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1. Introduction 

Corrosion is the gradual deterioration of a material by reversion, in the case of metals, to the 

oxide(s) from which the metal was originally extracted. Several methods are commonly 

employed to prevent or reduce/control the level of metal corrosion that occurs over the 

design life of an engineered component. Cathodic protection (CP) and coatings are amongst 

the most popular methods. Less widely appreciated is the use of corrosion inhibitors and this 

may be in part due to their relative ‘invisibility’. Use of corrosion inhibitors is a long standing 

and fast growing area for suppressing corrosion and inhibitors continue to find an increasing 

range of use in an ever wider range of applications.  

The most cost effective corrosion prevention step that can be taken is at the design and 

material selection stages, however this is overlooked with surprising regularity. The selection 

of a ‘fit-for-purpose’ material is the first opportunity to ensure that the required material 

performance is likely be achieved for a chosen design, but only if the service conditions and 

how these could change over the design life are well understood. Material selection and 

design are also associated with maintenance and lack of forethought at the design/material 

selection stage is likely to be associated with increasing inspection frequency and more 

invasive forms of maintenance. 

For the above reasons the module begins with the question of how design can be used to 

mitigate the risk of corrosion. 

2. Corrosion Prevention by Design 

Corrosion prevention should start at the design stage. A good design at the drawing-board 

stage is no more costly than a bad design, a bad design is always more expensive than a 

good design in reality. Technical design includes the aspects of design that directly bear on 

the proper technical functioning of the product attributes that describe how it works and how 

it is made. Design configuration has a critical role to play in the service life of components. 

The important point is that the designers must have an understanding and awareness of 

corrosion problems. Corrosion is, however, only one of the several parameters with which 

the designer is concerned and it may not be, however, important to a designer to give 

consideration to corrosion unless dictated by a requirement. In many instances, corrosion is 

incorporated in design of an equipment only after its premature failure. More often, more 

attention is paid to the selection of corrosion resistant materials for a specific environment, 

and a minimal consideration is given to design, which leads to equipment failure. For 

instance, even a material, like 90-10 copper-nickel may fail prematurely as a condenser tube 

material, if the flow velocity of salt water or seawater is not given a due consideration for a 

smooth flow in the tube design. This has been a common observation in desalination plants 

in the Gulf region. This section highlights how corrosion can be prevented by adopting good 

design practices. 

2.1  Service life of equipment 

Selection of a corrosion resistant material for the environment is a prerequisite to a good 

design. Materials and design are complimentary to each other and neither of the two can be 

ignored. The following factors influence the service life of equipment: 

• Environments and geographic location 

• Selection of materials 
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• Maintenance 

• Corrosive environment and velocity of flow 

• Design 

• Feature promoting corrosion 

• Bimetallic connection. 

Environmental factors affecting the service life of equipment are shown in Figure 1. 

 

Figure 1.  Environmental Factors Affecting Service Life of Equipment 

2.2 Causes of Failures in the Context of Design 

A good engineering design should provide a maintenance-free service, satisfy the end user, 

and provide a maximum return on capital in a shortest return period. However, there are 

several areas related to failure as show below. 

i) Breakdown of protective system: Many protective surface treatments, such as coating 

and welding, may not be very effective because of the presence of surface irregularities, 

voids, surface porosity, undercuts, and general surface roughness. The surface 

heterogeneities act as moisture traps and cause the damage. 

ii) Poor fabrication: Factors, such as improper welding, excessive cold working and excess 

machining lead to failure. 

 

iii) Lack of accessibility: In complex systems, machinery, and components, there might be 

inaccessible areas due to lack of design insight where it may not be possible to carry out the 

corrosion protection measures. Interiors of car doors are examples which are subjected to 

intensive localized corrosion. Figure 8.3 shows a design which provides adequate air 

circulation and spraying accessibility. 

 

iv) Structural heterogeneity in materials: Joining similar materials with structural 

differences, such as differences in thermomechanical processing, grain size, number of 

impurity elements, grain boundary segregates, may cause deviation from the performance 

expected. 
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v) Operating conditions: Factors, such as temperature, pressure, and velocity, influence 

the service life if allowed to exceed the prescribed limits. 

 

2.3 Corrosive Environment 

The following are the major ingredients of an atmospheric corrosive environment: 

• Temperature 

• Humidity 

• Rainfall 

• Air pollution 

• Proximity to sea 

• Dust storms and density of airborne dust particles 

2.4 Type of Metals and Alloys 

The metal or alloy must have a proven compatibility to the corrosive environment. For 

instance, 316 (1.4401) stainless steel containing ~2% Molybdenum (Mo) is a better material 

for seawater service than 304 (1.4301) which contains no Molybdenum. Brass, bronze and 

copper based alloys are highly desirable for salt water transportation, however, they are 

vulnerable for an environment containing ammonia frequently encountered in agriculture. A 

good design to prevent corrosion must be compatible with the corrosive environment. The 

following is a summary of the effect of major contributors to corrosive environments. 

i) Temperature: Temperatures slightly in excess of 50°C are observed in several countries, 

like Kuwait, Saudi Arabia and the United Arab Emirates. High temperatures in combination 

with high humidity produce an accelerating effect on corrosion. In a survey conducted in one 

of the towns in Saudi Arabia, the corrosion-free life of an automobile is only six months. A 

rapid fall in temperature can cause condensation. 

ii) Humidity: Corrosion progresses fast when the relative humidity exceeds 75%. Humidity 

in Europe and the British Isles often exceed 75%. In certain areas of Ghana, Nigeria, Congo 

Basin, South America, South-east Asia and Gulf region, humidity may approach 100% and 

cause condensation 

iii) Rainfall: Rain can be beneficial or harmful. Excess rainfall washes corrosive materials 

and removes dirt, debris and other deposits which may initiate corrosion, whereas scanty 

rainfall may leave water droplets on the surface and lead to corrosion as salt is present in 

the air. The frequency of rainfall contributes to humidity. 

iv) Pollution: In addition to sodium chloride particles in coastal areas, the atmosphere may 

contain sulfur dioxide, sulfurous acid and sulfuric acid which are considered as the worst 

offenders as far as corrosion is concerned. They originate from power stations, refineries, 

chemical and steel manufacturing plants. The environment is abundantly populated by them 

in oil-producing countries in the Gulf region. 

v) Man-made pollution: To the above factors, must be added the cumulative effect of man-

made pollutants, such as the presence of sodium chloride which is extensively used in 



          Module 9: Corrosion Control and Prevention for Marine Metals.                                                                                                           

                                                                                

7 

 

deicing of roads in North American and European countries. Use of small amounts can 

induce high levels of corrosion in road vehicles. In desert regions, the abundance of sand 

particles accelerates corrosion because of the hygroscopic nature of some constituents of 

sand particles. The atmosphere may also contain other pollutants, such as carbon 

monoxide, nitrogen oxides, non-methane hydrocarbons and methane. Closeness to sea in 

many tropical areas creates a condition highly conducive to the onset of corrosion. 

vi) Proximity to Sea: Seawater is considered to be equivalent to a 3.5% solution of sodium 

chloride. The salinity of most oceans is 35 grams per thousand and the conductivity of 

seawater at 15°C is 0.042 ohm/cm. There is abundance of chloride in the marine 

environment and in industrial zones located in marine environment. A cumulative corrosive 

effect is caused by both chloride and sulfur dioxide. Chlorides can absorb moisture at low 

relative humidity. Saturated NaCl solution is in equilibrium with a relative humidity of 78%, 

but saturated ZnCb solution is in equilibrium with only 10%. 

2.5 Design Stages 

The following are the areas which require attention to minimize corrosion: 

• Bimetallic contacts 

• Faying surface 

• Crevices 

• Moisture traps 

• Water traps 

• Metals in contact with moisture absorbent materials 

• Inaccessibility 

• Areas of condensation 

• Features which reduce the paint thickness 

• Welds 

• Oil, grease and rust patches 

• Fluid movements 

• Joints (threaded, riveted and screwed) 

• Closed sections and entrapment areas 

• Mechanical factors 

• Corrosion awareness 

Effects of some factors stated above on design are briefly described below. 

2.5.1 Bimetallic Contact 

Bimetallic corrosion is serious and it occurs when two materials differing in electrochemical 

potential are joined together. The galvanic series is a practical guide for engineers. The 
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position of two metals or alloys in galvanic series dictates the extent of bimetallic corrosion. 

Consider, for instance, aluminum and copper. It can be observed from the table that 

aluminum is active to copper in the galvanic series and hence it would act as anode to 

copper which become the cathode due to its relatively more noble position. Joining the two 

would, therefore, give rise to bimetallic corrosion. The joining of two metals and alloys close 

to each other in the galvanic series would not cause bimetallic corrosion. The closer together 

are the materials in the galvanic series, the less the potential difference (the driving force for 

corrosion) and further apart the materials in the galvanic series the greater would be the 

potential difference and a greater driving force for corrosion. The following are the factors 

affecting bimetallic corrosion: 

• Difference in potential 

• A small anodic area to a large cathodic area. 

• Conduction of electrolyte. 

• Deposition of impurities and deposits, such as hygroscopic particles, sand or salt 

particles. 

• Contact with insulation materials 

2.5.1.1 Potential Difference 

The greater the difference of potential between the two metals, the greater is the magnitude 

of bimetallic corrosion. Figure 2 shows a valve from a condensate pipe. The cast iron valve 

was incorporated in AISI 304 stainless steel condensate pipe of a copper heat exchanger. 

The difference of potential between copper, steel and cast iron caused bimetallic corrosion. 

 

Figure 2.  Galvanic Corrosion in Cast Iron Valve Attached to Stainless Steel  

Condensate Pipe 

2.5.1.2 Anode : Cathode Area Ratio 

A small anode area to a large cathode area causes serious bimetallic corrosion because of a 

large current density on a smaller anodic area. 

Figure 3 shows a steel rivet in a copper sheet and figure 4 shows copper rivets in a steel 

sheet. More severe corrosion in the first case is observed and is concentrated on small 

anodes (steel rivets). 
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Figure 3.  Steel Rivets in Copper Plate (LHS) and Copper Rivets in Steel Plate (RHS) 

2.5.1.3 Deposition of Impurities 

The deposition of impurities, as debris cause the formation of differential aeration cells, and 

allows the absorption of moisture from the air which leads to corrosion, see Figure 4 and 5. 

The passive surface of steel may be destroyed by such deposits. The sites under the 

deposits become the anodes and the lead to pitting. A significant difference between the 

anodes and the cathodes may be observed. Hence, a good design should not allow the 

built-up of impurities on the surface. In figures 6 (a) and 6 (d) the dirt and impurities cannot 

be easily removed, hence, the two designs are poor designs. Impurities or deposits can 

easily be removed in the designs shown in figures 6 (b) and 6 (d).  

 

Figure 4.  Formation of differential aeration cells under impurities deposited on a metal 

surface 

 

Figure 5.  Mechanism of corrosion on stainless steel where local area is covered by debris 
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Figure 6.  Good and bad designs for dirt removal 

2.5.1.4 Wet Atmosphere 

If the wet surface is maintained for a longer duration, in particular if salt particles are present, 

bimetallic corrosion is aggravated. The design of components must not allow the retention of 

a layer of water on the surface. A smooth polished surface would not allow water retention. A 

smooth design of polished surface sloping downwards would not allow the retention of water 

layer for longer periods of time. More examples of good and bad channel designs are shown 

in Figure 7. 

 

Figure 7.  Good and Bad Channel Designs 

2.5.1.5 Contact with Wet Insulation Materials 

Insulation materials, such as glass wool, glass fibers, polyurethane foam, do not cause the 

corrosion of steel in contact with insulation as long W the insulation material remains dry. 

Corrosion underneath insulation, however, assumes significant proportions if the insulation 

becomes wet during storage, operation or field erection. Following are the factors leading to 

insulation-induced corrosion: 

i) Ingress of moisture in the insulation resulting in the leaching of soluble salts of low pH 

(about pH 2-3). 

ii) Release of chloride ions. 

iii) Destruction of passivity of steel by chloride ions and initiation of pits. 
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iv) Weather cycles, such as wet-dry, hot-dry, and damp-warm cycles, which induce high 

corrosion rates. 

v) Inadequate moisture barriers, because of inadequate spacing of insulation. 

Corrosion induced by insulation can be prevented by the following measures: 

i) Eliminating flat horizontal surfaces. 

ii) Structural designs which trap water (example, H-beams and channels). 

iii) Strict compliance of insulation thickness. 

iv) Providing an adequate moisture barrier and waterproofing. 

v) Addition of sodium silicate as an inhibitor. 

2.5.2 Joints and Faying Surfaces 

In joining of two surfaces, crevice formation and galvanic effects are major considerations. 

The formation of crevices must be avoided by sealing, or otherwise shielding the crevice 

from the environment. To minimize galvanic corrosion contact between the two metals must 

be insulated.  

In good design practice all joints should be designed to be permanent and watertight and the 

direct contact of the two metals must be avoided by means of insulating materials or by 

applying protective coatings. All components must be effectively insulated. Consider Figure 

8a where two steel plates are joined by an aluminum bolt. Aluminum is anodic to steel (-1.23 

vs  -0.443 V) and hence will undergo galvanic corrosion and it has a small anodic area 

compared to the large cathodic area of steel plate. Because of the unfavourable area ratio, 

the aluminum rivet would corrode at a greatly enhanced rate. The opposite situation is 

observed in Figure 8b, where aluminum will corrode in preference to steel. Figure 9 

illustrates how two metals differing in potential, e.g. copper (E0 = 0.334 V) could be joined 

with A1 (E0 = -0.162 V) without the risk of galvanic corrosion by inserting insulation sleeves 

and washers between copper and aluminum. Figure 10 shows how two plates of aluminum 

and steel could be joined without the risk of galvanic corrosion by insulation with either 

jointing compounds, or insulating inserts and insulating washers. The galvanic corrosion can 

be minimized by proper insulation as illustrated in Figure 11. When two dissimilar metals are 

to be joined, either paint both the metals or only the more noble metal. 

