Figures 65 and 66. These were from a specimen cathodically polarized to-
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900 m V (SCE) in the Ca+Mg solution at flow rate of 400 ml/min for 30 
minutes without bending. 

Micrographs for specimens polarized to the three different control 
potentials are shown in Figures 67-69. In general, a film with flowei-like, 
fiber flower-like and glob-like structure, respectively, was apparent on the 
specimens, consistent with what has been reported previously (25). 
However, micrographs for deposits formed at different flow conditions 
(Figures 70-77) showed this factor (flow) to exert little or no effect upon 
deposit morphologies in agreement with previous results (24 ). 

Deposits on specimens with different surface finishes and polarized 
at -900 m V (SCE) also exhibited the same morphology in all cases, as 
shown in Figures 78-81. Therefore, it is apparent that within the range of 
variables investigated and for a given temperature and pressure the applied 
potential is probably the dominant factor with regard to calcareous deposit 
morphology. 

Micrographs for deposits formed at different temperatures are 
shown in Figures 60-63 and 82-85. Note that the density of CaC03 nuclei 
increased with increasing temperature (Figures 60, 82, and 84 ); and a fine, 
dense scale uniformly covered the steel surfaces at higher temperatures. 
This is consistent with the results discussed in section 4.5 where the rate of 
impingement of CaC03 was projected to increase with temperature and 
resulted in deposits adhering more firmly to the steel surface. 
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Figures 86-88 present micrographs of debonded deposits formed 
originally on a specimen polarized at -900 mV, 400 ml/min for 500 
minutes. Typically, flakes of deposits and seemingly bare metal were 
observed after specimen bending. This is consistent with the detachment of 
long tenn (time> 2000 minutes) exposure deposits as shown in Figures 89-
93. It appears that separation occurred wholly at the Mg~rich film-metal 
interface. 

Figure 94 shows a scale comprised of small, fiber-like particles 
covering the area where deposits have debonded from bending. This is 
consistent with the current density decay subsequent to bending being due 
to reprecipitation of deposits on the "bare" metal surface. 

4.10 Adhesion of Calcareous Deposits 

As discussed in section 4. 7, electrostatic forces between the 
negatively charged substrate surface and positively charged major ions in 
sea waters may contribute to adhesion of deposits to the metal surface. 
However, precipitation of calcareous deposits may also involve adsorption 
of colloidal particles on the metal surface when a certain degree of 
supersaturation is reached. The essence of the behavior of colloidal 
particles is that the charge in the diffuse layer around a particle moving in 
an electric field has the same behavior as the ionic atmosphere around a 
moving ion. The charge tends to move with the particle to which it is 
attached; and it is also influenced by the electric field which pulls it in the 
opposite direction. Hence, double-layer interactions and bulk interactions 
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between colloidal particles and charged metal surfaces are projected to be 
significant in detennining adhesion of calcareous deposits. 

It has been proposed (84) that each colloidal particle is surrounded 
by a double layer. In two dimensions these double layers can be regarded 
as "rings of charge" as shown in Figure 95. When the particles approach a 
negatively charged substrate surface there is electrostatic repulsion between 
them. However, in the case of a colloidal particle at radial distance r from 
the surface, the Van der Waals attraction, which depends on r-6, and the 
electron overlap repulsion, which varies as r- 12, interact at the metal
particle interface (84 ). Hence, the net interaction between the particle and 
substrate surface depends on the interplay of the surface (double-layer) and 
volume (bulk) effects; and the net-potential-energy distance curve may be 
represented as Figure 96. Note that the van der Waals energy minimum in 
this illustration does not result in a region of negative potential energy. 
This implies that colloidal particles could never coagulate and collect on the 
metal surface. However, it has been shown that the potential drop across 
an electrified interface depends on the concentration of the electrolyte. As 
an electrolyte becomes more concentrated with ions, the potentia] falls 
more rapidly at the electrified interface (84 ). Hence, when a pH increase 
of the electrolyte adjacent to a metal surface occurs in association with 
cathodic polarization, thickness of the diffuse charge region may be 
reduced with an associated potential decrease. The double layer around the 
colloid therefore becomes compressed, as shown in Figure 97; and the 
particles can better adhere to the metal surface. Further deposition then 
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occurs as growth around these grains, and adhesion of deposits may be 

enhanced by the impingement effect discussed previously. 

Recall that the presence of a Mg-rich inner layer of calcareous 

deposits may increase adhesion strength. The result may be that not only 

do electrostatic forces and Van der Waals attraction result in adhesion of 

the Mg-rich film to the metal surface, but a chemical alteration at the 

interface between the Mg-rich and subsequent Ca-rich layers may also 

contribute to enhanced deposit adhesion. Although calcites containing more 

than 8.5 mole percent MgC03 are less stable than aragonite, tentative 

presence of a low magnesium calcite may occur during the formation of 

calcareous deposits. It was reported (17, 85) that incorporation of 

magnesium ion into the growing crystalline phase during the formation of 

magnesium calcite introduces strains into the lattice with a concomitant 

increase in its solubility. Therefore, the precipitation/dissolution of the 

Mg-rich film may introduce Mg2+ ions into the distorted CaC03 lattice 

and cause part of CaC03 particles embedding in the Mg-rich film, thus, 

enhances deposit adhesion. 
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Solution Type 

Mg solution 

Ca solution 

Ca+Mg solution 

Ca2Mg solution 

Natural sea water 

Thickness of deposit fanned 
from the solution (!J.m) 

270 

275 

273 

255 

Table 3. Thickness of deposit fanned on specimems which were cathodically polarized to -900 m V (SCE) for 6000 minutes at a flow rate of 400 ml/min. 
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Peak no 29 Peak D spacing I/Imax (deg) (cts/sec) (An g) (%) 

