Corrosion

Corrosion is derived from the Latin word corroder => gnaw to pieces.

   Rusting of iron was initially prevented by coating of metal with coal tar paints, galvanizing, tinning & electroplating. The damage caused by rusting is enormous and presently it is costing the nation a significant proportion of GNP.
 Corrosion of a metal can be regarded as reversal of its extraction.
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          Corrosion

Corrosion is defined as “the destruction or deterioration and consequent loss of metals or alloys through chemical or electrochemical attack by the surrounding environment”.  
   The primary factors that initiate corrosion on metals are atmospheric air, water and also conducting surface of the metal.
Examples: Rusting of iron, green scales are formed on copper vessels 

Corrosion of metal occurs either by direct chemical attacks or by electrochemical attack on the metal by the corrosive environment.        
It causes damage to process plants to other industrial equipments.
In the process plants, the products get contaminated with the corrosion product. 
The contaminated product is useless and results in the loss of the metal and causes environment problems.
To continue with the production, redesigning is needed and this necessitates shut down of the plant for repair ‘or’ replacement work.                                   


Types of corrosion
Dry (uncommon) – If the corrosion takes place due to direct chemical attack (in the absence of moisture) that type of corrosion is known as dry corrosion. Dry gases like O2, SO2,Cl2 cause this phenomenon. Also known as direct chemical corrosion ‘or’ direct chemical attack.
Eg: tarnish of Al, Zn.
Wet (common) - If the corrosion of the metal takes place due to electrochemical attacks in the aqueous or a conducting medium such corrosion is known as wet corrosion or electrochemical corrosionor immersed corrosion. 


Electrochemical theory of corrosion
When a metal (Fe) is exposed to the environment, according to electrochemical theory, the following electrochemical changes occur gradually:-
Formation of a large number of minute galvanic cells. (anodic and cathodic areas) and corrosion takes place at anodic area.(oxidation)
The electrons released at the anodic area are taken up by the cathodic area.
Oxygen molecules of the atmosphere are reduced to OH-  ions in the presence of water at the cathodic area (reduction)
 The driving force necessary for electrons to flow is the difference in potential between the anodic and cathodic areas.
The electrons liberated at the anodic region migrate to the cathodic region constituting corrosion current. 
(When a metal like iron is exposed to the environment according to electrochemical corrosion of metal takes place due to the formation of anodic and cathodic regions on the same metal surface or when the two metals are in contact with each other in a corrosive medium.) 

At anode oxidation takes place so that metal is converted into metal ions with the liberation of electrons. 
                                MMn+  + ne-          
Egs: Fe Fe2+ + 2e-        
At the cathodic regions, reduction takes place since the metal at cathodic region cannot be reduced further, so some constituents of the corrosive medium take part in the cathodic reaction. Since in the cathodic reaction, as the constituents of the corrosion medium are involved, they are more complicated and dependent on the nature of environment. Most common type of cathodic reactions is:
Liberation of hydrogen 
Absorption of oxygen
Cathodic reactions:
Liberation of hydrogen type 
If the medium is acidic and in the absence of O2 , H+ions are reduced to H2 gas 
                      2H++ 2e-   H2
If the medium is neutral or alkaline in the absence of O2  the reaction at cathode involves liberation of  H2
2H2O + 2e- 2OH- + H2

Absorption of oxygen type 
If the medium is acidic and in the presence of O2
4H++ O2+ 4e-  2H2O

If the medium is neutral or alkaline and in the presence of O2
2H2O+ O2+ 4e- 4OH-
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2Fe+2+ 4OH- 2Fe(OH)2
In an oxidizing environment, the insoluble   Fe(OH)2               (insoluble iron hydroxide) oxidized to ferric oxide as following reaction. 
4Fe(OH)2 +O2  + 2H2O   2(Fe2O3.3H2O) +H2
							Yellow rust
If the concentration of oxygen is limited then Fe(OH)2 is converted into magnetic oxide of Fe and is known as black rust,
3Fe(OH)2 + O2    Fe3O4.3H2O
                            Black rust

Rate of corrosion =  
icorr== 
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These anodes and cathodes are formed due to the heterogeneities at the interfaces of the metal and environment. The heterogeneities on a metal surface could develop due to several factors like:
On a metal surface if the concentration of the oxygen is different (if in the metal the area which is exposed to more oxygen acts as cathode, the area which is exposed to less oxygen acts as anode).
Due to contact of two different metals (Examples: if copper and iron are in contact with each other, then Fe acts as anode and copper acts as cathode due to change in electrode potential).
The iron in contact with an alkali being under stress becomes anodic while stress free iron surrounded by dilute alkali becomes cathode. Corrosion takes place at the stressed region and the continuation of caustic embrittlement of boiler parts often results in boiler failure ‘or’ boiler explosion.

Types of corrosion; corrosion on thermal taking place depending n the nature of metals and depending on the types of environment by different mechanisms, giving different types of corrosion.