 

Figure 8.  A Bad Design Approach, no Insulation 
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Figure 9.  A Good Bolted Joint Design 

 

 
 

Figure 10.  Design Aspects that should be considered for Joints and Faying Surfaces 

  

(a) (b) 

Figure 11.  Preferred Design Features for Joints to Avoid Galvanic Corrosion 

2.5.3 Welding: Impact on Corrosion and Design 

Welding is a most common method of joining of metals which has a significant influence on 

corrosion resistance and design to prevent corrosion. The metallurgical properties of metals 

are significantly affected by the metallurgical changes brought about by welding which 

include melting, freezing, thermal strains and solid state trans-formation. The formation of 

different phases and intermetallic compounds not only affects the mechanical properties but 

also the resistance of materials to corrosion. For instance, the formation of Cr23C6 

intermetallic in the temperature range 510-680°C makes 18-8 stainless steel highly sensitive 

to intergranular corrosion. In a similar manner, the transformation to austenite to ferrite and 

martensite leads to changes in the corrosion behaviour because each phase formed has a 

different corrosion resistance. Similarly, in aluminum alloys, such as Al-Mg-Si alloys, the 

formation of Mg2Si intermetallic leads to an increase in corrosion susceptibility. The 

segregation of impurity elements in steels, like phosphorus and sulfur, the grain boundary 
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makes them susceptible to corrosion. The susceptibility of austenitic steel to corrosion is, for 

example, reduced by restricting impurity elements segregated at the grain boundaries. 

Important factors affecting weldability are: 

i) Chemical composition 

ii) Microstructure 

iii) History 

iv) Welding processes 

The major problem caused by welds is the creation of an inhomogeneous and discontinuous 

surface which creates potential sites for entrapment of dirt, moisture and impurities. 

2.5.3.1 Carbon Content and Weldability 

The carbon content in plain carbon and low alloy steels is restricted to 0.30 and 0.15%, 

respectively. The cooling rates and carbon contents aet controlled during the welding of 

carbon steels to maximize the formation of soft -ferrite and minimize the formation of 

pearlite and cementite which are hard components. Similarly in low alloy chromium steels, 

the formation of brittle martensite is minimized. Martensite is sensitive to hydrogen-induced 

cracking and ferrite is more resistant to corrosion than either pearlite or cementite (Fe3C). 

The effect of other elements can be determined by equating them to an equivalent amount of 

carbon using the equation below: 

 

 

Where CE = carbon equivalence 

The lower the value the better and steel with values below 0.40 exhibit excellent weldability. 

2.5.3.2 Sensitization of Stainless Steel 

Austenitic stainless steels are susceptible to sensitization when heated in the range of 399-870°C 

because of the precipitation of chromium carbide in the above temperature range. This problem is 

overcome either by use of low carbon stainless steel grades or by using a stabilized grades 

containing titanium and/or niobium which prevents the formation of chromium carbide. 

2.5.3.3 Filler Metals 

The control of filler is important to ensure that the welded joint has the desired mechanical 

composition and the chemical strength. 

2.5.3.4 Weld Metal Overlays 

Weld metal overlays, gas metal arc welding (GMAW) or submerged arc welding (SAW), 

followed by machining or grinding are standard measures adopted to repair corroded surface 

and restore the designed thickness. The weld metal overlays are applied by depositing 

corrosion-resistant weld metal on to the surface. 

Monel, Inconel and austenitic steels are frequently used as overlay materials.  

All types of welding defects must be minimized as they directly affect mechanical properties 

and may unfavourably effect corrosion resistance. The most important defects are micro-
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fissures, cracking caused by slag inclusion, porosity, oxide tints and disbanding from the 

substrate. Material fissures caused by non-metallic elements, like sulphur and phosphorus, 

increase tensile stress between the grains. The stresses of the grain fissures are eliminated 

by weld deposits containing 12% ferrite. Porosity, disbanding and cracking can be controlled 

by adoption of proper welding technique and welding parameters. Cracking can be reduced 

by minimizing the formation of intermetallic compounds, like chromium carbide in 18-8 

stainless steel. In principle, the formation of any brittle compound in the overlay zone must 

be minimized to control cracking defects. 

 

Figure 12.  Continuous and Intermittent Welds 

Figure 12 shows that a continuous welding offers better corrosion protection and strength 

than intermittent welding. Continuous welding should be used to close the crevices. Welded 

butt joints are preferred over bolted joints particularly in new structures, see Figure 13. The 

welds should be cleaned and removed from the parent plate. It is recommended that the 

smaller side of the weld be placed in contact with the corrosive medium to provide minimum 

exposure to the weld, see Figure 14. 

2.5.4 Soldering and Threading 

Threaded joints are susceptible to the formation of differential aeration cells, see Figure 15. 

The low oxygen areas form the anode and hence they are liable to corrosion. Soldering is 

preferable to threaded joints. A metal with a more noble potential than the parent material 

must be used for soldering. Bolted joints and threaded joints cannot always be avoided in 

non permanent structures for reasons of assembling and disassembling. However, 

whenever they are used, they should be treated for corrosion prevention. Threaded joints 

can be treated with an inhibiting primer. For the same reasons, the nuts and bolts should be 

galvanized. 

 

 
 

Butt Welded Joints Lap Welded Joints 

Figure 12.  Comparison of Lap and Butt Joints 
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Figure 13.  Preferred Design Features for Joints 

  

Unsuitable Suitable 

Figure 14.  The Smaller Side of the Weld Should be Turned Toward the Aggressive Media 

 

Figure 15.  Low and High Oxygen Areas in a Screw Threaded Zone 

2.5.5 Crevices 

A crevice may lead to pitting of the metal surface by forming differential oxygen cells. The 

crevice becomes oxygen starved, compared to the outside, the crevice which functions as 

cathode and causes reduction of oxygen. The crevice becomes the anode and oxidizes the 

surface, such as M → M+ + 2e. The positive ions react with the Cl- ions in the liquid in 

contact and form MCl. Upon hydrolysis, MCI transfers to HOH → MOH + HCl. The process 

is autocatalytic and very similar to pitting. It is, therefore, extremely important for engineers 

to design against crevice corrosion. Figure 16 illustrates a few designs to minimize crevice 

corrosion. 

To minimize crevice corrosion: 

i) Use welded joints in preference to bolted or riveted joints. 

ii) Minimize contacts between metals and non-metals which might cause a crevice. 

iii) Avoid sharp corners, edges and packets. 

iv) Use fillers and mastics to fill any crevice gaps. 
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Figure 17 illustrates the effect of spot welding and continuous welding. Spot welding creates 

micro-crevices, whereas continuous welding eliminates crevices.  

 

 

 

 

 

 

Figure 16.  Designs to Minimize Crevice Corrosion 

 

 

 

 

  

(a) (b) 

Figure 17.  Spot Welding and Continuous Welding 
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2.5.6 Flowing Water Systems 

The majority of corrosion problems in flowing water systems are caused by obstruction to 

smooth flow. Turbulence and impingement adversely affect smooth flow conditions and lead 

to erosion-corrosion attack. One reason for failure are imperfections created at the 

manufacturing stage. If operations, such as heat treating, drawing and straightening, are not 

performed properly they may induce high residual stresses and bending stresses. Proper 

alignment of tube steels and plates minimize the stresses induced during fabrication. The 

tubes hardly fail within the tube sheet, they fail behind the tube sheets. Over-rolling of tubes 

is a frequent cause of such failures and it must be minimized to minimize the stresses.  

Table 1.  Typical Problems Arising from Corrosion in water Carrying Systems 

Symptom Cause 

Red Water 
Corrosion of mainly galvanic iron pipes with 

operational temperature in excess of 60
o
C 

Bluish Stains Corrosion of copper pipes 

Black Water Sulphide corrosion of copper pipes 

Foul Taste Microbial activity 

Pressure Drop Excess scaling 

Short Pipe Life Leaking due to pitting 

 

A corrosion problem is commonly observed at the inlet of condenser tubes and extending 

the pipe to the tube plate has proved effective in minimizing corrosion. Use of plastic inserts 

at tube ends is also effective in preventing turbulence (which occurs at tube inlets) from 

damaging the metal tube. The problems in flowing systems are often caused by refitting of 

the components, like gaskets and washers, during the service period. Changes in smooth 

flowing patterns may be caused by such operation if specifications and tolerances are 

overlooked. 

The best time to minimize corrosion in flowing water system is at the fabrication stage as 

discussed above. Other methods to minimize flow-induced corrosion are summarized below. 

• Design replaceable parts for the system areas which are most likely to corrode 

• Select materials which are compatible and do not offer any risk of bimetallic corrosion 

• The pipe should be designed for a smooth flow and all valves, flanges and other 

fittings should be installed in accordance with the design specifications to allow a 

minimum disturbance to a smooth flow. The fittings, such as gaskets and flanges, 

used should have an equal inside diameter or a tapered join. The turbulence at 

screwed joints is illustrated in Figure 18. Use of straight-through type of valves, such 

as gate, butterfly and plug valves, offers lesser resistance to flow 
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• Impingement attack generally occurs in condenser tubes handling seawater which 

circulates at high velocities with turbulent flow. The problem can be overcome by 

decreasing the velocity and streamlining the design of pipeline, water boxes and 

injector nozzles, see Figure 19. Abrupt changes in flow direction must not be allowed. 

The use of sacrificial baffle plates is effective in minimizing damage by unavoidable 

impingement corrosion  

• Increasing the pipe diameter is another way of reducing velocity and minimizing 

corrosion in a flowing water system 

• Regular maintenance and cleaning of pipes is important as accumulation of 

impurities may lead to changes in flow pattern. Replacement of steel elbows with 

PVC based components can be helpful 

• Avoid placing pipes in direct contact with sand to prevent corrosion at the bottom of 

pipe runs and minimize vibrations by employing a robust support system 

 

Figure 18.  Turbulent Flow at Screwed Joint 

 

Figure 19.  Larger radius preferred for higher velocities to avoid erosion-corrosion 

 

2.5.7 Design for Ease of Maintenance 

A design must be able to allow easy access to the areas requiring repair or maintenance. 

Appropriate long-life paints should be applied in areas which may not be accessible for a 

sufficient length of time. A good design should allow uniform painting to be applied on the 

surface. Areas of uneven coating thickness are potential sites for initiation of corrosion. Keep 

sharp edges to a minimum, see Figure 20. 
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Figure 20.  Suitability of Designs for Coating 

2.5.7.1 Tanks Containing Liquids 

A good design for a liquid container must offer the following: 

• Freedom from sharp corners and edges 

• Smooth flow of liquid from the container 

• Freedom from the buildup of water traps around the corners 

• Complete drainage from the corners without any water traps. The elimination of water 

traps is essential to minimize the formation of differential oxygen cells which lead to 

corrosion. As an operational matter, it is essential to remove water and dry out 

stainless steel tubing without delay as soon as leak testing of new water treatment 

plant is completed; there are many examples of microbial corrosion causing severe 

pitting of new plant soon after leak testing. 

• Minimizing of bimetallic corrosion by joining compatible materials without the risk of 

galvanic corrosion. 

• Complete internal and external coating of the containers, if cost effective. 
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Figure 21.  Good and bad designs for drainage 

Some of the above measures to prevent corrosion in liquid containers are shown in Figure 

21. Figure 21a shows the best design because of the capability of the liquid containers for 

complete drainage and absence of water traps. Figures 21b and c are examples of bad 

design because of the incapability for complete drainage and presence of water and 

moisture traps around the corners. Better designs are shown in Figures 21d and e. Figure 

22a shows a bad design because of the joining of a copper pipe with the galvanized steel 

tank. The copper ions maybe plated on the surface of galvanized steel and lead to pitting. An 

aluminum inlet pipe joined to an aluminum tank would not cause galvanic corrosion, see 

Figure 22b. The design also offers a good drainage of the liquid. The design could be further 

improved by further smoothing the corners. 
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Figure 22.  Design for liquid containers 

2.5.7.2 Packaging: Design for Equipment in Transit 

Temporary corrosion protection is required for storage and transit of equipment and 

machinery.  Such corrosion protection is offered by volatile inhibitors (VPI), also called 

vapour phase inhibitors (VPI). Volatile corrosion inhibitors extend the protection offered by 

impregnated wrapping papers to areas out of contact with paper so that a level of protection 

may reach those complex areas where contact with paper is not possible. Two well-known 

VCI’s are cyclohexylamine carbonate (CHC) and dicyclohexylamine nitrite (DCHN). Both are 

effective on steel. 

The following are the important factors affecting packaging design: 

• Length of protection needed 

• Domestic or export 

• Climatic condition 

• Size and weight of product 

• Processing and cleaning methods 

Packaging Design Consideration is 1 ft2 of paper for every 3 ft2 of surface area. The VCI  

protection depends upon 

• Metals and alloys to be protected 

• Quantity of VCI in the paper or in the film 

• Effectiveness of inhibitor in the presence of humidity and moisture 

• Packaging design and the conditions to be encountered during storing and shipping 

of the equipment and machinery 

• Type of carrier paper or film for the vapour phase inhibitors 

Figure 23 shows important packaging and design consideration for ten years engine lay-up 

and storage and correct packaging of pumps and valves. The VCI offers protection to the 

engine block and steel components. Uniwarp-A (proprietary product) provides protection to 

nonmetallic parts, while VCI-2000 fly wheel protects gears from atmospheric oxidation. The 
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VCI polyethylene acts as a barrier against moisture. For overseas shipping by ocean, wood 

crates lined internally with polythene (to prevent wood acids vapours) and containing VCI are 

used. 

