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CORROSION
Definition of Corrosion: The process of deterioration of metals due to oxidation of metals by direct or electrochemical attack by the environment.
Corrosion is actually the process of oxidation of metals to form compounds. The metals have the tendency to get oxidized either by direct reaction with oxidizing agents or by electrochemical reactions. One can say that its the reverse of extraction of metal from its compound.
Corrosion occurs as the metals possesses higher energy than their compound form as during the metallurgical process of extraction of metals lot of energy is given to reduce the compound into metal. Thus metals possessing higher energy will be less stable and thus will react to form more stable compound having lower energy.
Some Examples of Corrosion are:
1. Copper Corrosion
When copper metal is exposed to the environment it reacts with the oxygen in the atmosphere to form copper (I) oxide which is red in colour.
2Cu(s) + ½ O2(g) → Cu2O(s)
Cu2O further gets oxidised to form CuO which is black in colour.
Cu2O(s) + ½ O2(g) → 2CuO(s)
This CuO reacts with CO2, SO3 and H2O (present in the atmosphere to form Cu2(OH)2(s) (Malachite) which is blue in colour and Cu4SO4(OH)6(s) (Brochantite) which is green in colour.
This is why we observe copper turning bluish-green in colour.
A typical example of this is the colour of the statue of liberty which has the copper coating on it turning blue-green in colour.
2. Silver Tarnishing
Silver reacts with sulphur and sulphur compounds in the air give silver sulphide (Ag2S) which is black in colour. Exposed silver forms Ag2S as it reacts with the H2S(g) in the atmosphere which is present due to certain industrial process.
2Ag(s) + H2S(g) → Ag2S(s) + H+2+(g)
3. Corrosion of Iron (Rusting)
Rusting of iron which is the most commonly seen example happens when iron comes in contact with air or water. The reaction could be seen as a typical electrochemical cell reaction. Consider the diagram given below.
[image: Corrosion of Iron (Rusting)]
Here metal iron loses electrons and gets converted to Fe{aq}2+ (this could be considered as the anode position). The electrons lost will move to the other side where they combine with H+ ions. H+ ions are released either by H2O or by H2CO3 present in the atmosphere(this could be considered as the cathode position).
H2O ⇌ H+ + OH–
H2CO3  ⇌ 2H+ + CO32-
The Hydrogen thus formed by the reaction of H+ and electrons react with oxygen to form H2O.
Anode reaction
2Fe(s) → 2Fe2+ + 4e– 
Cathode reaction
O2(g)​+4H+(aq)​+4e−⟶2​H2​O(l)​
Overall reaction
2Fe(s) + O2(g) + 4H+(aq) → 2Fe2+(aq) + 2H2O(l)
The Fe2+ ions formed at the anode react with oxygen in the atmosphere, thereby getting oxidised to Fe3+ thereby forming Fe2O3 which comes out in the hydrated form as Fe2O3.xH2O
Fe2+ + 3O2 → 2Fe2O3
Fe2O3 + xH2O → Fe2O3. xH2O (rust)
Other examples include,
· Corrosion of Zinc when it reacts with oxygen and HCl to form white coloured ZnCl2.
· Corrosion of Tin to form black coloured Na2[Sn(OH)2].

Mechanism of Corrosion:
Corrosion can take place by any of the following ways:
I. Direct or Dry or Chemical Corrosion
II. Indirect or Wet or Electrochemical Corrosion

I. Direct or Dry Corrosion or Chemical Corrosion: It involves direct chemical attack of atmospheric gases like O2, CO2, H2S, SO2, halogen and inorganic acid on metal. Example tarnishing of silver in presence of H2S laden air.
There are 3 main types of chemical corrosion.
1) Corrosion by oxygen (or) oxidation corrosion.
2) Corrosion by other gases like SO2, CO2, H2S and F2 etc.
3) Liquid metal corrosion.
1. Corrosion by Oxygen or Oxidation corrosion:-
· It is brought about by direct action of oxygen at low (or) high temperatures, usually in the absence of moisture.
· At high temperatures all metals are attacked by oxygen and are oxidized – except noble metals like Ag, Au, and Pt.
· At ordinary temp generally all the metals are slightly attacked. However alkali metals – Li, Na, K, Rb etc. and alkaline earth metals – Be, Ca, Sr etc. are attacked very rapidly and get oxidized readily.
The reactions in the oxidation corrosion are
2 M  + n/2 O2	–------>	2Mn+	+	2n O2-
Metal ions		oxide ions 2 M	–---------->	2 Mn+	+		2n e -
n/2 O2 + 2n e -	–----------->	nO2-
2M	+ n/2 O2	–--–------>	2Mn	+	2nO2-