1 13.5145 16 6.6282 1.52 2 16.377 23 5.4636 2.20 3 20.777 10 4.3060 0.95 4 22.937 144 3.9022 13.60 5 26.1195 67 3.4305 6.31 6 26.917 38 3.3300 3.55 7 27.107 52 3.3069 4.89 8 29.0095 479 3.0930 45.34 9 29.282 1056 3.0646 100.00 10 31.292 21 2.8712 1.98 11 32.3395 11 2.7800 1.06 12 32.6395 33 2.7550 3.09 13 32.9455 49 2.7301 4.67 14 35.6595 204 2.5272 19.36 15 35.877 277 2.5123 26.27 16 37.152 26 2.4286 2.43 17 37.7395 46 2.3919 4.35 18 38.2895 43 2.3587 4.04 19 39.2645 158 2.3021 14.97 20 41.0695 19 2.2046 1.84 21 42.7695 91 2.1205 8.64 22 43.057 566 2.1069 53.64 23 43.817 44 2.0720 4.14 24 44.4795 29 2.0425 2.75 25 45.5250 91 1.9909 8.64 26 46.9495 104 1.9403 9.86 27 47.397 924 1.9299 87.51 28 48.187 266 1.8931 25.16 29 48.3895 434 1.8856 41.06 30 50.0695 40 1.8260 3.74 31 52.2195 32 1.7555 3.01 32 56.392 43 1.6347 4.04 33 57.2195 138 1.6130 13.09 34 57.8995 24 1.5956 2.27 35 59.0595 10 1.5669 0.95 

Table 4. X-ray diffraction data for a deposit formed in theCa solution. 
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Peak no 29 Peak D spacing Ill max (deg) (cts/sec) (Ang) (%) 

1 21.2825 10 4.2165 1.76 2 26.1575 504 3.4337 87.49 3 27.1675 302 3.3072 52.49 4 31.0375 15 2.9000 2.67 5 32.685 96 2.7565 16.66 6 33.0425 314 2.7272 54.48 7 36.0625 369 2.5040 63.97 8 36.13 143 2.4995 24.87 9 37.2025 118 2.4294 20.46 10 37.80 272 2.3921 47.21 11 38.335 216 2.3597 37.48 12 38.5475 138 2.3471 23.99 13 41.1125 99 2.2056 17.22 14 42.8325 177 2.1205 30.74 15 43.95 52 2.0688 8.96 16 44.505 71 2.0442 12.27 17 45.76 576 1.9907 100.00 18 48.25 332 1.8931 57.53 19 50.11 226 1.8268 39.17 20 52.33 214 1.7540 37.07 21 52.895 140 1.7366 24.32 22 53.81 20 1.7090 3.50 23 56.075 25 1.6450 4.30 24 56.715 15 1.6278 2.67 25 59.09 54 1.5677 9.37 

Table 5. X-ray diffraction data for a deposit fonned in the Ca+Mg solution. 
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Peak no 29 Peak D spacing I/Imax (de g) (cts/sec) (An g) (%) 

1 16.55 27 5.4303 10.04 2 24.92 32 3.6044 11.67 3 26.2325 197 3.4253 72.50 4 27.2325 154 3.3006 56.62 5 29.3975 231 3.0603 84.79 6 32.7675 103 2.7505 37.68 7 33.12 123 2.7218 45.33 8 36.115 108 2.5011 39.53 9 37.26 63 2.4264 23.06 10 37.8475 136 2.3898 50.12 11 38.39 127 2.3571 46.67 12 39.3825 50 2.2995 18.55 13 41.2025 52 2.2015 18.98 14 42.88 114 2.1187 42.06 15 43.8325 69 2.0746 25.50 16 44.5275 45 2.0436 16.48 17 45.815 272 1.9888 100.00 18 47.44 65 1.9241 24.02 19 48.3675 256 1.8891 94.11 20 48.485 106 1.8848 39.00 21 50.145 133 1.8259 48.72 22 52.375 72 1.7530 26.51 23 52.925 60 1.7359 22.12 24 55.69 19 1.6557 7.15 25 57.32 27 1.6123 10.04 26 59.17 26 1.5660 9.73 

Table 6. X-ray diffraction data for a deposit fonned in the Ca2Mg solution. 
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Peak no 28 Peak D spacing l/Imax (de g) (cts/sec) (An g) (%) 

1 26.13 722 3.4295 66.67 2 27.125 397 3.3051 36.67 3 31.01 48 2.8970 4.45 4 32.64 96 2.7552 8.87 5 33.00 545 2.7258 50.38 6 35.98 335 2.5050 30.90 7 37.14 140 2.4297 12.95 8 37.7525 451 2.3913 41.64 9 38.2775 269 2.3596 24.88 10 38.4875 243 2.3471 22.47 11 41.05 129 2.2057 11.90 12 42.765 223 2.1208 20.63 13 43.7975 35 2.0653 3.19 14 44.4795 34 2.0419 3.10 15 45.745 1082 1.9888 100.00 16 48.195 515 1.8929 47.61 17 48.3325 304 1.8878 28.09 18 50.05 317 1.8265 29.27 19 51.7425 41 1.7707 3.75 20 52.3075 571 1.7529 52.77 21 52.79 218 1.7379 20.18 22 53.765 38 1.7086 3.46 23 55.96 36 1.6465 3.28 24 56.6175 28 1.6288 2.60 25 59.06 74 1.5670 6.79 

Table 7. X-ray diffraction data for a deposit fonned in natural sea water. 
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Cu alpha1 wavelength : 1.54060 Ang. 

29 I/Imax (%) 29 I/Imax (%) 

23.01917 12 76.29685 1 29.40143 100 77.20934 2 31.41781 3 81.51442 3 35.96757 14 83.77219 3 39.40432 18 84.79060 1 43.15635 18 86.49122 1 47.12903 5 93.11895 1 47.47817 17 94.70485 3 48.51113 17 95.00919 4 56.53952 4 96.14481 2 57.38345 8 97.63727 1 58.07961 2 99.18625 2 60.67982 5 102.22829 1 60.98907 4 102.96362 1 61.34536 3 103.83855 1 63.08146 2 104.09200 3 64.69979 5 105.91153 2 65.58320 3 106.17818 4 69.21222 1 107.40016 1 70.25542 2 109.52155 2 72.89695 2 110.55045 2 73.73595 1 

Table 8. Standard X-ray pattern for calcite from the1989 JCPDF data base. 
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CaC03 , Aragonite 

Cu alpha1 wavelength : 1.54060 Ang. 