 

Figure 23.  Packaging for 10 year lay-up and storage 

3. Material Selection: Applications, Performance and 

Maintenance 

3.1 Plumbing Systems 

This section is concerned with the corrosion susceptibility of two separate systems, the 

freshwater (potable water) and wastewater system. Both are primary vessel systems and 

arguably are quite critical, if not very important to comforts of the crew, whether on a cruise, 

a weekend or day sail. Unfortunately, it is quite common for these systems to receive little 

attention. 

Basic boat plumbing is fairly simple. What complicates it is the materials used in assembling 

the systems. In older boats it was common practice to use steel (carbon or stainless), 

aluminum, or copper tanks, copper or iron piping and fittings, and brass or iron valves. In 

modern boats a wide variety of advanced plastic materials have replaced these corrosion-

susceptible metals for the most vunerable components. Consequently, what is expected in in 

the way of corrosion depends in large measure on the age of the boat and the material 

nature of its plumbing. 

3.1.1 Potable Water Systems 

A typical pressurized freshwater system is shown in Figure 24. The system consists of one 

or more water storage tanks and a pump activated by an integral pressure switch that draws 

water from the tanks when an opened tap drops the pressure. A filter ahead of the pump 

protects the pump from debris that may clog it; it does nothing for water quality (bacteria, 

algae, etc.). An accumulator tank is not always part of a “basic” system but should be. It 

improves the smooth, steady flow of water and virtually adds years to the life of the pressure 

switch, the Achilles’ heel of the water pump. A hot water heater is a basic component usually 

included in such water systems since cold showers aren’t usually popular.  
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Figure 24.  Typical Small Vessel Pressurized Water System 

 

3.1.1.1 Fresh Water Tanks 

Of the various metals used to construct potable water tanks i.e. carbon steel, stainless steel, 

aluminum, and copper, all have some limitations and shortcomings. All are susceptible to 

some form of corrosion to some extent. 

Carbon Steel 

Carbon steel in damp atmospheres is highly susceptible to corrosion, that is, rusting, and 

requires some sort of specially formulated coating to ensure long-term satisfactory 

performance. To do this job properly, the steel should be grit- blasted and coated with a 20 

to 30 mil (0.5 to 0.76 mm) 100 percent solid polyurethane lining that is listed by the National 

Science Foundation (NSF) for this application. The coating should be tested for “holidays” to 

be sure it is free of pinholes. There are other industrial coatings (paints) that are approved by 

NSF or the Food and Drug Administration (FDA) for use with potable water. These are 

commercially available through industrial supply houses, and surface preparation for them is 

pretty much the same. Note that coatings in applications that are subject to dynamic 

stresses are susceptible to cracking and will allow water penetration and result in rusting and 

further coating separation. 

Stainless Steel 

Stainless steel also has its drawbacks as a water tank material. Stainless steel depends for 

its corrosion-resistance properties on the availability of oxygen to maintain the chromium 

oxide, passive film. If held against a moist or damp material, the necessary supply of oxygen 

is denied, and the metal is subject to corrosive damage in that area. (Aluminum suffers from 

this same dependency.) Also, potable water by definition is freshwater in which the chloride 

content is less than 250 ppm by European Community and U.S. standards and less than 350 

ppm by World Health Organization (WHO) standards. However, city water may contain 

chloride levels of 1500 ppm or even higher, depending on the source. This can cause pitting 

or crevice attack in stainless steels. 

Another concern is the presence of bacteria in the water supply since stainless steel is 

susceptible to microbiologically induced corrosion. Well water, for example, can contain high 

counts of the iron bacteria Gallionella and the iron-manganese bacteria Siderocapsa. Cases 

in the open literature refer to 316L (1.4404) piping, wall thickness t = 3mm corroding through 

in areas adjacent to the welds in two to four months when exposed to well water. Many such 

failures have been reported when untreated well or river water was allowed to remain 

standing in stainless steel containers. It is important therefore to consider the fresh water 

source and regular flushing of the system, say twice each season, is helpful to mitigate 

corrosion risks. 
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Galvanized Steel 

Galvanized tanks have also been used widely in the past, although their use has been pretty 

much discontinued. Given all of the health concerns surrounding heavy metals, the use of 

galvanized tanks is discouraged. The allowable level of zinc in potable water nowadays is 

0.00018 oz./qt. (5 mg/L) i.. 5ppm . For this reason more attractive and economical 

alternatives are used in preference to galvanized steel. 

Copper 

Copper is used extensively in freshwater systems. Probably the largest single application of 

copper tubing is for hot and cold water piping in homes and other buildings and in radiant hot 

water heating systems. Copper was also used quite frequently in older boats for water tanks. 

Minerals (dissolved salts of calcium or magnesium) in the water combine with dissolved car-

bon dioxide and oxygen and react with the copper to form a protective film on the surface of 

the copper. This is the reason for the low corrosion rate, typically on the order of 0.2 to 1.0 

mil (0.005 to 0.25 mm) per year. However, in soft waters, with little or no mineral content 

these protective films are not able to form, and corrosion rates can be significantly greater. 

A greater concern with the use of copper tanks is the solder used in their fabrication. This 

can result in dangerously high concentrations of lead in the water which can represent a 

serious health hazard. Partly for this reason usage has fallen sharply in recent years, and 

more attractive alternatives make the use of copper tanks difficult to justify. 

Aluminium 

Aluminum is a popular choice for water tanks. Aluminum and its alloys are lightweight, are 

easy to fabricate, have a moderate cost (especially when compared to stainless steel and 

Monel), and have good corrosion resistance (except for the copper-bearing grades, the 

A92000 and A0200 series) to freshwater. However, much depends on the specific water 

chemistry. Aluminum is very susceptible to attack by certain heavy metal ions, particularly 

iron, copper, and lead. Very slight concentrations of even a few parts per million will cause 

severe pitting. Copper tubing upstream of aluminum tanks can easily contain such 

concentrations (see chapter 9). 

Also, aluminum is highly susceptible to severe pitting resulting from poultice corrosion. This 

happens when there are damp organic materials, such as insulation under restraining straps, 

wood blocking (especially oak), and accumulations of dirt and debris. The conclusion—if you 

can afford to have your water tanks made of stainless steel, or better yet Monel, it will be 

well worth the expense in terms of tank life and taste. 

Monel  

Monel is the premium material from which to fabricate water tanks. It is considerably more 

expensive than the other materials mentioned above, but it is stronger, is far less susceptible 

to corrosion, and does not impart strange flavors to the water. This is the material of 

construction for such heavy-duty industrial applications as water meter parts, pumps, valves, 

strainers, and hot-water tanks and is widely used for long-term freshwater and seawater 

storage service. 

Fiberglass  

Built-in fiberglass water tanks are frequently used in fiberglass boats. They can be shaped to 

take advantage of otherwise unusable space in the hull, and, of course, they are for all 

intensive purposes immune to corrosion. Epoxy is the recommended resin for use in this 
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application (as opposed to polyester or vinyl ester resins), and interior surfaces should have 

two or more coats of an epoxy potable-water-tank coating available from a number of paint 

manufacturers. 

Polyethylene 

From those having suffered the frustrations of mild steel tanks i.e. leaky seams, cleaning 

corners, susceptibility to corrosion, the material of choice for water tanks is arguably thick-

wall high-density polyethylene plastic. These tanks are relatively lightweight when compared 

with metal tanks. They are seamless, one-piece constructions and are extremely tough. 

They are not susceptible to stress fractures or weak corners, and they can be built in any 

shape desired to take advantage of otherwise unusable space in the hull. They are easy to 

clean and are immune to corrosion and corrosive damage. In short, they can provide 

satisfactory, trouble-free service for many, many years. Disadvantages may be argued to be 

lower strength and in particular they are more susceptible to impact damage and have poor 

resistance to high temperatures and fire. 

3.1.1.2 Piping 

The material used for water piping depends to a large extent on the age of the boat. In older 

boats iron, stainless steel, rubber, clear plastic, or copper are found. In more recent years, 

some type of plastic piping is more likely. Current thinking considers iron pipe and vintage 

rubber hose unsuitable and they should be replaced. Iron pipe is highly susceptible to 

corrosive damage, and rubber hose is prone to deterioration and tends to change water 

taste. Stainless steel’s susceptibility to corrosion also makes it a poor choice. A relevant 

point is that any tubing to be used for potable water systems must be approved by the FDA 

for that purpose and consistent with the EC water framework directive and DWI guidelines. 

Copper 

All of the things we have already said about copper tanks applies equally to copper tubing. 

Copper tubing is also very susceptible to impingement corrosion, the erosion that occurs in 

fast-flowing turbulent water. The water flow removes the protective oxide film, leaving the 

metal vulnerable to erosion corrosion. In copper piping, water flow rates should not be 

greater than about 3 ft s-1 (1ms-1). The flow rate is a function of the diameter of the tubing 

and the capacity of the freshwater pump as shown in the equation 

 

where GPM is flowrate in gallons per minute, D is the internal diameter of the pipe in inches, 

and V is the velocity in feet per second. 

In a typical system with a 3.8 GPM (0.24 L/sec.) pump and 3/4- to 1-inch (19.0 to 25.4 mm) 

internal diameter (ID) tube, the flow rate would be about 2.8 ft./sec. (0.85 m/sec.), just barely 

within the nominal limit of 3 ft./sec. However, flow rates are accelerated at bends, turns, and 

constrictions, so with the same pump on ½ inch (12.7 mm) tubing, the flow rate would be 

about 6.2 ft./sec. (1.9 m/sec.). This is well over the recommended limit and can expect to 

cause erosion corrosion, especially at elbows, tees, and other constrictions. 

Within these limitations and properly installed, with short lengths of flexible hose at couplings 

to pumps, tanks, and other rigidly mounted components to isolate the tubing from vibration 

and shock, copper can perform well, and has performed, quite satisfactorily for many years. 
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However, it is still copper and hence is subject to corrosion - atmospheric, galvanic, and 

stray current. There are other more attractive alternatives. 

Clear Vinyl Hose 

Clear vinyl hose is not one of those attractive alternatives, despite the fact that it has been 

used extensively for quite some time. Clear hose admits light, and this fosters the growth of 

mold, fungi, and bacteria. This can cause black particles to come adrift in the water and 

effect drinking water taste. Clear plastic vinyl hose is not suitable for potable water systems. 

Polybutylene 

Polybutylene, a plastic resin popularly referred to as PB, was used extensively in the 

production of water piping from about 1979 until about 1995. PB was a low-cost material, 

infinitely easier to install than copper piping, and it gained rapid acceptance as a 

revolutionary new pipe of the future. PB was used in millions of homes throughout the United 

States and Canada. Its use in marine systems was, of course, considerably less, but 

nonetheless appreciable. Unfortunately, polybutylene piping experienced an extraordinary 

number of failures causing millions of dollars in damages and massive litigation that 

continues to this day. Although conclusive scientific evidence is sparse, the consensus is 

that oxidants, such as chlorine, react with the polybutylene, causing it to become brittle and 

develop tiny cracks. The strength of the pipe is seriously diminished and subject to sudden 

failure. In any event, PB has been abandoned, and it is advisable to replace any in boat 

water systems for newer plastic pipe systems. 

Rigid Opaque Plastic 

Rigid opaque plastic tubing makes excellent water piping. This is the popular PVC and 

CPVC plastic tubing and fittings, which are increasingly familiar to both homeowners and the 

boating community. Because it is opaque, there is no concern about biofilms, algae etc. that 

are a problem with clear hose. Because it’s plastic, it’s virtually immune to corrosion, and it’s 

much easier to work with than copper tubing. No solder (or lead) is involved; joints are glued. 

It does require isolation from shock and vibration, as does any rigid piping, but all in all, PVC 

is a very attractive alternative to copper. 

Flexible Opaque Plastic 

Flexible opaque plastic tubing suitable for potable water systems is a more recent 

development. One such hose is referred to as PEX hose, which stands for “polyethylene, 

cross-linked.” Cross-linking refers to the molecular structure of the material and results in 

considerably greater strength. This is a very attractive alternative to the older materials 

discussed above. It’s strong, flexible, and easy to lay out and install. It won’t corrode and it’s 

opaque, so there are no issues with biofilms. 

A similar polyethylene tubing, although not cross-linked, is also available commercially. 

Though not quite as strong as PEX, its strength is more than adequate for water related 

applications, and it is more flexible. These are excellent piping materials for marine use in 

both hot and cold water systems. They are available in colors, typically red for hot water, 

blue for cold water, and green for raw water and makes troubleshooting much easier. A wide 

variety of fittings for polyethylene tubing are available, including valves and adapters. 

Plumbing with this system is generally a bit more costly than with other materials, but 

simplicity, lower weight, and faster assembly, disassembly, and modification more than 

offset the additional cost. 
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4. Cathodic Protection 

There are two basic types of cathodic protection systems, namely sacrificial anode cathodic 

protection (SACP) and impressed current cathodic protection (ICCP). In a sacrificial anode 

system - termed passive protection - a metal is added to the circuit in order to supply the 

electrons to the cathode. Sacrificial anode systems are simple, require little but regular 

maintenance (checking and replacement), and have low installation cost for small vessels. In 

impressed-current systems - termed active protection – electrons are supplied via an 

external power supply and controller. Impressed-current systems are more complex, more 

efficient, especially in large vessels, and more costly. If they malfunction, they can cause 

serious problems. 