Mechanism of oxidation corrosion: - Oxidation occurs first at the surface of the metal and a scale of metal oxide is formed on the surface of the metal and it tends to act as a barrier for further oxidation.
Therefore, for oxidation to continue either the metal must diffuse outwards through the scale to the surface or the oxygen must diffuse inwards through the scale to the underlying metal. Both transfers occur, but the outward diffusion of the metal is generally much more rapid than the inward diffusion of oxygen. Since the metal ion is appreciably smaller than the oxide ion, therefore the metal ion has much higher mobility.
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Nature of the oxide formed: - It plays an important role in further oxidation corrosion process.
Metal  + oxygen	metal oxide (corrosion product)
When the oxide film formed is
i) Stable layer: - A stable layer is fine grained in structure and can get adhered tightly to the parent metal surface. Such a layer will be impervious in nature and hence behaves as protective coating, thereby shielding the metal surface. Consequently further oxidation corrosion is prevented.
E.g.: Al, Sn. Pb, Cu, etc. form stable oxide layers on surface thus preventing further oxidation.
ii) Unstable Layer: - The oxide layer formed decomposes back into metal and oxygen Metal oxide	metal + oxygen
Consequently oxidation corrosion is not possible in such cases. Eg: Ag, Au and Pt do not undergo oxidation corrosion.
[image: ]

iii) [image: ]Volatile Layer: The oxide layer formed is volatile in nature and evaporates as soon as it is formed. There by leaving the under lying metal surface exposed for further attack. This causes rapid continuous corrosion, leading to excessive corrosion eg: Mo- molybdenum forms volatile MoO3 layer.

iv) Porous Layer: Contains pores and cracks. In such a case the atmospheric oxygen has access to the underlying surface of the metal through the pores or cracks of the layer, there by corrosion continues until the entire metal is converted to its oxide.
Eg: Iron when attacked by H2S at high temperature forms porous FeS layer.
[image: ]
Pilling – Bedworth rule: The oxide layer acts as a protective or non–porous barrier, if the volume of the oxide is at least as great as the volume of the metal from which it is formed .
On the other hand -if the volume of the oxide layer is less than the volume of metal, the oxide layer is porous and hence non-protective. Because it cannot prevent the access of oxygen to the fresh metal surface below. If the specific volume ratio is small, then rate of corrosion is large.
For eg: alkali and alkaline earth metals like Li, Na, K, Mg forms oxides of volume less than volume of metals.
These layers are porous and non-protective. Hence these undergo corrosion more rapidly.
On the other hand metals like Al forms oxide whose volume is greater than the volume of the metal. Therefore Al forms a tightly – adhering non-porous protective layer.
1. Oxidation by other gases: Some gases like SO2, CO2, H2S, F2 etc. reacts with the metals directly forming protective or non protective layer on the metal surface. The extent of corrosion depends on environment and the type of layer formed. For example Chlorine reacts with silver and iron to form protective coating of halide (AgCl, FeCl3) whereas chlorine reacts with tin to form SnCl4 which is volatile thus tin gets corroded faster.
2. Liquid metal corrosion: When a liquid metal is allowed to flow over a solid metal, giving rise to either the dissolution of solid metal into liquid or the penetration of  liquid metal into the interstitial spaces in solid metal then it is called liquid metal corrosion. This weakens the solid metal.
Example: In nuclear reactors sodium is used as coolant which corrodes the cadmium rods.