28 I/Imax (%) 28 I/Imax (%) 

21.06738 2 53.95773 3 
26.22802 100 59.29520 4 
27.22632 52 60.24208 2 
31.11749 4 61.84039 4 
32.77492 9 62.98821 3 
33.15503 46 63.40945 5 
36.18470 32 66.18289 5 
37.28796 14 66.53683 3 
37.88875 38 68.72721 3 
38.42178 30 69.10395 3 
38.65237 6 70.92825 2 
41.22367 11 75.27832 6 
42.89902 23 76.81579 7 
45.85331 64 78.00800 5 
48.31545 32 79.44429 6 
48.44580 25 80.71682 5 
50.24736 23 82.25325 6 
51.95369 4 " 83.23412 3 
52.49059 25 
52.96166 15 

Table 9. Standard X-ray pattern for aragonite from the 1989 JCPDF data base. 
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Mg(OH) 2, Brucite 

Cu alpha1 wavelength : 1.54060 Ang. 

29 I/lmax (%) 26 1/lmax (%) 

16.12801 70 66.33422 40 18.50752 30 67.51322 70 19.36452 30 68.40703 30 30.67111 40 70.59045 40 31.93782 80 72.13300 20 39.14347 100 72.77850 20 43.47306 40 73.37428 10 46.34643 40 75.02760 70 49.37004 40 79.02875 20 52.96166 90 81.36823 60 55.82975 20 90.57466 50 56.65903 30 93.60799 50 59.55128 70 95.93597 30 60.46037 80 100.44577 50 62.24991 30 
63.40945 10 

Table 10. Standard X-ray pattern for brucite from the 1989 JCPDF data base. 
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00 
Ul 

Solution Type Exposure Time Deposit Morphology Crystal Phase Charge Density 
for deposit precipitation (minutes) 

(Coul/m2) 

2000 round particles + extremely thin 
74 

base layer, (called the Mg-rich layer) -Mg Solution 
round particles + extremely thin 6000 base layer -

72 

2000 
(shale type base) + cubic + fibrous 

- 60 
particles 

Ca Solution 

calcite shale type base + cubic + fibrous 
50 

6000 particles +aragonite 

2000 
Mg-rich layer+ fiber flower-like 

- 55 particles Ca+Mg Solution 

6000 
Mg-rich layer+ shale type base aragonite 5 + fiber flower-like particles 

shale type base+ cubic calcite 
24 

Ca2Mg Solution 6000 +fiber flower-like particles +aragonite 

2000 Mg-rich layer+ fiber flower-like 
- 52 particles Natural Sea Water 

6000 Mg-rich layer+ fiber flower-like 
aragonite 20 particles 

- - - - - - ---- ---
~~ 

Table 11. Deposit morphology, phase, and debondcd charge density obtained from different solutions. 
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Figure 7. Current density versus time curves for specimens where the 
exposed surface was bent in either tension or compression. 
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Figure 8. Forces applied for a specimen. (a) Before bending. 
(b) After bending. 
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Figure 9. Combined bending and axial load for a specimen of rectangular 
cross section. (a) Axial load. (b) Bending load. 

(c) Net stress state. 
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Figure 10. Combined bending and axial load for a specimen with 
the presence of calcareous deposits. 
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a) 

b) 

d) 

e) 

Figure 11. Specimen were cathodically polarized at -900 m V and 400 ml/min.for 4000 minutes and then bent a) 25, b) 31, c) 38, d) 44 and e) 55 mm, respectively. 
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Figure 12. Current density versus time curves for specimens with and 
without bending. 
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Figure 13. Nature of the detachment of calcareous deposits from metal 
surface. (a) Before specimen bending. (b) After specimen 
bending. 
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Figure 14. A general schematic diagram of the current density transient before and after specimen bending. 

91 



700 

600 

-e 
0. 500 Ill 

........ 
< s -
~ 400 -Cll z 
~ 
E-o 300 z 
~ 
c:: c:: :::;, 
u 200 

POTENTIAL = -900 m V 
FLOW RATE = 100 ml/min PREBENDING EXPOSURE TIME 

1HHHH1 1000 MINUTES 
-- 2000 MINUTES 
_.._ 3000 MINUTES 

o~~~~~~~~~~~~~~~~~~~rl~ 0 200 400 600 800 1000 1200 
TIME (SECONDS) 

Figure 15. Current density versus time curves for bending specimens of three different pre bending exposure time at -900 m V (SCE) and 100 ml/min flow rate. 
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Figure 16. Current density versus time curves for bending specimens of 
five different pre bending exposure time at -900 m V (SCE) 
and 400 ml/min flow rate. 
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Figure 17. Current density versus time curves for bending specimens of five different prebending exposure time at -900 m V (SCE) and 800 ml/min flow rate. 
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Figure 18. Increment of charge density in the first 20 minutes after specimen bending where prebending specimens were polarized at different exposure time and flow rates. 
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Figure 19. Current density versus time curves for bending specimens of five different pre bending exposure time at -850 m V (SCE) and 400 ml/min flow rate. 
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Figure 20. Current density versus time curves for bending specimens of 
five different pre bending exposure time at -1000 m V (SCE) 
and 400 ml/min flow rate. 
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Figure 21. Increment of charge· density in the first 20 minutes after specimen bending where prebending specimens were polarized at different applied potential. 
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Figure 22. Current density versus time curve for specimens cathodically polarized at -1000 m V (SCE) and 400 mVmin for 6000 minutes.· 
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· Figure 23. Photograph of calcareous deposit on the steel surface at -1000 m V (SCE) and 400 ml/min after 6000 minutes of exposure. 
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Figure 24. Current density versus time curves for specimens cathodically polarized to -900 m V (SCE) at three different flow rates for 6000 minutes. 
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Figure 25. Current density ver.sus time curves for bending specimens of 
different flow rates at -900 m V (SCE) and 2000 minutes of 
prebending exposure. 
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Figure 26. Current density versus time curves for bending specimens of 
different flow rates at -900 m V (SCE) and 6000 minutes of 
pre bending. exposure. 
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Figure 27. Increment of charge- density in the first 20 minutes after specimen bending where prebending specimens were polarized at different flow rates for 2000 minutes. 