4.1 Sacrificial Anode Cathodic Protection 

When metals are in a galvanic couple, the difference in their corrosion potentials causes the 

anodic (least noble) metal to corrode and release metallic ions into the electrolyte. Since the 

least noble, or more negative, metal in the circuit always corrodes first, the corrosion can be 

controlled by simply adding to the circuit a metal that has two characteristics: 

• It has a corrosion potential more negative than the metal we’re trying to protect 

• It is expendable, that is, not essential to the operation of the system 

This added component is called a sacrificial anode. 

The term couple does not refer to quantity, as in two, but rather to a joining together or 

coupling. There can be (and often are) more than two metals involved. These can be thought 

of as galvanic circuits. The least noble of all of the metals in the “circuit” corrodes first, then 

the next least noble, and so on. If the boat has a bonding system, widely separated metal 

fittings may be part of this galvanic circuit and, as already noted, if the boat concerned has a 

shore power system, other boats in the marina may also be part of a galvanic circuit. 

Typical onboard galvanic couples are props and prop shafts, metal rudders and rudderposts, 

stainless steel screws in an aluminum spar (wetted by spray), and dissimilar metals in raw- 

water cooling systems. 

Any metal less noble than the metal we want to protect can potentially be used as sacrificial 

anodes, but some metals are both more efficient in this role and less costly. Typically, 

sacrificial anodes are one of three metals—aluminum, magnesium, or zinc. 

4.1.1 Aluminum 

Aluminum, at a corrosion potential of about -0.76 to -1.00 volts, is an excellent sacrificial 

anode material. It is used extensively in seawater applications in the offshore industries 

where its light weight is a significant advantage. Properly alloyed for this application (small 

amounts of tin or antimony), it does not passivate - develop a corrosion resistant protective 

film in seawater. 

Aluminum does have some shortcomings: it is susceptible to erosion in fast-moving water, it 

tends to suffer from pitting corrosion at elevated temperatures, and it is not as efficient as 

zinc. Also, often it is aluminum that that needs to be protected. 
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Aluminum alloy anodes are found in boat applications primarily on some outboard and in-

board-outboard engines. They last longer than zinc but are not as rugged and must be used 

in places on the engines where they do not bear a load or serve a structural purpose. 

4.1.2 Magnesium 

Magnesium has a corrosion potential of between -1.60 and -1.63 volts and is therefore much 

more active than both aluminum and zinc. At first glance this would seem to make 

magnesium preferable even to zinc. The problem is that magnesium is too active. At these 

high corrosion potentials, the current generated can damage surrounding paint. 

Magnesium anodes are regularly used for the protection of soil-buried structures such as 

pipelines. They have been tested for offshore industries, but without much success. They do 

find use in some marine applications on outboard and inboard-outboard engines, but only in 

freshwater. Sometimes they are also used in onboard hot-water heaters. Magnesium anodes 

should not be used in salt water.  

4.1.3 Zinc 

At a corrosion potential between -0.98 and -1.03 volts, zinc is more active than aluminum 

and less active than magnesium. Zinc anodes are widely used in both freshwater and 

seawater for a wide variety of protection applications. They are also used extensively in the 

offshore oil and pipeline industries. 

Zinc is particularly well suited to use on vessels that spend time both in harbor and estuarine 

waters and offshore. (Pollutants in harbors and estuaries tend to cause aluminum anodes to 

passivate.) Zinc anodes are used to protect metal hulls, tanks, engines, heat exchangers, oil 

coolers, props and shafts, rudders and rudder- posts, trim tabs, and innumerable other 

fittings and fixtures. 

It’s critically important that the zinc anodes be extremely pure. The American Society for 

Testing and Materials (ASTM) standard B418 calls for 99.5 percent pure zinc for Type 1 and 

99.99 percent for Type 2. The American Boat and Yacht Council recommends a minimum 

purity of 99.5 percent (standard E-2, Cathodic Protection of Boats). Zincs available from 

marine chandlers should satisfy these minimum requirements. 

4.1.4 Anode Installation 

Whichever type of sacrificial anode is used, it must have sufficient surface area to supply 

enough electrons to protect all of the exposed cathodic surfaces. It should have sufficient 

mass to last a reasonable length of time, and it must be electrically connected to the fitting or 

component to be protected. It is advisable to check sacrificial anodes once a season and 

replace any that are 50 percent depleted. Sacrificial anodes must not be painted.  

4.2 Impressed Current Cathodic Protection 

The impressed-current type of cathodic protection system depends on an external source of 

direct current. Alternating current cannot be used since the protected metal would likewise 

be alternating - between anodic and cathodic. Basically, an anode immersed in the 

electrolyte (sea-water) is connected to one side of a DC power supply, and the metal to be 

protected is connected to the other side. The galvanic current flow (quantity of electrons) is 

detected and measured against a reference electrode. If unfavorable, current flow is 

adjusted automatically by the power supply control system to compensate. 
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It is important to be careful in discussing the connections in terms of positive and negative 

terminals as the sign conventions used in the USA  are the opposite of those used in much 

of the scientific and international community. The important point to remember is that the 

electrons must flow into the structure to be protected. 

Impressed-current systems are considerably more complex and more expensive than 

sacrificial anode systems, but they have some very attractive features. They can develop 

much higher voltages than sacrificial anode systems, so they can either “push” current 

through lower- conductivity electrolytes (e.g., soil, freshwater, concrete) or through longer 

distances (e.g., larger vessels, longer pipelines, offshore platforms). They function 

automatically and at precisely the appropriate levels to achieve their purpose. And, 

depending on the currents drawn and the size of the anode, they can last considerably 

longer than sacrificial anodes. 

Disadvantages include the possibility of “over-protecting” certain metals. This can cause 

hydrogen embrittlement in high-strength steels. With aluminum it can result in accelerated 

corrosion of the very structure the system is meant to protect. 

Another potential problem is the debonding of organic protective coatings (paint). Small 

amounts of moisture migrate through the coating over time, and the impressed current 

generates hydrogen gas on the protected metal surface. The pressure developed by the gas 

causes the coating to blister and crack. This exposes more metal on the cathode, 

demanding more current - eventually, perhaps, more than the power supply can provide. 

The current demanded from the impressed- current system power supply will vary 

depending on salinity, amount of pollution in the surrounding water, condition of the anodes, 

and speed of the boat. These systems require careful monitoring and maintenance, and the 

current flow must be maintained and controlled. Finally, impressed-current systems, if not 

properly installed and maintained, can cause stray-current corrosion. 

The general consensus is that large vessels or structures, with full-time, skilled crew, may be 

better able to benefit from the better efficiency and lower maintenance costs of an 

impressed-current system.  

5. Inhibitors 

The practice of corrosion prevention by adding substances which can significantly retard 

corrosion when added in small amounts is called inhibition. Inhibition is used internally with 

carbon steel pipes and vessels as an economic control alternative to stainless steels and 

alloys, and to coatings on non-metallic components. One unique advantage is that adding 

inhibitor can be implemented without disruption of a process. The addition of an inhibitor 

(any reagent capable of converting an active corrosion process into a passive process) 

results in significant suppression of corrosion. Corrosion inhibitors are selected on the basis 

of solubility or dispersibility in the fluids which are to be inhibited. For instance, in a 

hydrocarbon system, a corrosion inhibitor soluble in hydrocarbon is used. Two-phase 

systems composed of both hydrocarbons and water, utilize oil soluble water-dispersible 

inhibitors. Corrosion inhibitors are used in oil and gas exploration and production, petroleum 

refineries, chemical manufacturing, heavy manufacturing, water treatment and product 

additive industries. The total consumption of inhibitors in both Europe and USA alone costs 

over one billion dollars annually. 

Corrosion control by use of inhibitors is extremely useful in many environments, however, 

there are certain exceptions, such as: 
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i) equipment and components subjected to turbulent flow. 

ii) systems operating above the stability limits of inhibitor. 

iii) equipment subjected to high velocity, beyond 4 m/s. 

However, adding inhibitors can raise the value of the critical flow rate above which erosion- 

corrosion starts. 

5.1 Inhibitors Applications 

i) Corrosion is a serious problem in all cooling water systems. The cooling water may be salt 

water (35 000 ppm TDS), brackish water (3000-5000 ppm) or fresh water (<300 ppm TDS). 

Inhibitor treatment is required for heat exchanger and distribution lines. 

ii) Corrosion may be caused in the feedwater and boiler sections, if dissolved oxygen and 

CO2 is not removed by water treatment. Scales and deposits may also be formed by 

dissolved and suspended solids. Excessive alkalinity in boilers can lead to caustic cracking. 

High alkalinity is caused by high TDS (total dissolved solids) and alkalinity. External 

treatment includes demineralization and reduction of alkalinity, corrosion inhibition and 

biological control. Morpholine inhibitor is added as inhibitor for treatment of condensate 

corrosion. 

iii) Petroleum Industry: Corrosion phenomena in the petroleum industry occur in a two- 

phase medium of water and hydrocarbon. It is the presence of a thin layer of water which 

leads to corrosion, and rigorous elimination of water reduces the corrosion rate to a 

negligible value. The inhibitors used in petroleum industry, both in production and refining 

are either oil soluble-water insoluble types or oil soluble-water dispersible compounds. New 

inhibitors are being developed. For instance, traditional filming amines are being replaced by 

several others, such as propylenedramine, and they work by adsorption on the surface. 

iv) Sour Gas Systems: A major problem is encountered in steel pipelines in various sour 

gas environments. Chemical inhibition is one of the effective methods used to mitigate 

sulphide induced corrosion. Inhibitors containing alkylammonium ions are found to suppress 

corrosion effectively. 

V) Potable Water Systems: Corrosion is experienced in potable water transportation pipes 

of steels and cast iron. Inhibitors, such as Ca(HCO3)2 and polyphosphates are commonly 

used to combat corrosion. 

vi) Engine Coolants: Inhibitors, such as NaCrO4 (sodium chromate), borates and nitrites 

(NaNO2) and mercaptabenzothiazole are widely used for protection of automobile engines. 

Chromates are a health hazard. 

vii) Packaging Industry. For transportation of machinery, components and equipment by sea, 

vapor phase cyclohexylamine and hexamethylamine are used. 

viii) Construction Industry: Corrosion of rebars in concrete poses a serious threat to 

building structures. Inhibitors, such as chromates, phosphates, nitrates and sodium 

metasilicates are used to suppress corrosion. Addition of sodium tetraborate and zinc borate 

has shown promising results. Commercial inhibitors, such as MCI 2022, MCI 2000 and 

Rheocrete 222, have shown good promise. Baker Petrolite, Du-Pont and NALCC are some 

of the known big names in inhibitor manufacturing. 
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5.2 Factors in Inhibitor Selection 

• The magnitude of suppression of uniform and localized corrosion 

• Long range effectiveness 

• Effect on bimetallic coupling to other metals joined to the main system 

• Effect of temperature and concentration on the performance of inhibitors 

• Effect on the existing condition of the system to be protected. For instance, a metallic 

structure maybe partly corroded; the important point would be to observe the effect of 

inhibitor on both the corroded and non corroded areas 

• Effect of inhibitor on heat transfer characteristics 

• Toxicity and pollution problems 

• Economically and technically competitive with other considered inhibitors 

5.3 Terms Relating to Inhibitorsi) Additives: A typical reagent for treatment 

of a corrosive fluid contains one main active gradient and one or more additives 

which assist in achieving the purpose of the reagent. 

ii) Solvent: Keeps the active reagents in the liquid form and controls their viscosity. 

iii) Solubility: The active reagent should have the ability to dissolve in the solute. 

iv) Dispersibility: A measure of the reagent’s ability to be transported by fluids or gases. 

The treating reagents must exhibit a high dispersibility. 

v) Emulsion: A heterogeneous system consisting of an immiscible liquid dispersed in 

another liquid in the form of droplets. 

vi) Surfactants: A molecule with two components, each having different chemical 

properties, one end is polar (hydrophilic), and the other end non-polar (hydrophobic). 

5.4 Inhibitor Classification 

Inhibitors may be classified as shown in Figure 25. There are two major classes: inorganic 

and organic. The anodic type of inorganic inhibitors includes chromates, nitrites, molybdates 

and phosphates, and the cathodic type includes zinc and polyphosphate inhibitors. The film 

forming class is the major class of organic inhibitor as it includes amines, amine salts and 

imidazolines - sodium benzoate mercaptans, esters, amines and ammonia derivatives. 

Inhibitors can also be classified on the basis of their functions. For instance, chromates and 

nitrates are called passivating inhibitors because of their tendency to passivate the metal 

surface. Some inhibitors, such as silicates, inhibit both the anodic and cathodic reactions. 

They also remove undesirable suspended particles from the system, such as iron particles, 

by precipitation. Certain types of inhibitors make the surrounding environment alkaline to 

prevent corrosion. Such inhibitors in the gas phase are called ‘vapor phase inhibitors,’ and 

they consist of heterocyclic compounds, such as cyclohexylamine. These inhibitors are used 

within packing crates during transportation by sea. 
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Figure 25.  Categories of Inhibitors 

5.5 Inhibitor Mechanisms 

5.5.1 Anodic Inhibitors 

Consider an anodic dissolution process: 

i)  Fe Fe2+ + 2e  

During the dissolution process in an aqueous media, the phenomena of adsorption and 

disruption of species is very predominant (equation (6.1)). It can be represented in a 

stepwise manner as: 

ii)  Fe + OH- = FeOH- (ad)  

iii) FeOH- = FeOH + e-   

iv) FeOH = FeOH+ + e-   

v) FeOH+ = FeOH+   

[underline indicates that the species are adsorbed on the surface] 

How corrosion slows down would depend on the electron transfer rate limiting step and the 

environment. Corrosion could be increased or decreased depending on the electrolyte 

constituents, such as halogen ions and benzoate, for instance, other ions. If, for example, 

the reaction Fe + OH- → FeOH- is suppressed by electrolyte constituents, corrosion is 

decreased, and if the reaction FeOH-/ads = FeOH+ is promoted, corrosion is accelerated. 