Wet Corrosion or Electrochemical Corrosion: It occurs due to setting up of number of tiny galvanic cells in metal in presence of impurities and moisture. The area where impurity is present or the more active metal present will act as anode where actually the oxidation (corrosion) takes place. Example rusting of iron in presence of moisture. 
In the anodic area oxidation reaction takes place so anodic metal is destroyed by dissolving (or) forming a compound such as an oxide.
Hence corrosion always occurs at anodic areas
At Anode
M	–-------->	Mn+	+	ne –
In cathodic area, reduction reaction (gain of e – s) takes place. So at cathodic part dissolved constituents in the conducting medium accept the electrons to form some ions like OH-, O2- etc.
The metallic ions from anodic part and non- metallic ions from cathodic part diffuse towards each other through conducting medium and form a corrosion product somewhere between anode and cathode.
Mechanism of wet or electrochemical corrosion:-
In wet corrosion the anodic reaction involves- the dissolution of metal as corresponding metal ions with the liberation of free electrons:
M –--------> Mn+	+ ne-
Whereas depending on the nature of the corrosive environment the cathodic reaction consumes e-s either by
 a) evolution of hydrogen
 b) by absorption of oxygen 
a)	Evolution of hydrogen: It takes place in acidic environments.
For eg in the corrosion of iron metal the anodic reaction is dissolution of Fe as ferrous ions with liberation of e-s.
Fe	–-----> Fe+2	+	2e-	oxidation.
These electrons flow through the metal from anode to cathode (acidic region) where H+ ions are eliminated as H2 gas.
2H+	+	2e-	–------>	H2	reduction.
The overall reaction is
Fe	+	2H+	–------>	Fe2+	+	H2
This type of corrosion causes “displacement of hydrogen ions from the acidic solution by metal ions.
In hydrogen evolution type corrosion, the anodes are very large areas, where as cathodes are small areas.
All metals above hydrogen in the electrochemical series have a tendency to get dissolved in acidic solution with simultaneous evolution of hydrogen.

	[image: Theories of corrosion]
b)	Absorption of oxygen type corrosion: Rusting of Fe in neutral aqueous solution of electrolytes like NaCl in the presence of atmospheric oxygen is a common example of this type of corrosion.
The surface of iron will be usually coated with a thin film of iron oxide. However if this oxide film develops some cracks, anodic areas are created on the surface.
While pure metal parts act as cathode.
Thus anodic areas are very small surface parts.
The rest of the surface of the metal forms cathodes.
	Thus at the anodic part iron metal dissolves as Fe+2 ions with the liberation of e- s.   Fe	  –----->                     Fe+2	        +	2e-
	The liberated e- s flow from anodic to cathodic areas through iron metal during which they interact with dissolved oxygen and moisture.
½ O2	+ H2O +	2e-	→	2OH-
The Fe+2 ions and OH- ions diffuse and form ferrous hydroxide precipitate when they meet with each other
Fe+2	+ 2OH-	–------>	Fe(OH)2
If enough O2 is present Fe(OH)2 is easily oxidized to Fe(OH)3 (ferric hydroxide) 4 Fe(OH)2	+ O2	+	2H2O	> 4Fe(OH)3
The product called yellow rust actually corresponds to Fe(OH)3.H2O.
If the supply of O2 is limited, the corrosion product may be even black anhydrous magnetite Fe3O4.

[image: Theories of corrosion]