104 



80 INCREMENT OF CHARGE DENSITY IN THE FIRST 20 MINUTES AFTER BENDING 

70 
POTENTIAL = -900 m V 
PREBENDING EXPOSURE TIME = 6000 MINUTES - FLOW RATE AT SPECIMEN BENDING s 60 

0. 
tMHHHJ 100 ml/min rn 

' __.... 800 ml/min -5 50 
C) -
~ 
00 40 z 
~ 
~ 

~ 
c; 30 
~ 

~ 
c...l 

20 

__..a El 10 
13-"" 

0 
0 400 800 

FLOW RATE (ml/min) 

Figure 28. Increment of charge density in the first 20 minutes after specimen bending where prebending specimens were polarized at different flow rates for 6000 minutes. 
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Figure 29. Current density versus time curves for bending specimens of 
different flow rates at -900 m V (SCE) and 6000 minutes of 
prebending exposure. Magnitude of specimens end 
displacement: 38 mm. 

106 



1000 
POTENTIAL = -900 mV 
FLOW RATE = 400 ml/min 
TEMPERATURE: 900 

e-e-e-e-e 10° c 
800 trtrlrlrl:. 22° c - --- 30°C 8 

~ 
Cll 700 

' < 
8 - 600 
~ .... 
t'f.l z 500 1:;1::1 

&:I 
e.. z 400 
1:;1::1 
e:: e:: 
::::> 

300 C,.) 

200 

100 

0 
0 lOQO 2000 3000 4000 5000 6000 

TIME (MINUTES) 

Figure 30. Current density versus time curves for specimens cathodically polarized at -900 m V (SCE), 400 ml/min and three different temperatures for 6000 minutes. 
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Figure 31. Current density versus time curves for bending specimens of different temperatures at -900 m V (SCE), 400 ml/min and 6000 minutes of prebending exposure. 
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Figure 32. Increment of charge density in the first 20 minutes after 
specimen bending .where pre bending specimens were polarized 
at different temperatures for 6000 minutes. 
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Figure 33. Current density versus time curves for specimens cathodically 
polarized at -900 m V (SCE), 400 ml/min and three different 
surface finishes for 6000 minutes. 
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Figure 34. Current density versus time curves for bending specimens of 
different surface finishes at -900 m V (SCE), 400 ml/min and. 
2000 as well as 6000 minutes of prebending exposure. 
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Figure 35. Increment of charge density in the first 20 minutes after 
specimen bending where prebending specimens were polarized 
at different surface finishes for 2000 and 6000 minutes. 
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Figure 36. Current density versus time curves for specimens cathodically 
polarized in four different solutions at -900 m V (SCE), 400 
ml/min and 22 °C for 6000 minutes. 
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Figure 37. Current density versus time curves for specimens cathodically 
polarized at -900 m V (SCE), 400 ml/min and 22 °C in Ca
only, Ca2Mg solution, and natural sea water for 6000 minutes. 
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Figure 38. Current density versus time curves for bending specimens in 
different solutions at -900 mV, 400 ml/min, 22 °C and 2000 
minutes· of pre bending exposure. 
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Figure 39. Current density versus time curves for bending specimens in 
different solutions at -900 mV, 400 ml/min, 22 °C and 6000 
minutes of prebending exposure. 
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Figure 40. Increment of charge density in the first 20 minutes after 
specimen bending where prebending specimens were polarized 
in different solutions for 2000 and 6000 minutes. 
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Figure 41. The distribution of magnesium ions and calcium ions on a 
unit area of charged substrate. 
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60 urn 

Figure 46. SEM micrograph of deppsits formed from the Mg solution at 
-900 mV (SCE), 400 ml/min and 2000 minutes of exposure. 
Magnification X200. 

Figure 4 7. SEM micrograph of deposits formed from the Mg solution at 
-900 m V (SCE), 400 ml/min and 2000 minutes of exposure. 
Magnification X600. 
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Figure 48. SEM micrograph of deposits formed from the Mg solution at -900 inV (SCE), 400 ml/min and 6000 minutes of exposure. Magnification X200. 

20 urn 
Figure 49. SEM micrograph of deposits formed from the Mg solution at -900 mV (SCE), 400 ml/min and 6000 minutes of exposure. Magnification X600. 
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Figure 50. SEM micrograph of deposits formed from the Ca solution at -900 m V (SCE), 400 ml/min and 2000 minutes of exposure. Magnification X200. 

20 urn 

Figure 51. SEM micrograph of deposits formed from the Ca solution at -900 m V (SCE), 400 ml/min and 2000 minutes of exposure. Magnification X600. 
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Figure 52. SEM micrograph of deposits fonned from the Ca solution at 
-900 m V (SCE), 400 mVmin and 6000 minutes of exposure. 
Magnification X200 . 

.. 

20 urn 

Figure 53. SEM micrograph of deposits fonned from the Ca solution at 
-900 m V (SCE), 400 mVmin and 6000 minutes of exposure. 
Magnification X600. 
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Figure 54. SEM micrograph of deposits formed from the .Ca+Mg solution at -900 m V (SCE), 400 ml/min and 2000 minutes of exposure. Magnification X200. 

20 urn 
Figure 55. SEM micrograph of deposits formed from the Ca+Mg solution at -900 m V (SCE), 400 ml/min and 2000 minutes of exposure. Magnification X600. 
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Figure 56. SEM micrograph of deposits formed from the Ca+Mg solution at -900 m V (SCE), 400 ml/min and 6000 minutes of exposure. Magnification X200. 

20 urn 
Figure 57. SEM micrograph of deposits fonned from the Ca+Mg solution at -900 m V (SCE), 400 ml/min and 6000 minutes of exposure. Magnification X600. 
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Figure 58. SEM micrograph of deposits formed from the Ca2Mg solution at -900 m V (SCE), 400 ml/min and 6000 minutes of exposure. Magnification X200. 

20 urn 

Figure 59. SEM micrograph of deposits formed from the Ca2Mg solution at -900 m V (SCE), 400 ml/min and 6000 minutes of exposure. Magnification X600. 
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Figure 60. SEM micrograph of deposits formed from natural sea water 
at -900 m V (SCE), 400 ml/min, 22 °C and 2000 minutes of exposure. Magnification X200. 

20 urn 

Figure 61. SEM micrograph of deposits formed from natural sea water 
at -900 m V (SCE), 400 ml/min, 22 °C and 2000 minutes of exposure. Magnification X600. 