Species of FeOH+ are at the kink sites at the edge of a metal crystal lattice and they are 

liable to dislodge easily, or at the dissolving edge of a terrace and are ready for active 

dissolution. All reactions shown above are subject to interaction with the environment and 

the adsorption or de-adsorption would depend on the environmental species and the effect 

of coordinating groups. On increasing the concentration of the OH- ion, ferrous hydroxide 

would be precipitated which would retard the rate of desorption and lead to suppression of 

corrosion. In anodic control, passivation of the surface is the controlling factor, such as in 

stainless steels. Inhibitors broaden the range of passivation. 
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A passive film formed on the metallic surface block will suppress corrosion. They are very 

thin films (t = 50 to 100 Angstroms). In aluminum, thin films of boehmite (AlOOH) and 

bayerite (Al(OH)3) are formed which affect the corrosion process. Thick films are liable to 

breakdown and accelerate corrosion. Copper and nickel also have good passive film forming 

properties. The stifling of anodic sites by corrosion products, such as iron hydroxide, is 

observed in steel. Both the processes of passive film formation and stifling of anodic sites, 

lead to suppression of corrosion. However, the kinetics of film formation is different from 

anodic stifling, and the mechanisms of the process are beyond the scope of this module. 

Identification of thin films requires transmission electron microscopy techniques. The number 

of metal ions dissolving is effectively reduced by anodic inhibitors. The effect of adding 

anodic and cathodic inhibitors on potential difference is shown in Figure 26. 

In terms of potential, addition of anodic inhibitors reduces the difference of potential between 

the anodic and cathodic sites, and consequently reduces the driving force for corrosion. The 

potential of the anode shifts to the potential of the cathode. The number of metal ions 

dissolving as a result of anodic reaction is reduced, and the potential shifts in a more noble 

direction. Figure 6.2 illustrates the effect of anodic and cathodic inhibitors on the potential 

and the driving voltage for corrosion. 

 

Figure 26.  Effect of Adding Anodic and Cathodic Inhibitors on Potential Difference 

5.5.2 Cathodic Inhibitors 

As the name suggests, the class of inhibitors which decrease the rate of cathodic reaction in 

a metal surface are called ‘cathodic inhibitors.’ To understand the mechanism, consider the 

two major cathodic reactions: 

(1) 2H2O + O2 + 4e → 4OH- (oxygen reduction) 

(2) 2H+ + 2e  H2 (hydrogen reduction) 
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It should be pointed out that both the cathodic reactions take place in several steps and the 

step with the slowest rate of reaction is generally the rate controlling step. 

Consider a cathodic site where oxygen is diffusing to the metal/electrolyte interface. If an 

inhibitor, like zinc and magnesium, is added to the metal/electrolyte system, it would react 

with the hydroxyl ion and precipitate insoluble compounds which would, in turn, stifle the 

cathodic sites on the metal. In oxygen-induced corrosion, the controlling step is the mass 

transfer of oxygen to the metal (cathode/electrolyte interface). Consider now that the metal 

(cathode/electrolyte interface) is in a stagnant condition. The oxygen is rapidly depleted in 

this condition and the reaction rate is slowed down. In contrast, in a flowing system, a high 

rate of reaction would be maintained because of the continuous supply of fresh oxygen to 

the system. Other factors, such as temperature, pressure and salt contents, which affect the 

solubility of oxygen would also affect the reaction rate (reduction rate) of oxygen. On arrival 

of oxygen molecule to the metal (cathode/electrolyte interface), it must be absorbed. 

Consider: 

2H  H2 (underline represents adsorption) 

A process of reduction follows the adsorption process: 

(a) An Oxygen molecule is reduced in two one electron steps to hydrogen peroxide which is 

reduced in a one-step reducing step to produce OH- ions. The slowest step is rate 

controlling. 

(b) An oxygen-oxygen bond is ruptured producing two chemisorbed oxygen atoms which 

transform to hydroxyl ions after each atom picks up two electrons and a proton. 

In either case, (a) or (b), the reaction is completed after desorption of a hydroxide ion. The 

surface of an anode changes continuously to make fresh surface available for the anodic 

reactions to continue. 

Consider now hydrogen evolution on the metal (cathode/electrolyte interface) in acid 

solution. Similar to oxygen reduction, hydrogen reduction also involves several steps, such 

as 

(1) H+   H+ 

(2) H+ (ads) + e → H (ads) 

           As2O3 + 6H(ads) → 2As + 3H2O 

Despite several steps leading to the formation of molecular hydrogen, two steps are 

common: 

(a) Adsorption of hydrogen ions 

(b) Reduction of adsorbed hydrogen ion to atomic hydrogen 

 

 

Hydrogen may then be formed either by 

2H  H2 

or  
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H + H+ + O2  H2 

The reaction is completed by desorption of the hydrogen molecule 

H2      H2 

     (Adsorbed)      (De-adsorbed) 

It is primarily the adsorption character which determines the rate of cathodic reaction and the 

degree of inhibition. The evolution of hydrogen is affected by an increase in the over-voltage. 

Salts of bismuth and antimony are added to obtain a layer of adsorbed hydrogen on the 

cathode surface. The over-voltage for hydrogen evolution is increased and the cathodic 

reaction is suppressed. In acids, the formation of hydrogen on the cathodic sites is retarded 

by the addition of arsenic, bismuth and antimony. For instance, if arsenic trioxide is added, it 

plates out to form arsenic on the cathodic sites. 

 

Figure 27.  Example of Hydrogen Blistering 

Arsenic thus suppresses the cathodic reaction. Elements, like P, As, Sb and Bi, are called 

poisons and they retard the cathodic reduction of hydrogen. To avoid toxicity, organic 

inhibitors have been used with success. There is, however, one inherent danger in adding 

poisons. A good example is H2S, which poisons (prevents) the recombination of atomic 

hydrogen. H has an inherent tendency to diffuse into steel surface and cause blistering of 

the steel structure, if it is not converted to molecular hydrogen, see Figure 27. Another 

example is hydrogen sulfide cracking of steel equipment in oil drilling. It must be 

remembered that at the cathode, hydrogen ions and oxygen molecules consume electrons 

and the alkalinity of the electrolyte at the metal (cathode/electrolyte interface) is increased 

which leads to the precipitation of cathodic inhibitor on the surface and formation of a 

protective layer. Contrary to the situation shown for anodic inhibitors, the open circuit 

potential of the cathode shifts to the potential of the anode in the more negative direction 

(Figure 26). 

5.5.3 Effect of Inhibitors on Polarization Behaviour 

The effect of inhibitor on the metal/electrolyte system can be successfully evaluated from the 

polarization diagrams discussed in Module 8. 
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Figure 28.  Polarization Plots of Standard Stainless Steel Grades Showing the Passive 

Region and Initiation of Film Formation 

Consider, for example, the polarization diagram shown in Figure 28 which shows the 

polarization plots of three different types of steels in 1M H2SO4. The electrochemical 

parameters, icrit (critical current density), Ipassive (passive current density) and Epp (passivation 

potential), are sensitive to changes in composition of electrolyte. Clearly, steel 303 is very 

active as it shows the highest icrit, highest Ipassive and lowest passivation range. The effect of 

chloride ions and the behaviour of the anodic polarization curve is shown in Figures 29 and 

30. The critical current density increases from Ia (no chloride) to Ia/ (with Cl-). The three 

points, a, b and c, represent an anodic dissolution current corresponding to a reduction 

current (cathodic current). These points represent corrosion potential. At location ‘a’, active 

dissolution would proceed, whereas at point ‘c’, the passivity is retained and, hence, 

corrosion would not occur. Now consider Figure 30 which shows a polarization curve in a 

higher concentration of chloride. Passivation is not observed. The intersection of the 

cathodic curve with the anodic curve shows at point ‘a’ a larger corrosion current, and hence 

a higher corrosion rate. To clarify the effect of electrolyte composition on the anodic 

polarization behaviors, consider the three cases shown in Figure 31. 
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Figure 29.  Schematic Polarization Plot in the Presence of a Small 

Concentration of Chloride 

 

Figure 30.  Schematic Polarization Plot in the Presence of a Large Concentration of 

Chloride  

Case I: The cathodic curve intersects the anodic polarization curve in the active region. The 

corrosion potential is in the active region, E1. A high rate of metal dissolution is expected. 

Case II: The cathodic curve intersects the anodic polarization curve at points E2 and E2
/. 

This shows an unstable state of potential which oscillates between E2 and E2/. It represents 

a case of serious corrosion.  

Case III: The cathodic curve intersects at E3 in the passivation range. The potential is 

stable. It represents a case of low corrosion. 

The above three cases make it convenient to understand and interpret the effect of 

inhibitors. Consider inorganic inhibitors, like chromates, which passivate the surface (also 

called passivators). The effect of such inhibitors can be evaluated from the diagrams shown 

above. Examine Figure 32, which shows the effect of concentration of a hypothetical 

inhibitor. For reasons stated earlier, Case I represents a situation where the concentration of 
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inhibitor is sufficient to passivate the metal 

surface.  

Figure 31.  Active-Passive Polarization Plots for Case 1, 2 and 3 

 

The effect of adding anodic and cathodic inhibitors is shown in Figures 32 and 33. It should 

be remembered that: 

(a) a cathodic inhibitor shifts the corrosion potential in the negative direction; and 

(b) an anodic inhibitor displaces the potential in the positive direction. 

Figure 32 shows that Icorr of the uninhibited electrolyte is higher than the Icorr of the electrolyte 

to which an anodic inhibitor is added. On adding a cathodic inhibitor (Figure 33), the Icorr is 

lowered compared to the Icorr
/ of the uninhibited electrolyte (Icorr < Icorr

/) and Ecorr is displaced 

in a more negative direction. 



          Module 9: Corrosion Control and Prevention for Marine Metals.                                                                                                           

                                                                                

39 

 

The effect of addition of mixed inhibitors (anodic and cathodic both) is shown in Figure 34. 

Mixed inhibitors show the characteristics of both the types of inhibitors seen in Figure 32 and 

33. 

 

Figure 32.  Effect of Addition of Anodic Inhibitor 

 

Figure 33.  Effect of Addition of Cathodic Inhibitor 
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Figure 34.  Effect of Addition of Inhibitors on Potential 

As stated earlier, the corrosion potential is displaced in the positive direction on addition of 

an anodic inhibitor and in the negative direction on addition of a cathodic inhibitor. The mixed 

inhibitors protect the metal in three possible ways: 

(a) Physical adsorption. 

(b) Chemisorption. 

(c) Film formation.  

5.5.4 Cathodic Inhibitor Types 

5.5.4.1 Polyphosphates 

The structure of a sodium polyphosphate molecule is as below. 

 

O = orthophosphate and n = 1 

Pyrophosphate has n = 2 

These compounds are also referred to as condensed or polymer phosphates. The chain 

length is determined by repetition of the portion of the structure denoted by n. The 

characteristic glassy structure is observed with longer chain lengths of the polymer. One 

good example of a glassy structure is sodium hexametaphosphate which is extensively used 
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as an inhibitor. The polyphosphate molecule bonds with divalent calcium and other ions to 

form positively charged colloidal particles which are attracted to the cathode and form a 

protective film. As some metal ions, such as iron, may also be adsorbed on the film, 

polyphosphate also shows a partial anodic behavior although basically they are cathodic 

inhibitors. The mechanism of corrosion prevention by polyphosphates is shown in Figure 35. 

Metallic ions, such as iron and copper affect polyphosphate. If an iron-polyphosphate 

complex is formed, dissolution rather than inhibition would proceed. If copper ions are 

present, a galvanic couple would be formed by the passage of copper ions from the 

polyphosphate film to the iron substrate, and corrosion would progress. 

One major disadvantage of using polyphosphate is the hydrolysis of the phosphorus oxygen 

bond which converts the polyphosphate to orthophosphate, which is a proven weak inhibitor. 

A pH range of 6.5-7.5 is considered generally suitable to avoid reversion to orthophosphate 

which allows undesirable algae growth. Polyphosphates are blended with silicates and 

ferrocyanide to overcome this limitation. In actual operation, two or three inhibitors are 

blended to maximize the advantage of each other and to minimize their limitations. 

Frequently anodic and cathodic inhibitors are combined to maximize metal protection. The 

process is called ‘synergistic blending.’ 

 

 

Figure 35.  Formation of Polyphosphates and Reaction with Divalent Ions in Water 

5.5.4.2 Zinc 

Zinc salts are well-known cathodic inhibitors in cooling water systems. They are, however, 

not used alone as the films formed by them are unstable. They are, however, used very 

effectively with polyphosphate as a synergistic blend to maximize the effect of inhibition. 

These synergistic blends minimize the inhibitor concentration. Chromates can also be used 

in synergistic blends with polyphosphates. Zinc and chromate inhibitors are toxic and not 

environmentally friendly. They also need a careful pH control as they have a tendency to 

form scales above a pH of 8.00. 
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5.5.5 Anodic Inhibitor Types (Inorganic) 

The addition of inorganic inhibitors causes suppression of electrochemical reaction at 

anodic-cathodic areas. Most of the times, inhibitors are used in a blended form. These 

inhibitors only react at an adequate level of concentration. 