Types of Corrosion:
1	Galvanic or Two-Metal Corrosion
A potential difference usually exists between two dissimilar metals when they are immersed in a corrosive or conductive solution. If these metals are placed in contact (or otherwise electrically connected), this potential difference produces electron flow between them. The less resistant metal becomes anodic and the more resistant metal cathodic (passive metal). Usually the- cathode or cathodic metal corrodes very little or not at all in this type of couple. Because of the electric currents and dissimilar metals involved, this form of corrosion it is called galvanic, or two-metal, corrosion and if a form of electrochemical corrosion. There are a number of factors that affect the galvanic corrosion including:
i.  types of metals: More the difference in position in Galvanic Series more will be corrosion of metal lying higher in Galvanic Series.
ii. relative size of anode: Larger the size of cathode more will be corrosion of anode and,
iii. environment (temperature, humidity, salinity, etc.): Higher the temperature, humidity or salinity more will be the corrosion.
Eg: - Copper in Aluminium alloys. Brass nail in Steel.
Galvanic Series
The galvanic series defines the nobility of metals as well as semi-metals. This process happens when two metals are submerged in an electrolyte or when electronically connected, before letting the base experience galvanic corrosion. The corrosion rate will be influenced by the electrolyte as well as the difference in nobility. This difference is then measured in terms of voltage potential. Batteries form the basic principle of metal corrosion potential in the galvanic reaction.
Galvanic series of some Metals and Alloys
CORRODED END ( ANODIC OR LEAST NOBLE)
MAGNESIUM
MAGNESIUM ALLOYS
ZINC
ALUMINUM 
CADMIUM
MILD STEEL 
CAST IRON 
CHROME IRON (ACTIVE)
NI – RESIST
LEAD – TIN SOLDERS
LEAD
TIN
BRASSES
COPPER (CA102)
COPPER – NICKEL ALLOY 
SILVER SOLDER
NICKEL (PASSIVE)
80 NI- 20 CR (PASSIVE)
CHROME IRON (PASSIVE)
TITANIUM (PASS.) 
GRAPHITE
ZIRCONIUM
GOLD
PLATINUM
PROTECTED END (CATHODIC OR MOST NOBLE)

2. Differential aeration:
Differential aeration (oxygen concentration cell) and ion concentration (salt concentration) cells create dissimilar polarities (anodic and cathodic areas) Eg: Pitting of metals, Rusting of iron. Differential oxygen cells in rusting of iron Selective leaching (Dealloying) refers to selective dissolution of active metal phase. The figure shows a drop of water on the metal surface which creates depletion of oxygen beneath water droplet thus generating anodic centre while the rest of the surface of metal acts as cathode.
[image: How Corrosion Happens]
3. Pitting Corrosion
Pitting is the formation of rust pits or holes on the surface. Pitting corrosion is a localized form of corrosion where the corrosion is limited to small areas. The shapes of rust pits may not be similar but in most of the cases, they are hemispherical in shape.
Pitting corrosion occurs when the protective oxide layer of the surface gets damaged or due to structural defects in metal. It is considered more dangerous because it causes the failure of structure with a relatively low overall loss of material. It can be observed in steel, aluminum, nickel alloys, etc.
[image: Pitting Corrosion]
4. Crevice Corrosion
Crevice corrosion is a localized attack on a metal adjacent to the crevice between two joining surfaces (two metals or metal-nonmetal crevices). The corrosion is generally confined to one localized area to one metal. This type of corrosion can be initiated by concentration gradients (due to ions or oxygen). This type of attack is usually associated with small volumes of stagnant solution caused by holes, gasket surfaces, lap joints, surface deposits, and crevices under bolt and rivet heads. The areas of depletion of oxygen behaves as anode.
[image: Fretting Corrosion]
5. Inter-granular Corrosion
Inter-granular corrosion is the corrosion occurs along the grain boundaries and the grains are not affected in this case. In metals grains are arranged in a particular array. It is caused when there is a noticeable difference in reactivity against impurities exists between grain boundaries and grains. This difference in reactivity occurs due to defective welding, heat treatment stainless steels, copper, etc. For example in Chromium steels when improper welding is done the chromium metals at grain boundaries reacts with carbon and precipitates out in form of chromium carbide causing depletion of chromium percentage at grain boundaries which creates anodic centers at that loci whereas the whole of other part acts as cathode thus giving rise to corrosion.
[image: Inter-granular Corrosion]
6. Stress Corrosion
Stress corrosion caused by the combined action of a corrosive environment and mechanical stress on the surface of the material. In its initial stage, small cracks are developed and these finally lead to failure of the whole structure. The stressed portion starts acting as anode. This type of corrosion can be seen in stainless steel when they are stressed in chloride environments, in brass materials when they are stressed in the presence of ammonia, etc.
[image: Stress Corrosion]
 