130 



60 urn 
Figure 62. SEM micrograph of deposits formed from natural sea water 

at -900 m V (SCE), 400 ml/min, 22 °C and 6000 minutes of exposure. Magnification X200. 

20 urn 

Figure 63. SEM micrograph of deposits formed from natural sea water· 
at -900 m V (SCE), 400 ml/min, 22 °C and 6000 minutes of exposure. Magnification X600. 
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Figure 64. SEM micrograph of deposits formed from quiescent natural sea water at -850 m V (SCE) for 20 days. 
Magnification X200. 
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Figure 65. SEM micrograph of the Mg-rich layer formed from the Ca+Mg solution at -900 m V (SCE), 400 mVmin and 30 minutes of exposure. Magnification X400. 

20 urn 

Figure 66. Higher magnific~tion of Figure 65. X600. 
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Figure 67. SEM micrograph of calcareous deposit fonned at -850 m V (SCE), 400 ml/min and 6000 minutes of exposure. 
Magnification X600. 
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Figure 68. SEM micrograph of calcareous deposit formed at -900 m V 
(SCE), 400 ml/min and 6000 minutes of exposure. 
Magnification X600. 
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Figure 69. SEM micrograph of calcareous deposit fonned at -1000 mV 
(SCE), 400 ml/min and 6000 minutes of exposure. 
Magnification X600. 
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Figure 70. SEM micrograph of calcareous deposit formed at -900 m V 
(SCE), 800 ml/min and 2000 minutes of exposure. 
Magnification X600. 

20 urn 
Figure 71. SEM micrograph of calcareous deposit formed at -900 m V 

(SCE), 800 ml/min and 6000 minutes of exposure. 
Magnification X600. 
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Figure 72. SEM micrograph of calcareous deposit formed at -900 m V (SCE), 400 ml/min and 2000 minutes of exposure. 
Magnification X600. 

20 urn 

Figure 73. SEM micrograph of calcareous deposit formed at -900 m V (SCE), 400 ml/min and 6000 minutes of exposure. 
Magnification X600. 
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Figure 74. SEM micrograph of calcareous deposit fanned at -900 mV (SCE), 100 ml/min and 2000 minutes of exposure. Magnification X600. 

20 um 

Figure 75. SEM micrograph of calcareous deposit fanned at -900 mV (SCE), 100 ml/min and 6000 minutes of exposure. Magnification X600. 
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Figure 7 6. SEM micrograph of calcareous deposit formed at -900 m V (SCE), 400 ml/min, 60 grit finish and 2000 minutes of exposure. Magnification X600. 

20 urn 
Figure 77. SEM micrograph of calcareous deposit formed at -900 m V (SCE), 400 ml/min, 60 grit finish and 6000 minutes of exposure. Magnification X600. 
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Figure 78. SEM micrograph of calcareous deposit fonned at -900 m V (SCE), 400 ml/rriin, 320 grit finish and 2000 minutes of 
exposure. Magnification X600. 

20 urn 
Figure 79. SE~v1 micrograph of calcareous deposit fonned at -900 m V (SCE), 400 ml/min, 320 grit finish and 6000 minutes of 

exposure. Magnification X600. 
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Figure 80. SEM micrograph of calcareous deposit formed at -900 m V (SCE), 400 ml/min, 1500 grit finish and 2000 minutes of exposure. Magnification X600. 

20 urn 
Figure 81. SE~vf micrograph of calcareous deposit formed at -900 mV (SCE), 400 ml/min, 1500 grit finish anJ 6000 minutes of exposure. Magnification X600. 
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Figure 82. SEM micrograph of calcareous deposit formed at -900 m V 
(SCE), 400 ml/min, 10 °C and 2000 minutes of exposure. Magnification X600. 

20 urn 
Figure 83. SEM micrograph of calcareous deposit formed at -900 m V 

(SCE), 400 mVmin, 10 °C and 6000 minutes of exposure. Magnification X600. 
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Figure 84. SEM micrograph of calcareous deposit formed at -900 m V 
(SCE), 400 ml/min, 30 °C and 2000 minutes of exposure. 
Magnification X600. 

20 urn 
Figure 85. SEM micrograph of calcareous deposit formed at -900 mV 

(SCE), 400 ml/min, 30 °C and 6000 minutes of exposure. 
Magnification X600. 

144 



40 um 
Figure 86. SEM micrograph of calcareous deposit formed at -900 m V (SCE), 400 ml/min and 500 minutes of exposure. Magnification X300. 

Figure 87. Flaws of deposit after specimen bending. (Deposit fonned at -900 m V (SCE), 400 ml/min and 500 minutes of exposure. Magnification X120. 
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Figure 88. Higher magnification of Figure 87. X600. 
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Figure 89. Scratch marks of steel surface after specimen bending. 
(Deposit formed at -900 m V (SCE), 400 ml/min and 4000 minutes of exposure.) Magnification XS0/250. 
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Figure 90. Debonding of deposit after specimen bending. 
(Deposit formed at -850 mV (SCE), 400 ml/min and 4000 
minutes of exposure.) Magnification XSO. 
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Figure 91. Debonding of deposit after specimen bending. 
(Deposit formed at -900 m V (SCE), 400 rnl/min and 4000 minutes of exposure.) Magnification X600. 
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. Figure 92. De bonding of deposit after specimen bending. Noted that 
deposit at upper left is still attached but area at right is the 
back side of a de bonded flake. (Deposit fom1ed at -1000 m V 
(SCE), 400 ml/min and 4000 minutes of exposure.) 
Magnification X200. 

150 



100 urn 

Figure 93. Back side of deposit formed at -900 mV (SCE), 400 ml/min and 4000 minutes of exposure. Magnification X120. 

60 urn 20 urn 

Figure 94. Reprecipitation of calcareous deposit after specimen bending. (Deposit formed at -900 m V (SCE), 400 ml/min and 6000 minutes of exposure.) Magnification X200/600. 
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Compact layer around colloid, 
containing equivalent -V charge, q 2 . 

Diffuse layer around collid, 
region compensation charge I ql I - I q2 I. 