5.5.5.1 Chromates 

They are most effective inhibitors, but they are toxic and, hence, their application is restricted 

and is not advised. In industrial water, the threshold  concentration is 120mg/L. A high 

concentration is required if the systems to be inhibited contain bi-metal junctions or a high 

chloride concentration. They are oxidizers and raise the anodic current density above the 

limiting value needed for passivity. Chromate inhibitors contain either Na2CrO4 or Na2Cr2O7. 

The protective passive film which is formed contains iron oxide and chromium oxide which 

makes the chromate inhibitors very effective, see Figure 36. Chromates are reduced to form 

chromium (III) according to the following reaction: 

Fe → Fe2+ + 2e (Oxidation of iron) 

CrO4
- + 8H + 3e- → Cr3+ + 4H2O (Formation of Cr3+) 

A mixed potential is created by the oxidation of iron and reduction of chromium and this 

potential lies somewhere in the passivation range, which accounts for the passivating effect 

of chromate inhibitor. 

 

Figure 36  Formation of Mixed Iron Oxide and Chromium Oxide Film 

5.5.5.2 Nitrites 

They are effective inhibitors for iron and a number of metals in a wide variety of waters. Like 

chromates, nitrites are anodic inhibitors and they inhibit the system by forming a passive film 

with ferric oxide. These are environmentally-friendly inhibitors. Besides steel, nitrites also 

inhibit the corrosion of copper, tin and nickel alloys at pH levels 9-10. Chromate is an 

extremely effective inhibitor for corrosion prevention of aluminum alloys. Nitrites should not 

be used in open systems as they would oxidize to nitrates in the presence of oxygen. 
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2NO2
-
 + O2 = 2NO3

- 

Nitrites are not effective inhibitors. The presence of chloride and sulfate ions can damage 

the protective film formed by nitrites. They are often blended with borax in closed 

recirculating system. 

5.5.5.3 Nitrates 

Nitrate inhibitors protect solder and aluminum. They are not very effective and limited to use 

only in closed recirculating systems. 

5.5.5.4 Phosphates 

Phosphate retards corrosion by promoting the growth of protective iron oxide films and by 

healing the defects in protective films. The effectiveness of phosphate inhibitor is reduced by 

chloride ions which damage the protective film formed by phosphate. 

5.5.5.5 Molybdates 

Molybdenum is an alloying element which is known to increase passivation of stainless 

steels. Steels of type 316 contain molybdenum as a minor constituent and promote 

passivation. Sodium molybdate forms a complex passivation film at the iron anode of 

ferrous-ferric molybdenum oxide. 

The passive film can only be formed in the presence of oxygen. They are very expensive 

and used with other inhibitors in synergistic blends. 

5.5.5.6 Silicates 

Silicates have been used with success for years in potable water systems. The complex 

silicon ion has a tendency to form negatively charged colloidal particles which migrate to 

anodic areas and form passive films. Silicates are strong anodic inhibitors and passive films 

can be formed even on the corroded surface. The monomeric silica does not provide any 

protection. In waters below pH levels of 6.0, the silicate used is Na2O-2SiO3 and with a pH 

greater than 6.0, it is Na2O3-3SiO3. Silicate inhibitors are also useful to prevent red water 

formation in plumbing systems by oxidation of ferrous carbonate in natural water or steel 

pipes encountering soft water. Red water formation seriously affects plumbing fixtures and 

the problem appears particularly in galvanized pipes if the temperature exceeds 65°C, due 

to reversal of polarity. Silicate treatment also prevents dezincification in brass and corrosion 

of copper. Mixtures of silicates and phosphates have been effectively used as inhibitors. 

5.5.6 Organic Inhibitors 

Organic inhibitors are used abundantly in the oil industry to control oil and gas well 

corrosion. Most common types are long chain (C18) hydrogen and nitrogen containing 

compounds. Organic inhibitors are neither anodic nor cathodic, but they inhibit both the 

anodic and cathodic areas to varying degrees depending on the type of inhibition. The most 

common types of organic inhibitors are shown below: 

• Monoamine: 

    Primary amine, RNH2  

    Secondary amine, R2NH  

    Tertiary amine, R-N(CH3)2 
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• Diamines 

    R-NHCH2CH2CH2NH2 

• Amides 

    R-CONH2 

• Polyethoxylated compounds: 

Amines 

 
 

(x and y vary between 2 and 50) 

• Diamines 

 

 
 

(x and y and z vary between 3 and 10) 

 

6. Coatings 

6.1 Organic Coatings 

For good corrosion resistance organic coatings should have the following characteristics: 

• a high degree of adhesion to the substrate 

• minimum discontinuity in coating (porosity) 

• a high resistance to the flow of electrons 

• a sufficient thickness (the greater the thickness, the more the resistance) 

• a low diffusion rate for ions such as Cl- and for H2O. 

Coating and paint technology is adapting to the environmental requirements. The 

development of water-borne coatings and solvent-free coatings signify new health and safety 

trends in coating technology.  

The following are the objectives of coatings: 

i) Protection of equipment and structures from the environment by acting as a barrier 

between the substrate and the aggressive environment, such as the marine and industrial 

environments. 

ii) Control of solvent losses. 
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iii) Control of marine fouling; certain constituents in coating control the growth of mildew and 

marine fouling in seawater. 

iv) Reduction in friction; coating reduces friction between two contacting surfaces. 

v) Good aesthetics; certain types of coatings provide a pleasant appearance and produce 

attractive surroundings. 

vi) Change in light intensity; by selection of appropriate coatings the light intensity in rooms 

and buildings can be varied as desired. 

vii) Visibility; many combinations of colors because of their visibility from large distances are 

used on TV and radio towers to warn aircraft. 

viii) Modification of chemical, mechanical, thermal, electronic and optical properties of 

materials. 

ix) Application of thin coatings on low-cost substrates results in increased efficiency and cost 

savings. 

6.2 Coating Classifications 

Coatings can be classified in the following categories according to corrosion resistance: 

Barrier coatings 

Conversion coatings 

Anodic coatings 

Cathodic coatings. 

6.2.1 Barrier Coatings 

Barrier coatings are of four types - anodic oxides, inorganic coatings, inhibitive coatings and 

organic coatings. 

i) Anodic Oxides 

A layer of AI2O3 is produced on aluminum surface by electrolysis. As the oxides are porous, 

they are sealed by a solution of potassium dichromate. The object of sealing is to minimize 

porosity. However, chromates have health hazards and are not allowed in some countries. 

ii) Inorganic Coatings 

These include coatings like ceramics and glass. Glass coatings are virtually impervious to 

water. Cement coatings are impervious as long as they are not mechanically damaged. 

iii) Inhibitive Coatings 

In several instances, inhibitors are added to form surface layers which serve as barriers to 

the environment. Inhibitors, like cinnamic acid, are added to paint coatings to prevent the 

corrosion of steel in neutral or alkaline media. 

iv) Organic Coatings 

Epoxy, polyurethane, chlorinated rubber and polyvinyl chloride coatings are extensively used 

in industry. They serve as a barrier to water, oxygen, and prevent the occurrence of a 
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cathodic reaction beneath the coating. The barrier properties are further increased by 

addition of an inhibitor, like chromate in the primer. 

6.2.2 Conversion Coatings 

Phosphate and chromate coatings are examples of conversion coatings. Conversion 

coatings are so-called because the surface metal is converted into a compound having the 

desired porosity to act as a good base for a paint. If iron phosphate is used, the following 

reaction takes place: 

  2Fe + 3NaH2PO4 → 2FeHPO4 (coating) + Na3PO4 + H2 

The corrosion resistance is enhanced by phosphating. 

6.2.3 Anodic Coatings 

Anodic coatings are coatings which is anodic to the substrate, such as zinc aluminum or 

cadmium coatings. On steel such coatings are generally called sacrificial coatings. They 

protect the substrate at the expense of the metallic coating applied. The zinc coatings 

protect the substrate by acting as a sacrificial anode for the steel which is cathodic to zinc: 

E°Zn = -763 V,   E°Fe = -0.44 V 

Any breaks in the coating cause the anodic oxidation of Zn to occur. 

Zn—Zn2+ + 2e 

The electrons are consumed by the iron substrate which acts as a cathode. The potential is 

made more negative by electrons and a cathodic reaction is forced to occur on it. 

2H+ + 2e → H2 

A fine film of H2 is formed on the surface. The steel being cathodic does not corrode. Thus, 

by acting as a sacrificial material, zinc corrodes while the steel substrate is protected. 

6.2.4 Cathodic Coatings 

In this type of coating, the metals which are deposited are electropositive to the substrate. 

For instance, for copper coated steel, copper (E° = +0.337V) is positive to steel (E° = -0.440 

V). The coatings must be pore-free and thick. Electroplated coatings are generally pore-free 

and discontinuities are not observed. However, if the coating contains a flaw (crater), it acts 

as the anode with respect to the substrate. Consequently, electrons flow from the crater to 

the noble coating. At the crater, hydrogen is evolved. 

2H+ + 2e → H2 

Often an intermediate layer is put in between the substrate and the noble coating, such as a 

nickel-chromium coating. 

Consider nickel coating on a steel substrate. A layer of bright nickel is laid on the dull layer of 

nickel. Over the bright nickel a layer of chromium is laid. The bright nickel (high sulphur 

content) is more noble than the steel substrate. Such a coating system is called duplex 

coating. 
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6.3 Paint Coating Systems 

The coating system comprises: 

• primer 

• intermediate coat 

• top coat 

The primer is the most important component of the coating system as the rest of the coating 

is applied on the primer. In many paint systems, such as those containing a good proportion 

of natural oils, the pigments maybe inhibitive. However, some pigments, such as red lead in 

linseed oil (red lead primer) react with the oil to produce soap and protect the steel surface 

although they do not act inhibitively. 

The following are the functions of primers: 

• It must be strongly bonded to the substrate 

• It must be resistant to corrosive environments and suppress corrosion 

• It must provide good adhesion to the intermediate coat or the top coat 

Primers are allowed to stand for a sufficiently long length of time before any coating is 

applied. Primers can be inhibitive, impervious or cathodic, as described below, and their 

applications are dependent on the environment encountered by the metallic structure. 

6.3.1 Inhibitive Primers 

The pigment contained in the primer reacts with absorbed moisture in the coating to form a 

passive surface on the substrate, such as steel. Pigments, such as chromate salts and red 

lead are the examples of inhibitive pigments, but these do health hazards. 

6.3.2 Impervious Primers 

This primer used in impervious coating systems makes the coating much more impervious to 

the passage of CO2, oxygen, air, ions and electrons. Conventional thin film coatings cannot 

prevent oxygen and water permeation. The primer in an impervious system is used with a 

thick coal tar enamel to form a highly impervious coating. The pigments are generally metal 

salts, chromates of zinc, lead and strontium, but Cr and Pb contents have health hazards. 

6.3.3 Cathodically Protective Primers 

 
A good example is a primer containing zinc. As zinc is anodic to steel, zinc corrodes in 

preference to steel and protects the steel from corrosion. Experience has shown that a zinc-

rich primer can double the life of a chlorinated rubber or an epoxy top coat. 

The three types of primers described above form the basis of three important coating 

systems: 

i) impervious coating system for equipment requiring immersion, 

ii) inhibitive system for application in marine atmosphere and 
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iii) cathodically protective system for severe corrosive environments. 

6.4 Paint Coating Components 

i) Vehicle: This is the liquid portion of the paint in which the pigment is dispersed. It is com-

posed of binder and the solvent or thinner or both. 

ii) Binder: This binds the pigments in the coating in a homogeneous film. The binder also 

binds the total coating to the substrate. The binders provide the basis for the generic 

terminology of paint. The physical and chemical properties of paints are determined by the 

binders. 

iii) Pigment: A pigment not only provides a pleasing colour but protects the binder from the 

adverse effect of ultraviolet radiation on the coating. 

iv) Solvent: The purpose of the solvent is to provide the surface with a coating material in a 

form in which it can be physically applied onto a surface. 

v) Additives: These are used to modify the properties of the coating, such as reducing drying 

time and enhancing the desired properties. One example is a plasticizer which makes the 

film flexible. Similarly a drier may be added. It is a substance, such a compound of lead, 

manganese, which when introduced in drying oils reduce their time. A drying oil, such as 

tung oil, forms a tough solid film air 

vi) Extenders: They are added to improve the application properties of the paint. 

Table 2.  Summary of major components of paints. 

Component Function 

Resin (binder) 

Protects the surface from corrosion by providing a 

homogeneous film. It controls the desired film 

properties 

Solvent 

Dissolves the binder. It provides the means of applying 

the painting. The solid resins are transformed to a liquid 

state 

Additives Assist in improving the quality of the paint 

Pigments Provides opacity, color and also resistance to corrosion 

Extender (inorganic 

component) 

Used for a wide range of purposes in conjunction with 

pigments to extend the properties of the binders. 