[bookmark: _GoBack]Prevention of Corrosion
Preventing corrosion is of utmost importance in order to avoid huge losses. Majority of the structures we use are made out of metals. This includes bridges, automobiles, machinery, household goods like window grill, doors, railway lines, etc.
There are various methods to prevent corrosion. These include,
1. Proper Design:
Bimetallic corrosion is serious and it occurs when two materials differing in electrochemical potential are joints together, Corrosion of coupling will occur if a galvanic cell is formed, recall that a basic corrosion cell consists of four parts, if one part is eliminated corrosion ceases.
[image: ]
Deposit and impurities must be not allowed because they are caused formation of differential aeration cells and allows the adsorption of moisture from air which lead to corrosion, the passive surface of steel may be destroyed by such deposit , the sites under the deposit become anode and the lead to pitting. Hence, a good design should not allow the built –up of impurities on surface
[image: ]Crevices are formed behind spot-welded overlays or bolt joints under rim of sheet metal which has been folded to give a smooth outer edge , at bolted or riveted joints and at shined or overplayed plates.
[image: ]
2. Electroplating
It is the process by which a metal (I) is coated with a thin layer of another metal (II) using electrolysis. In this way, the new metal coating protects the metal (I) from corrosion.
In the process, a metal is used as the coating, (metal II) is kept as the anode and metal (I) (metal to be plated) is kept as the cathode. i.e, metal ‘I’ is connected to the negative terminal and metal II is connected to the positive terminal. These 2 electrodes are immersed in an electrolyte and when power is supplied, oxidation happens in the anode, thereby dissolving metal II ions in the electrolyte. These dissolved metal II ions are reduced at the cathode thereby providing a coating on metal I.
The metals most commonly used as the anode are Copper, Nickel, Gold, Silver, Zinc. Etc.    3.	Cathodic Protection
Cathodic protection works by changing over undesirable anodic (active) sites on a metal's surface to cathodic (passive) destinations through the utilization of a restricting current. These restricting current supplies free electrons and power nearby anodes to be spellbound to the capability of the local cathodes. Cathodic protection can take place in two forms. 
a.	Galvanization or Sacrificial Anodic Protection:
A sacrificial anode is a substance that is easier to oxidize then the structure being protected, typically it is a relatively small and easy to replace piece of metal. From the standard electric potentials below: Fe(s) <-> Fe2+ + 2e- + 0.44, Zn(s) <-> Zn2+ + 2e- + 0.76, Mg(s) <-> Mg2+ + 2e- + 2.37. Both magnesium (Mg) and zinc (Zn) have higher potentials so they will be oxidized before iron if they are connected in a system. This process involves coating iron with a thin layer of zinc. It is generally done by dipping iron in molten zinc. The zinc layer coating thus protect the iron inside from corrosion. Sacrificial anodes are used when the pipeline is temporary or where there is not access to a power supply.
 (
 Iron Protected With Sacraficial Anode
)

b.	Impressed Current Cathodic Protection: The second technique for cathodic security is impressed current protection. This strategy, which is regularly used to ensure covered pipelines and ship bodies, requires an elective wellspring of direct electrical current to be provided to the electrolyte. The negative terminal of the present source is associated with the metal, while the positive terminal is joined to a helper anode, which is added to finish the electrical circuit. Impressed current anode systems are different than galvanic (sacrificial) systems because they utilize an external DC power supply to create the electrical current flow. The use of an external power supply enables an impressed current system to generate significantly higher current output with fewer, longer lasting anodes. 
[image: How Electro-Guard Impressed Current Cathodic Protection Systems work]
3. 	Using corrosion Inhibitor
Corrosion inhibitors are chemicals which when added to the corrosion environment has the ability to cut down the rate of corrosion. These inhibitors are chemicals that respond with the metal's surface or the ecological gasses causing corrosion, consequently, intruding on the compound response that causes corrosion. Inhibitors create a certain kind of shield against corrosion when they shape up like a thin film upon the metal's surface.
Inhibitors can work by adsorbing themselves on the metal's surface and framing a defensive film. 
The inhibitors procedure of abating corrosion relies on:
· Changing the anodic or cathodic polarization conduct
· Decreasing the dispersion of particles to the metal's surface
· Increasing the electrical protection of the metal's surface
4. 	Painting and Greasing
Providing a layer of paint or grease on the metal can prevent the exposure of the metal with the external environment thereby preventing corrosion.
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