Figure 95. Colloidal particle with the surrounding charge cloud. 
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Repulsion between particles 

+ 

Electrostatic energy 

Total energy always positive 

Vander Waals energy 

Figure 96. Energy-distance relation when the colloid is stable. 
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Attraction between particles 

+ 
Electrostatic energy 

Total energy 

Vander Waals energy 

Figure 97. Energy-distance relation when the conditions favor coagulation 
of the colloid. 
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CONCLUSIONS 

1. Adhesions of calcareous deposits can be evaluated by bending the 
steel substrate which causes debonding of deposits on the 
compression face of the specimen. The onset and magnitude of 
debonding can be characterized visually or by the current density 
increase or added charge transfer associated with the process. 

2. Deposit adhesion was judged to increase with duration of exposure 
at -900 m V (SCE) to approximately 4000 minutes, beyond which it 
was constant. 

3. Deposits formed at -1000 mV (SCE) adhered poorly due to a 
disruptive influence from hydrogen formation at the metal
electrolyte interface. 

4. Deposit adhesion decreased with increasing flow rate, possibly 
reflecting a dependence of the Mg-rich, inner film thickness upon 
flow rate. 

5. From a given exposure time a progressively greater degree of 
impingement of individual CaC03 particles occurred with increasing 
temperature in the range 10-30 °C, and this resulted in deposit 
adhesion increasing with temperature. 
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6. A mechanical interlocking effect produced by a rough surface finish 
increased adhesion of short-term (2000 minutes) deposits. 
However, once CaC03 particles grew together and covered the 
entire specimen surface, the thickness of deposits govered adhesion 
in lieu of the depth of substrate surface irregularities. 

7. CaC03 deposition was faster in the absence of magnesium ions, 
and the deposition in both a Ca+Mg solution and natural sea water 
was inhibited by magnesium ions. 

8. Aragonite was the major structural form of calcareous deposits 
formed from the solution containing magnesium ions at the sea water 
concentration and in the temperature rangel0-30 °C. 

9. Deposit adhesion was enhanced by the presence of a Mg-rich inner 
layer. This may be attributed to stronger electrostatic forces 
between the substrate and Mg-rich film compared to those at a 
substrate-CaC03 interface. 

10. Adsorption of colloidal particles of Mg(OH)2 and CaC03 to the 
metal surface is projected to be an important factor contributing to 
deposit adhesion. 
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11. Due to a tentative presence of low magnesium calcite, chemical 
alteration of the interface between Mg-rich and Ca-rich layers may 
enhance deposit adhesion. 

12. To obtain optimal deposit adhesion, the present study suggests that 
specimens should be cathodically polarized to -900 m V (SCE) at a 
low flow rate and a relatively high ambient temperature (30 °C 
compared to 22 or 10 °C) for the time longer than 4000 minutes. 

157 



REFERENCES 

1. R. A. Humble, "Cathodic Protection of Steel in Seawater with 
Magnesium Anodes", CORROSION, Vol. 4, No.7, p. 358, 1948. 

2. W. H. Hartt, C. H. Culberson, and S. W. Smith, "CalCareous 
Deposits on Metal Surfaces in Sea Water - A Critical Review", 
CORROSION, Vol. 40, No.l1, p. 609, 1984. 

3. H. P. Hack and R. J. Guanti, "Effect of High Flow on Calcareous 
deposits and Cathodic Protection Current Density", Materials 
Perfonnance, Vol. 28, No.3, p. 29, 1989. 

4. F. L. LaQue, "Marine Corrosion Causes and Prevention", J. Wiley 
and Sons, New York, p. 112, 1975. 

5. S. L. Barrett and J. M. Taylor, J. Petroleum Tech., Vol. 30, p. 531, 
1978. 

6. H. H. Uhlig, "Corrosion and Corrosion Control", 2nd Ed., J. Wiley 
and Sons, New York, p. 100, 1971. 

7. T. Kobayshi, Proc. Fifth International Congress on Metallic 
Corrosion, p. 629, 1972. 

8. H. Engell and P. Forchhammer, Corrosion Science, Vol. 5, p. 479, 
1965. 

9. S. L. Wolfson and W. H. Hartt, "An Initial Investigation of 
Calcareous Deposits Upon Cathodic Steel Surfaces in Sea Water", 
CORROSION, Vol. 37, No.2, p. 70, 1981. 

158 



10. S. H. Lin and S. C. Dexter, "Effects of Temperature and 
Magnesium Ions on Calcareous Deposit Composition", 
CORROSION, Vol. 44, No. 9, p. 615, 1988. 

11. G. K. Sadasivan, "Computer Simulation of Calcareous Deposition", 
Master Thesis, Florida Atlantic Univ., Boca Raton, Florida, 1989. 

12. S. W. Smith, "Analysis of the Cathodic Behavior of Alumium in 
Seawater by Surface Chemistry", SeD Thesis, MIT-WHOI Joint 
Program, 1981. 

13. R. M. Pytkowicz, "Rates of Inorganic Calcium Carbonate 
Nucleation", J. Geology, Vol. 73, p. 196, 1965. 

14. R. M. Pytkowicz, "Calcium Carbonate Retention in Supersaturated 
Sea Water", American Journal of Science, Vol. 273, p. 515, 1973. 

15. F. Lippmann, "Sedimentary Carbonate Minerals", Springer-Verlag, 
New York, 1973. 

16. R. K. Given and B. H. Wilkinson, "Kinetic Control of Morphology, 
Composition, and Mineralogy of Abiotic Sedimentary Carbonates", 
Journal of Sedimentary Petrology, Vol. 55, No. 1, p. 109, 1985. 

17. R. A. Berner, "The Role of Magnesium in the Crystal Growth of 
Calcite and Aragonite from Sea Water", Geochimica et 
Cosmochimica Atca, Vol. 39, p. 489, 1975. 

18. D. C. Thorstenson and L. N. Plummer, American Journal of 
Science, Vol. 277, p. 1203, 1977. 

19. J. W. Morse, A. Mucci, and L. M. Walter, "Magnesium Interaction 
with the Surface of Calcite in Seawater", Science, Vol. 205, p. 904, 
1979. 

159 



20. Y. Kitano, "The Behavior of Various Inorganic Ions in the 
Separation of Calcium Carbonate from a Bicarbonate Solution", 
Bull. Chern. Sco. Jap., Vol. 35, p. 1973, 1962. 