Examples: talc, china clay, silica and barytes 

 

Paints and coatings can be divided into two categories: convertible type which need a 

chemical reaction, such as oxidation or polymerization, and the non-convertible type which 

are formed by evaporation of the solvents. The former category includes alkyds, epoxy, 

esters, polyesters, urethanes, silicon and other resins. 
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6.4.1 Paint Binders 

There are several ways of classifying binders (resins). One such classification is given 

below: 

i) Drying oil types, such as alkyd 

ii) Epoxy, polyurethane and coal tar (two-pack chemical resistance) 

iii) Vinyl and chlorinated rubber (one-pack chemical resistance) 

iv) Bituminous coatings 

v) Lacquers 

 

6.4.1.1 Alkyd Resins 

The alkyd resin is made through reacting an oil with an acid and alcohol. Alkyd resins are the 

most extensively used synthetic polymers in the coating industry. The principal raw materials 

are oils, fatty acids, polyhydric alcohols and dibasic acids. Examples of the above are: 

i) Oils - castor oil, soya bean oil, etc. 

ii) Polyhydric alcohol (glycerol) 

iii) Dibasic acid (phthalic acid) 

The following are typical structures 

(a) Oil  CH2 ─ O ─ R 
  │ 
  CH2 ─ O ─ R 
  │ 
  CH2 ─ O ─ R 
 
 
(b) Glycerol CH2OH 
  │ 
  CHOH 
  │ 
  CH2OH 
 

(c) Phthalic Anhydride 
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An oil derived fatty acid is chemically combined into a polymer structure. All natural fats are 

triglycerides [1 mole of glycerine + 2 molecules of fatty acid (saturated)]. Oils are formed 

from unsaturated fatty acids. All saturated fatty acids contain double bonds. 

To form an alkyd resin, a drying oil fatty acid, such as oleic acid, or linoleic acid is added to a 

polyhydric alcohol and a dibasic acid. 

  CH2OH 
  │ 
  CHOH 
  │ 
  CH2OH 
 
Glycerol is a traditional alcohol used in alkyd production. 

Phthalic acid is a typical dibasic acid. 

 

[Phthalic Anhydride + Glycerol + Drying Oil + Fatty Acid → Alkyd] 

A simplified structure of oil modified alkyd resin is shown below: 

 

FA = Fatty acid,  G = Glycerol,  PA = Phthalic Anhydride 

The alkyd has important properties over the original drying oil. Alkyds are often mixed with 

other generic types of binders to enhance properties. The most common binders used are 

chlorinated rubber, vinyl’s, silicones and urethanes. They are widely used paints, 

successfully applied under a wide range of conditions. 

 

6.4.1.2 Epoxy Esters 

They also belong to the class of convertible type coatings. A number of epoxy-based coatings are 

available, such as air drying (epoxy esters), catalyzed (amine or polyamide), epoxy co-polymers (coat 

tar, phenolic, amine or polyamide), heat- cured (epoxy-phenolic) and high-build epoxy based 

coatings. The group of synthetic resins produce some of the strongest adhesives in current use. One 

component epoxy, is epoxy ester paints which are cured by oxygen. 
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A special class of epoxies which has come out in recent years are epoxy mastics which are solvent-

less materials. They need less surface preparation and can be cured down to -10°C. They form very 

homogeneous coatings. Another class is termed coal-tar epoxy, in which some epoxy is replaced by 

tar. They are used for tank lining. Epoxy resins are combined chemically with drying oils to form epoxy 

esters. Epoxy resins are formed by the reaction between diphenylolpropane (bisphenol A) and 

epichlorohydrin (DPP + ECH). The epoxy group H2C ─ O ─ CH2 is found at both the ends of the 

chain. Amines or polyamides are used as catalysts for epoxy resins to cause cross-linking of 

molecules. These catalyzed epoxy coatings have a good resistance to alkalies solvents and acids. 

Both the terminal epoxide group and the secondary hydroxy groups of solid epoxy resins can be 

reacted with fatty acids to produce the epoxy ester. 

The epoxide group is terminal in the molecule and the resistance is due to the C-C bond and ether 

linkage in the polymer. Adhesive properties are because of the polar nature of the polymer. Their 

overall properties are superior to alkyds. They have improved water and hydrocarbon resistance. 

They have, however a tendency to ‘chalk.’. 

6.4.1.3 Urethane Oils and Alkyds 

The term polyurethanes denotes a class of polymers containing the group: 

 

The urethane oils and urethane alkyds constitute about 50% of the total products of alkyds. 

They correspond in composition to the conventional air drying alkyds discussed earlier, the 

only difference being that the dibasic acid (phthalic acid) used in the case of air drying alkyds 

is replaced by an isocyanates (R ─ N = C = O). The most common isocyanate used is 

toluene di-isocyanate (abbreviated as TDI). The TDI reacts with an active hydrogen atom 

obtained from hydroxy containing compounds, such as polyethers and vegetable oils. The 

performance depends upon the characteristics of isocyanate and hydroxy compound used. 

They do not react with moisture. 

The following is the sequence of preparation of urethane oils: 

 

 

 

The alkyd molecule retains the fatty acids groups. The oil undergoes oxidation, hence the 

curing of this alkyd takes place by oxidation of oils. These alkyds have a high resistance to 

abrasion. The polyurethane resins have a good resistance to water, solvents, organic acid 

and alkaline. They have a high degree of abrasive resistance. 
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6.4.2 Lacquers 

These are solutions of organic film forming mate-rials in organic solvents from which the 

solvent evaporates after application to a substrate. The solid film is formed after evaporation. 

The properties of lacquers depend on the type of resin used. The lacquers dry very rapidly. 

The following are the major types of lacquers: 

• Cellulose derivatives 

• Polyvinyl chloride 

• Chlorinated rubber 

• Polyurethane elastomers 

6.4.2.1 Cellulose Nitrate 

The structure of cellulose nitrate is shown below: 

 

The raw material is the wood pulp or cotton linters which are the sources of cellulose. The 

cellulose is nitrated and heated in water until the desired characteristics are obtained. It is 

used as a film former for lacquers. 

6.4.2.2 Polyvinyl Chloride 

Vinyl chloride is a gas produced by reacting ethylene or acetylene with hydrochloric acid. 

The reaction replaces one hydrogen atom in ethylene with a chlorine atom which makes it 

non-burning. Polymerization produces polyvinyl chloride. Polyvinyl chloride is a linear chain 

polymer with bulky chlorine side groups. It is conveniently represented as below: 

 

The vinyl chloride resin coatings are well- known for their durability. The vinyl copolymer 

contains 86% vinyl chloride and 14% vinyl acetate. The material containing the vinyl group 

when combined with catalysts react to form long chain polymers. 



          Module 9: Corrosion Control and Prevention for Marine Metals.                                                                                                           

                                                                                

53 

 

 

The above is a double bond polymerization process. One vinyl chloride molecule is made to 

react with another molecule to form the PVC polymers. 

 

The vinyl acetate and vinyl chloride monomers react together to form a polyvinyl polychloride 

acetate resin. A typical resin is bakelite which contains 14% vinyl acetate and 86% vinyl 

chloride. 

Vinyl coatings are inert to alkalies, water, oils and greases. Vinyl solutions containing PVC 

are used for pipelines, dams and several important industrial applications. They have an 

excellent resistance to water and weather. 

 

6.4.2.3 Chlorinated Rubber 

Chlorinated rubber is derived from natural rubber which is a polymer of isoprene. 

 

Tetrachloroisoprene is produced by chlorination of natural rubber. A chlorinated isoprene 

molecule and its conversion to chlorinated isopropane molecule is shown above. 
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This provides strong resistance to inorganic acids, water and general chemicals and is heat 

resistant and possesses good durability. Such lacquers can be dried at high speed and show 

good versatility for blending with other coatings. Chlorinated rubbers are thermoplastic which 

means that when subjected to high temperature, they become soft. Above 60oC, chlorine 

may be released. Resistance to hydrocarbons is poor. 

6.4.2.4 Acrylics 

The acrylics have been, to a great extent, replaced by chlorinated rubber and vinyl paints for 

use both in land-based and marine industry. They have a general chemical structure shown 

below, where R and R' are either hydrogen or an alkyl group. 

 

Acrylic polymers are mainly used for their excellent strength, chemical and weather 

resistance. They are made by polymerization of esters of acrylic and methacrylic acid. The 

main resins are polymers of methyl and esters of acrylic and methacrylic acid or copolymers 

with ethyl, butyl or methacrylate. Thermoplastic acrylics are prepared by co-polymerization of 

a mixture of acrylic and methacrylate monomers. 

Methyl Methacrylate 

 
They have a ‘water white’ colour and show a high resistance to change in colour with time. 

Generally acrylics when co-reacted with other resins, such as epoxy and isocyanide, show a 

greater durability. They have found wide use in transport including in marine vessels. 

6.5 Metallic Coatings 

The use of metallic coatings is only justified by longer life as they are substantially more 

expensive than the organic coatings. Metallic coatings protect the substrate either by acting 

as a barrier between the environment and the substrate or by corroding preferentially with 

reference to the substrate. The following are the major methods used for applying metallic 

coatings: 

• Electroplating or electrodeposition 

• Diffusion 

• Spraying 
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• Hot dipping 

• Chemical vapor deposition 

• Physical vapor deposition 

• Welding, cladding, bonding 

• Miscellaneous method. 

6.6 Hot Dip Galvanizing 

This is a process by which iron and steel can be treated to prevent rusting. It involves 

dipping an article into a molten bath of zinc which reacts with the iron and forms a coating. 

Firstly, heavy greases, paints and lacquers are removed by hot alkali and cold alkali 

solutions. Surface contamination is removed by grit blasting. Scales and oxides are removed 

by pickling solution of H2SO4 or HCl. 

The object to be galvanized is immersed in a molten bath of zinc at 450° C. When immersed 

in galvanized bath, both iron and steel are immediately wetted by the zinc and react to form 

an iron zinc layer. At the normal galvanizing temperature, 445-465°C, the initial rate of 

reaction is very rapid. The main thickness is formed during this period. The normal 

immersion period is 1-2 min. 

A hot dipped galvanized coating consists mainly of two parts: an inner layer of zinc and iron 

in contact with the base metal, and an outer lay of unalloyed zinc. Alloying additions are 

made to reduce alloy layer formation and improve ductility. When the coating is entirely 

made of alloy layer, it is called ‘gray coating.’ Firstly, heavy greases, paints and lacquers are 

removed by hot alkali and cold alkali solutions. Grit blasting is done to remove surface 

contamination. The oxides are removed by pickling as mentioned earlier. 

Various metals, such as aluminum and zinc, are added to the zinc bath to modify the 

coating. Addition of aluminum produces an even coating and addition of tin improves 

adhesion. Fluxing is necessary to absorb the impurities on the surface and to ensure that 

only clean steel comes in contact with molten zinc. In the dry process, the workpiece is first 

degreased in a hot alkaline solution, and rinsed with hot and cold water, respectively. After 

rinsing it is pickled in HCl or H2SO4 to remove the mill scale, oxides and rust. It is rinsed 

again in water to remove iron salts. After degreasing, the workpiece is immersed in a tank of 

flux and dried. Drying can be done on hot plates or in ovens at 120°C. The dried workpiece 

is then immersed in the molten bath of zinc as described above. 

In the wet galvanizing process, the workpiece is not fluxed and dried prior to immersion in 

the molten zinc bath. It is directly immersed in a molten bath of zinc containing a blanket of 

flux on the surface of zinc. The flux cover used in the wet process is composed of zinc 

ammonium chloride. The workpiece is withdrawn through a flux blanket. 

The surface of the workpiece is wetted and cleaned as it passes through the flux into the 

molten bath. The dry process produces a lower quality of dross and a cleaner environment 

can be maintained in the plant. Less space is required for the wet process and a better 

surface for galvanizing is produced as the workpiece passes through the flux blanket. 

A microphotograph of a section of hot dipped galvanized coating in mild steel is shown in 

Figure 37. 
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Figure 37.  Etched Optical Micrograph of a Section through a Hot Dip Galvanized Coating 

on Mild Steel 

Small quantities of 0.005% iron and aluminum reduce the rate of oxidation and improve the 

brightness. 

Important Considerations 

• Bath temperature = 445-465°C (830-870°F) 

• Period of immersion (generally 1-5 min) 

• Withdrawal rate (optimum) = 1.5m/min (5 ft/min) 

• Cooling: free circulation of air 

• Coating thickness (mg/cm2) 

• Coating weight requirements: given in ASTM A-123 and ASTM A-153. 

6.7 Electroplating 

Metallic coatings are obtained in a conducting substrate by electro-deposition. The metal 

which is coated is exposed to a solution containing a salt of the coating metal in a specially 

designed tank. The metal which is to be electroplated (workpiece) is made the cathode 

whereas the anode consists of a rod or sheet of the coating metal. The cathode is connected 

to the negative terminal of a DC power source and anode to the positive terminal. A 

specified voltage is given to the system depending on what metal is to be electro-deposited. 

The anode contains the rod of the metal which is to be electro-deposited, for instance, a 

copper rod is made the anode if copper is to be electro-deposited. If an anode of inert metal 

is to be used, a suitable metal salt must be added to the electrolyte. Pure metals, alloys and 

mixed metals can be electro-deposited, Figure 38. Three methods are used - vat, selective 

plating and electroless plating. 
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Figure 38.  Schematic of a Plating Bath 

6.7.1 Vat Plating 

The electro-deposition process is performed in tanks or vats having capacities up to 

thousands of litres. The workpiece is fixed in a jig and suspended in the electrolyte. Inert 

anodes which do not dissolve in the electrolyte are suspended a few centimeters from the 

workpiece. The DC current is supplied by a transformer-rectifier (4-8 V). Thin coatings 

obtained are mainly used for decorative purposes. Dense coatings are produced by vat 

plating. The thickness of the coating is proportional to the current density. 