21. J. L. Bischoff, "Kinetics of Calcite Nucleation: Magnesium Ion 
nhibition and Ionic Strength Catalysis", J. Geophys. Res., Vol. 73, p. 
3315, 1968. 

22. E. A. Burton and L. M. Walter, "Relative Precipitation Rates of 
Aragonite and Mg Calcite from Seawater: Temperature or 
Carbonate Ion Coltrol?", GEOLOGY, Vol. 15, p. 111, 1987. 

23. J. R. Ambrose, A. E. Yaniv, and R. U. Lee, "Nucleation, Growth 
and Morphology of Calcareous Deposits on Steel in Seawater", 
Paper No. 60, Presented at Corrosion/83, April18-22, Houston, 
1983. 

24. K. E. Mantel, W. H. Hartt, and T. Y. Chen, "Substrate, Surface 
Finish and Flow Rate Influences upon Calcareous Deposit Structure 
and Properties", Paper No. 374, Presented at Corrosion/90, April 
23-27, Houston, 1990. To be published in CORROSION. 

25. J. S. Luo, R. U. Lee, W. H. Hartt, and S. W. Smith, "Formation of 
Calcareous Deposits under Different Modes of Cathodic 
Polarization", CORROSION, Vol. 47, No.3, p.l89, 1991. 

26. G. C. Cox, "Anticorrosive and Antifouling Coating and Method of 
Application", U.S. Patents No. 2, 200, 469, 1940. 

27. G. C. Cox, "Rust-inhibiting Coating Composition", U.S. Patents No. 
2, 417, 064, 1947. 

28. P. Plaza, N. Q. Dao, M. Prodhomme, and M. Joyeux, C. R. Acad. 
Sc. Paris, t. 302, Series II, #6, p. 313, 1986. 

160 



29. G. C. Cox, quoted by F. L. Laque, CORROSION, Vol. 6, P. 161,--
1950. 

30. P. 0. Gartland, R. Strommen, and E. Bardal, "Current Density 
Requirements for Cathodic Protection of Steel Structures in the 
North Sea", Materials Performance, Vol. 22, p. 40, 1983. 

31. G. Phillipponneu, C. Dagbert, and J. Galland, Met. Corros., Intl. 
Congr. Met. Corros./8th, Vol. 2, p. 1327, 1981. 

32. W. Mao and W. H. Hartt, "Growth Rate of Calcareous Deposits 
upon Cathodically Polarized Steel in Seawated", PaperNo. 317, 
Presented at Corrosion/85, March 25-29, Houston, 1985. 

33. R. A. Berner, J. T. Westrich, R. J. Smith, and C. S. Martens," 
Inhibition of Aragonite Precipitation from Supersaturated Seawater: 
A Laboratory and Field Study", American Journal of Science, Vol. 
278, p. 816, 1978. 

34. H. Klas, Archi fur das Eisenhuttenwesen, Vol. 29, p. 321, 1958. 
35. C. H. Culberson, "Effect of Seawater Chemistry on the Formation 

of Calcareous Deposits", Paper No. 61, Presented at Corrosion/83, 
Apri118-22, Houston, 1983. 

36. J. E. Finnegan and K. P. Fischer, "Calcareous Deposits: Calcium 
and Magnesium Ion Concentrations", Paper No. 581, Presented at 
Corrosion/89, April17-21, Houston, 1989. 

37. P. 0. Gratland, E. Bardal, R. E. Andresen, and R. Johnsen, "Effect 
of Flow on the Cathodic Protection of a Steel Cylinder in 
Seawater", CORROSION, Vol. 40, No.3, p. 127, 1984. 

38. W. H. Hartt and N. K. Lin, "An Evaluation of Calcareous Deposits 
as Effected by Sea Water Movements", 6th ASME, Offshore 

161 



Mechanics and Arctic Engineering Int. Sym. Proc., Vol. 3, p. 425, 
1987. 

.!-' 
39. G. C. Clapp, "The Effect of Temperature on the Fonnation of 

Calcareous Deposits on Mild Steel under Cathodic Protection", 
ph.D. dissertation, UMIST, June, 1979. 

40. M. M. Kunjapur, W. H. Hartt, and S. W. Smith, "Influence of 
Temperature on Calcareous Deposit Deposition upon Cathodically 
Polarized Steel in Seawater", Paper No. 316, Presented at 
Corrosion/85, March 25-29, Houston, 1985. 

41. A. Katz, "The Interaction of Magnesium with Calcite during Crystal 
Growth at 25-90 oC and one atmosphere", Geochim. Cosmochim. 
Acta, Vol. 37, p. 1563, 1973. 

42. L. N. Plummer and F. T. Mackenzie, "Predicting Mineral Solubility 
from Rate Data: Application to the Dissolution of Magnesium 
Calcites", American Journal of Science, Vol. 274, p.61, 1974. 

43. H. R. England and R. H. Heidersbach, "The Effect of Water Depth 
on Cathodic Protection of Steel in Seawater", Paper No. 172, 
Presented at Corrosion/82, March 22-26, Houston, 1982. 

44. R. Heidersbach, School of Chemical Engineering, Oklahoma State 
University, Stillwater, Oklahoma. 

45. K. Nisancioglu, P. 0. Gartland, T. Dahl, and E. Sander, "The Role 
of Surface Structure and Flow Rate on the Polarization of 
Cathodically-Protected Steel in Sea Water", Paper No. 296, 
Presented at Corrosion/86, March 17-21, Houston, 1986. 

46. R. J. Good, Journal of Adhesion, Vol.8, p. 1-9, 1976. 

162 



47. N. I. Moskvitin, Physicochemical Principles of Gluing and Adhesion 
Processes, IPST Press, Jerusalem, 1969. 

48. A. J. Kinloch, Durability of Structural Adhesives, Applied Science 
Publishers, New York, 1983. 

49. J. J. B ikerman, "The Fundamentals of Tackiness and Adhesion", 
Journal of Colloid, Vol. 2, p. 174, 1947. 

50. S. L. Reegen and G. A. Ilkka, "Adhesion of Polyurethanes to 
Metals", Symposium on Adhesion and Cohesion, General Motors 
Research Laboratories, Elsevier Publishing Company, p. 163, 1962. 

51. J. R. Hunts berger, Adhesives Age, Vol. 13, No.ll, p. 43, 1970. 
52. L. H. Sharpe, "The Interphase in Adhesion", Recent Advances in 

Adhesion, L. H. Lee, Ed., p. 437, Gordon and Breach Science 
Publishers, New York, 1971. 

53. G. J. Crocker, Rubber Chemistry and Technology, Vol. 42, p.30, 
1968. 

54. W. A. Zisman, "Surface Chemistry of Glass-Fiber-Reinforced 
Plastics", NRL Report 6083, U.S. Naval Research Lab., 
Washington, D.C., 1964. 

55. B. V. Deryagin, "Programs in Adhesion", Vestnik AN SSSR, 
No.7:10, 1954. 

56. J. R. Huntsberger, "Adhesion and Cohesion", R. L. Patrick, Ed., 
Vol. 1, Dekker, New York, 1967. 

57. C. L. Weidner and G. J. Crocker, Rubber Chemistry and 
Technology, Vol. 33, p. 1323, 1960. 

58. S. S. Voyutskii, Diffusion Theory of Adhesion, Moskva, Oborongiz, 
1960. 

163 



59. K. L. Mittal,"Adhesion Measurement: Recent Progress, Unsolved 
Problems, and Prospects", Adhesion Measurement of Thin Films, 
Thick films, and Bulk Coating, ASTM STP 640, K. L. Mittal, Ed., 
American Society for Testing and Materials, p. 5-17, 1978. 

60. K. L. Mittal, Electrocomponent Science & Technology, Vol. 3, 
p. 21, 1976. 

61. H. C. Schlaupitz and W. D. Robertson, Plating, vol. 39, p. 750, 
1952. 

62. C. V. Cagle, Handbook of Adhesive Bonding, McGRAW-HILL 
Book Company, 1973. 

63. K. L. Mittal, "A Critical Appraisal of the Methods for Measuring 
Adhesion of Electrodeposited Coating", Properties of 
Electrodeposits: Their Measurement and Significance, R. Sard, H. 
Leidheiser, Jr., and F. Ogburn, Eds., p. 273, The Electrochemical 
Society, Princeton, N.J., 1975. 

64. T. R. Bullett and J. L. Prosser, "The Measurement of Adhesion", 
Progr. Organic Coatings, Vol. 1, p. 45, 1972. 

65. British Standards Institution, BS 3900: Part El. 
66. E. Hoffman and C. R. Georgoussis, J. of Oil Color Chemists Assoc., 

Vol. 42, p. 267, 1959. 

67. H. Dannenberg, Journal of Polym. Sci., Vol. 33, No. 126, p. 509, 
1960. 

68. H. Dannenberg, Journal of Appl. Polym. Sci., Vol. 5, p. 125, 1961. 
69. ~: Zmihorski, Journal of the Electrodeposits Technical Society, Vol. 

23, p. 203, 1947-48. 

164 



70. C. E. Moeller and F. T. Schuler, "Tensile Behavior of 
Electrodeposited Nickle and Copper Bond Interfaces", Rocketdyne 
Division of North American Rockwell Cmporation, Presented at 
ASM/1972, Cleveland, Ohio, Oct. 1972. 

71. J. W. Dini and H. R. Johnson, "Adhesion Testing of Deposit
Substrate Combinations", Adhesion Measurement of Thin Films, 
Thick Films, and Bulk Coatings, ASTM STP 640, K. L. Mittal, Ed., 
American Society for Testing and Materials, p. 305, 1978. 

72. E. A. Ollard, Trans. Faraday Soc., Vol. 21, p. 81, 1925. 
73. D. Davies and J. A. Whittaker, Metallurgical Reviews, Vol. 12, 

p. 15, 1967. 

74. B. B. Knapp, ibid, Vol. 47, 1949. 
75. A. T. Vagramyan and Z. A. Soloveva, Electroplating Metal 

Finishing, Vol. 15, p. 84, 1962. 
76. D. M. Mattox, "Thin-Film Adhesion and Adhesive Failure- A 

Perspective", Adhesion Measurement of Thin Films, Thick Films, 
and Bulk Coatings, ASTM STP 640, K. L. Mittal, Ed., American 
Society for Testing and Materials, p. 54, 1978. 

77. W. L. Baun, "Experimental Methods to Detennine Locus of Failure 
and Bond Failure Mechanism in Adhesive Joints and Coating
Substrate Combinitions", Adhesion Measurement of Thin Films, 
Thick Films, and Bulk Coatings, ASTM STP 640, K. L. Mittal, Ed., 
American Society for Testing and Materials, p. 41, 1978. 

78. W. H. Hartt, "Fatigue of Welded Structural Steel in Sea Water", 
Paper No. 3962, Proceedings 1981 Offshore Technology 
Conference, May 4-7, Houston, 1981. 

165 



--------~~~~-----

79. R. Baboian, L. Mcbride, R. Langlias and G. Haynes, Materials 
Performance, Vol. 18, No. 12, p. 40, 1979. 

80. Powder Diffraction File, International Center for Diffraction Data, 
Swarthmore, Pennsylvania, 1989. 

81. R. C .. Evans, "An Introduction to Crystal Chemistry", Cambridge 
University Press, Cambridge, Great Britain, p. 410~ 1966. 

82. H. D. Winland, "Stability of Calcium Carbonate Polymorphs in 
Warm, Shallow Sea Water", Journal of Sedimentary Petrology, Vol. 
39, p. 1579, 1969. 

83. R. L. Folk, "Carbonate Petrography in the Post-Sorbian Age", 
Evolving Concepts in Sedimentology, R.N. Ginsgurg, Ed., Johns 
Hopkins Univ. Studies Geology, No. 21, p. 118, 1973. 

84. J. OM. Bockris and A. K. N. Reddy, "Mordern Electrochemistry", 
A Plenum/Rosetta Edition, Plenum Press, New York, 1977. 

85. H. D. Winland, "Stability of Calcium Carbonate Polymorphs in 
Warm, Shallow Sea Water", Journal of Sedimentary Petrology, Vol. 
39, p. 1579, 1969. 

166 