6.7.2 Selective Plating 

In this process, electro-deposition can be made on the desired localized areas without the 

need for masking and without immersion of components. The anode is mounted in an 

insulated handle and covered by an absorbent pad soaked in the electrolyte. The work is 

connected to the negative side of a DC power source and circuit is completed by the contact 

of absorbent pad with the workpiece. The process makes masking unnecessary. The 

deposition rate is higher than vat plating and this process enjoys the benefit of portability. 

The process is illustrated in Figure 39. 

6.7.3 Electroless Plating 

The process involves basically the reduction of metal ions to produce metal atoms which are 

deposited on the cathode (workpiece). Pure metals, such as copper, nickel, cobalt, gold, 

silver, etc. can be deposited from their salts by the reduction process. For instance, the 

following is the reduction chemistry for deposition of nickel: 

Ni++ + H2PO2
-
 + H2O →Catalyst→ Ni(metal) + 2H+ + H2PO3 

The process is conducted in a PTFE-lined stainless steel tank at 90°C. Uniform deposits are 

obtained. 
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Figure 39.  Selective Plating 

6.7.4 Electrogalvanizing 

In electrogalvanizing, the furnaces, galvanizing pots and cooling tower of hot dipped 

processes are replaced by a series of electrolytic cells through which steel strip passes. In 

each of the plating cells, electrical current flows through a zinc solution from anode to 

cathode (workpiece). Generally soluble anodes made of zinc slabs are used. These anodes 

are dissolved to provide zinc which is deposited on the cathode (workpiece). Zinc is bonded 

to steel electrochemically and not chemically as in the hot dipping process. There is no alloy 

formation in the electrogalvanizing process. Continuous hot dipped galvanizing and 

electrogalvanizing lines are shown in Figure 40. 

 

Figure 40.  Schematic Showing Basic Steps of Hot Dip and Electro Galvanizing Lines 

6.7.5 Protection Mechanism 

Zinc protects the steel substrate from corrosion by physically protecting the steel from the 

atmosphere and by sacrificial corrosion of zinc in the environment. Zinc has a potential of      

-0.763 V and iron a potential -0.44 V. Zinc is clearly anodic to steel. 

Zinc is oxidized to ZnO in dry air. In the presence of moisture, ZnO reacts further to form 

Zn(OH)2. 

Zn+2H2O → Zn(OH)2+H2 

Zn(OH)2 may react further to form a protective film of ZnCO3 by reacting further with CO2. 
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The corrosion rate of Zn is, therefore, retarded. Zinc coating tends to dissolve in chloride and 

sulphur dioxide containing environment. The formation of ZnCO3 retards the rate of 

corrosion. 

When the protective film, however, dissolves zinc undergoes oxidation, 

Zn → Zn2+ + 2e 

Zn + 2H2O → Zn(OH)2 + H2 

2AlCl3 + 3Fe → 3FeCl2 + 2Al 

Sn → Sn2+ + 2e 

2H2O + O2 + 4e → 4OH- 

which releases two electrons. These electrons are accepted by iron which consumes the 

electrons, see Figure 41. Zinc thus becomes the anode and iron (the substrate) becomes the 

cathode. Hence, while zinc corrodes it protects the steel substrate which consumes the 

electrons and becomes the cathode. The potential of steel becomes more negative by 

consuming electrons and a cathodic reaction is formed on its surface. Hence, steel is 

cathodically protected. Thus, steel is protected by zinc mainly by formation of a partially 

protective film of Zn on the steel surface and by cathodically protecting the steel substrate 

from corrosion via sacrificial protection when the zinc protective film breaks down in an 

aggressive environment. 

 

Figure 41.  Corrosion Mechanism Under a Water Droplet: How Zinc Prevents Corrosion 

6.7.6 Diffusion Coatings 

In this method, the surface of the metal to be coated is modified by diffusing into it at a high 

temperature into a metal or an element, which would provide the required resistance when 

combined with the parent metal. Such coatings are called ‘diffusion coatings.’ Diffusion 

coatings can be applied to a range of metals and alloys, such as nickel, titanium and 

molybdenum, but the widest use is on ferrous metals. Examples are zinc diffusion coatings 

and aluminum diffusion coatings. 
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6.7.7 Flame Spraying 

The general procedure is to melt the coating material and blow it on to the surface to be 

coated. The coating material is in the form of very small molten particles or droplets. Four 

methods based on the form of the coating material are generally used: 

i) The coating material is in the form of rod which is melted by an oxyacetylene flame and 

blown onto the surface to be coated. 

 

Figure 42.  Cross Section of a Typical Powder Flame Gun 

ii) The coating material is in the form of a powder which is heated by an oxyacetylene frame, 

atomized and blown onto the surface. A cross section of a typical powder flame gun is 

shown in Figure 42. 

iii) The coating is in the form of a wire. The wire is fed into the central orifice of a nozzle. It 

passes through an oxyacetylene flame and is sprayed onto the metal surface. 

iv) The coating material in the form of a wire is heated by passing it through the plasma of an 

electric arc. The resulting molten metal is blown out of the arc by an auxiliary gas stream, as 

droplets. 

The process is versatile with low capital investment. In the electrostatic spraying process, 

the particles released from the spray gun are electrostatically charged and propelled at low 

velocity by air or revolving spray head. Too much air pressure is to be avoided. This 

procedure produces a good wrap around without the need for positioning the workpiece. The 

process is suitable for tubular components too. 

6.8 Aluminium Coatings 

The following methods are available for coating metals with aluminum: 

• Spray aluminizing 

• Hot dipping 

• Calorizing 

• Vacuum deposition 

• Electroplating 
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• Vapour deposition 

• Cladding 

Two types of aluminum coatings are generally deposited: aluminum alloy containing 5-11% 

Si and pure aluminum. 

6.8.1 Sprayed Coatings 

Either pure aluminum or an aluminum alloy is applied to the surface to be coated by a pistol 

fed by either aluminum wire or aluminum powder. The coating applied is generally 0.1-0.2 

mm thick. 

6.8.2 Hot Dip Coatings 

Molten baths of aluminum for hot dipping usually contain silicon (7-11%) to retard the growth 

of brittle aluminum intermetallic phase in the layer. The steel strip is heated in a high 

temperature furnace in an oxidizing atmosphere to remove organic oils followed by heating 

in a reducing furnace to reduce the oxide layer. The process consists of 

• surface preparation, 

• heat treatment and 

• immersion coating with aluminum 

The bath temperature is maintained between 620-710° C. The coating thickness is generally 

0.025-0.75 mm. The batch method is shown in Figure 43. 

 

Figure 43.  Schematic of Steps in an Automatic Line for High Production Hot Dip 

Aluminizing of Small Parts 

6.8.3 Calorized Coatings 

Components to be coated are heated in a hydrogen atmosphere in contact with a mixture of 

aluminum oxide and 3% aluminum chloride. After removal from the mixture the articles are heated in 

the range 620-710°C for 48 h. The coating thickness is generally 0.025-0.75 mm. The calorized 

coating must not be deformed. 
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6.8.4 Vacuum Deposition 

In vacuum metallizing aluminum is evaporated at high temperature by passing a heavy current 

through tungsten filaments around which aluminum is wound. The operation chamber is maintained in 

a high vacuum. The surface is at room temperature or relatively lower temperature. The vapourized 

aluminum is condensed on the surface of the workpiece. Coatings of the order of 0.021-0.075 mm are 

generally applied. Sputter application is similar, however, it is carried out at a vacuum of 13 N/m2 at a 

potential of 1 kV. 

6.8.5 Electroplated Coatings 

Aluminum coatings can be deposited from organic solution if a sufficient control is 

maintained. Solutions of aluminum chloride, benzoyl chloride, nitrobenzoane and formamide 

are used. A current density of 3.2-3.5kA/m2 is required. Aluminum coating can also be 

obtained from aluminum chloride. The bath is operated at 50°C and a current density of 

30A/dm2 is required. 

6.8.6 Vapour Deposition 

In this process, vapours of a metal bearing compound are brought into contact with a heated 

substrate and a metal compound is deposited on the surface. Steel is exposed to dry 

aluminum chloride in a reducing atmosphere at 1000°C and aluminum is deposited on the 

surface. 

2AlCl3 + 3Fe → 3FeCl2 + 2Al 

6.8.7 Cladding 

Bonding of steel to aluminum is obtained by rolling, extrusion or drawing. The bonding of 

aluminum to steel is obtained by rolling at 540°C. Aluminum alloy-base metal coated on both 

sides by pure aluminum is called ‘AlClad.’ The method of application has a significant effect 

on the corrosion resistance of the aluminium layer. 

6.9 Corrosion Resistance of Aluminium Coatings 

6.9.1 Atmosphere 

Aluminum coatings are more resistant to corrosion in the atmosphere than zinc coatings. 

The formation of an AI2O3 layer affords protection to the base metals. A film of hydrated 

aluminum sulfate is formed which is protective. 

6.9.2 Natural Water 

The air formed oxide/hydroxide film is destroyed as soon as it is immersed in water, unless 

the rate of reformation of film from oxygen in water is more than the rate of dissolution of film 

by Cl, NO3 and SO4
-
. Soft waters are least aggressive to aluminum. The coatings become 

passive in a pH range between 4 and 9 and corrode rapidly in acid and alkaline solution. 

6.9.3 Seawater 

Aluminium coated steel is subject to pitting in seawater. The presence of copper in small 

amounts causes severe microgalvanic corrosion. Pitting may be initiated by the breakdown 
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of the oxide film at weak points in seawater or brackish water containing a high chloride 

content. 
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INDEX (note pages: in black, steel and non-ferrous alloys 

slide nos. in blue; ‘a’, ‘b’ & ‘c’ refer to slide sections) 

 

A 

Acrylics · 54 

Aluminium Coatings 

corrosion resistance · 62 

Anodic Protection  ['b': 14, 15] 
Atmospheric Corrosion 

humidity · 6 

key factors · 6 

pollution · 6 

proximity to sea · 7 

rainfall · 6 

temperature · 6 

B 

Bimetallic Contact · 7 

anode 

cathode ratio · 8 

potential difference · 8 

C 

Cathodic Protection · 27 

aluminium anodes · 27 

anode installation · 28  ['b':  9] 

impressed current cathodic protection (ICCP) · 28  

['b': 2, 5] 

magnesium anodes · 28 
   potential measurement  ['b': 8] 
    principles  ['b': 2-4, 6, 7] 

sacrificial anode cathodic protection (SACP) · 27      
['b': 2, 5, 6, 10] 

zinc anodes · 28 

Cellulose Nitrate · 52 

Chlorinated Rubber · 53 

Coatings 

anodic · 46 

barrier type · 45 

cathodic · 46 

classifications · 45 

conversion type · 46 

organic · 44  ['c': 16, 20-22, 24-26] 

D 

Design Considerations · 4  ['a': 9-12, 18-26] 

causes of failure · 5 

crevices · 15  ['a': 31] 

ease of maintenance · 18 

   engine and exhaust  ['a': 27-29] 
equipment service life · 4 
features to minimise corrosion · 7 

insulation materials · 10 

joints · 12 

joints and faying surfaces · 11  ['a': 14-17] 

soldering and threading · 14 

wet atmosphere · 10 

Differential Aeration 

surface debris · 9 

F 

Flowing Water Systems 

corrosion issues · 17 

I 

Inhibitor 

classification · 31  ['c': 3, 4] 

Inhibitors · 29 

   adsorption type  ['c': 5-7] 
anodic · 32 
applications · 30  ['c': 8-10] 

cathodic · 33 

chromates · 42 

engine coolants · 30 

factors for selection · 31  ['c': 11] 

molybdates · 43 

nitrates · 43 

nitrites · 42 

organic · 43 

petroleum industry · 30 

phosphates · 43 

polarization behaviour · 35 

polyphosphates · 40 

   scavengers  ['c': 12-14] 
silicates · 43 
sour gas systems · 30 

terminology · 31 

zinc · 41 

L 

Lacquers · 52 

Lloyds Register Corrosion Allowance  ['a': 30] 
Lloyds Register Crack Arrest  ['a': 31,32] 
Lloyds Register Hull Coating Guidelines  ['c': 27-32] 
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Lloyds Register Protection Guidelines  ['b': 11-13] 
Lloyds Register Surface Preparation  ['c': 30-32] 
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Maintenance 

fresh water tanks · 23 

plumbing systems · 22 

potable water systems · 22 

Materials Selection  ['a': 3-8] 

Metal Coatings 

aluminium coatings · 60 

calorized coatings · 61 

cladding · 62 

diffusion coatings · 59 

electrogalvanizing · 58 

electroless deposition · 57 

electroplating · 56 

flame spraying · 60 

selective plating · 57 

sprayed coatings · 61 

vacuum deposition · 62 

vapour deposition · 62 

vat plating · 57 

Metallic Coatings · 54 

hot dip galvanizing · 55 

P 

Packaging 

equipment-in-transit · 21 

Paint Coating Systems · 47 

alkyd resins · 49 

binders · 49 

cathodically protective primers · 47 

components · 48 

epoxy esters · 50 

impervious primers · 47 

inhibitive primers · 47 

urethane oils · 51 

Polyvinyl Chloride · 52 

T 

Tanks  ['a': 13] 

containing liquids · 19 

designs for good drainage · 20 

W 

Water Tanks 

aluminium · 24 

carbon steel · 23 

copper · 24 

fibreglass · 24 

galvanized steel · 24 

Monel · 24 

piping materials · 25 

Polyethylene · 25 

stainless steel · 23 

Welding 

carbon content · 13 

filler metals · 13 

impact on corrosion · 12 

lap and butt joints · 14 

sensitization of stainless steel · 13 

weld metal overlayers · 13 
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Zinc Coatings 

protection mechanism · 58 
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