Galvanic corrosion or differential metal corrosion;
This occurs when two dissimilar metals are in contact with each other in a corrosive conductive medium; a potential difference is set up resulting in a galvanic current. The two metals differ in their tendencies to undergo oxidation.
 The metal with lower electrode potential or more active metal acts as anode and the metal with higher electrode potential acts as cathode. The potential difference is main reason for corrosion to take place. 
The rate of differential metal corrosion depends primarily on the amount of current, potential difference. Larger the potential difference (open circuit potential) higher is the rate of corrosion.
Examples: When iron in contact with copper iron as lower electrode potential acts as anode and undergo oxidation as,
At Anode: Fe  Fe+2 + 2e-

At Cathode: 
O2 + 2H2O + 4e-4OH-   
Here, iron corrodes in preference tocopper.
 2Fe2+ + 4OH-       2Fe (OH)2
Whereas copper which has higher electrode potential acts as cathode gets unaffected. The rate of galvanic corrosion depends upon.
Potential difference between anodic and cathodic metals
Ratio of anodic and cathodic area
Environmental factors and tendency of the metal to undergo passivity etc. 
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Rate of corrosion Difference in potentials

Other Examples: When Fe contact with Sn or Cu the Fe acts as anode an Sn acts as cathode but when Fe contact with Zn, Fe acts as cathode where as Zn acts as anode. 
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Example for stress corrosion is caustic embrittlement. (Intercrystalline corrosion)

Caustic embrittlement: 
It is a form of stress corrosion that takes place in boilers operating at high temperature and pressure. Caustic embrittlement focus at stressed part of boilers such as cracks, rivets, bents, joints etc. mild steel boilers undergo corrosion at the stressed portion when the pressure is 10-20 atm. The boiler fed water usually contains some residual sodium carbonate (used for softening process). At high temperature and pressure it undergoes hydrolysis to form sodium hydroxide.
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ANODE                                                                CATHODE

The electrochemical cell is set up between Fe under stress and Fe in main body. The iron surrounded by dilute NaOH is the cathode and iron under stress acts as the anode and gets corroded resulting in boiler failure.
Caustic embrittlement can be prevented by the addition of compounds like sodium sulphite, tannin, lignin, phosphates etc which blocks the cracks thereby preventing the infiltration of alkali.
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FACTORS AFFECTING RATE OF CORROSION
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Electrode potential:- The metal with lower electrode potential are more reactive and hence are more susceptible for severe corrosion and the metals with higher electrode potential are less reactive and hence less susceptible for corrosion. Metals like Mg, Zn have lower electrode potential and hence easily corroded compared to Ag, Au whose electrode potential is high.
Rate of corrosion
Anodic and Cathodic areas: -   Corrosion rate is fast if the anodic area is small and cathodic area is large. Tin is cathodic to iron according to the electrochemical series. Once tinning is done, if a small part of Iron is exposed, it leads to formation of small anodic and large cathodic area, intense localised corrosion occurs at the exposed cathodic area.
Rate of corrosion Cathodic area
Nature of corrosion product:- The product of corrosion is generally a metal oxide. If the layer thus formed is stiochiometric, highly insoluble and non porous with low ionic and electronicconductivities, the layer effectively prevents further damage to metal by corrosion. Example:- Aluminium, titanium and chromium develop such layers on their surfaces and become passive to further corrosion. 
If the oxide layer is otherwise, it cannot control further corrosion.
Example:- Iron and Zinc
Hydrogen overvoltage:- This factor applies to metal in acidic environment. In deaerated conditions, the cathodic reaction is the release of hydrogen. The evolution of hydrogen molecules is measured in terms of hydrogen overvoltage. Hydrogen overvoltage is the overvoltage required for the liberation of hydrogen at the cathode.

Hydrogen overvoltage affects the corrosion current flow at the cathode thus affecting rate of corrosion.
Higher the overvoltage, slower the release of hydrogen molecules at the cathode, slower cathodic reaction and thus slower rate of corrosion.
In acidic environment, increase in hydrogen overvoltage decreases rate of corrosion.
Temperature  Rate of corrosion
The metal with lower hydrogen overvoltage on its surface is more susceptible for corrosion when the cathodic reaction is hydrogen evolution. 
With lower hydrogen overvoltage hydrogen gas is liberated easily, thus cathodic reaction rate and anodic reaction rate becomes faster, thereby promoting corrosion reaction.

5)	Surface state of metal:- Rate of corrosion is low if the metal surface is even and smooth. Cracks, bends, lead to high rate of corrosion. As cracks are less aerated, corrosion progresses rapidly due to differential aeration corrosion. Bends causes stress and stress corrosion.
6)	Polarization:-Polarization is defined as the deviation of potential of an electrode from the open circuit potential due to irreversible reactions around the electrode.
Polarisation of anode or cathode decreases the rate of corrosion. Polarisation decreases the tendency of anode to undergo oxidation, and the anodic reaction becomes slower, thus overall rate of corrosion decreases.
Similarly, cathodic polarisation retards the cathodic reaction. For corrosion to continue, both cathodic and anodic reactions should take place in equilibrium. Thus due to difference in rate of anodic and cathodic reactions brought about by polarisation, rate of corrosion decreases.
Rate of corrosion   
7)	pH:-    Metal is more susceptible to corrosion in  medium. Rate of corrosion decreases if the medium is basic. Thus rate if corrosion is low if pH is high.
Ships in deep sea do not undergo corrosion at all due to basic nature of sea water
 Below a pH of 3 corrosion is so severe that it occurs in the absence of air due to evolution of hydrogen in cathodic region.
 Corrosion of iron is practically absent for a pH above 10, due to the formation of protective coating of nitrous oxides of iron.
Between pH 10 and 3, presence of oxygen is essential for corrosion of Iron.
Rate of corrosion
8)	Temperature:-  Increase in temperature increases the conductance in aqueous medium and results in an increases in diffusion rate, thereby increasing the rate of corrosion.
Temperature  Rate of corrosion
9)	Conductance of medium:-Rate of corrosion increases in the presence of conducting species in the atmosphere, rate of corrosion is rapid in more conducting environments that have an abundance of conducting ions.
Example: Rate of corrosion in dry atmosphere is less then that in wet atmosphere.
Corrosion of metal is faster within the clayey and mineralized soil than dry sandy soil, more in ocean water and less in river water.
Rate of Corrosion  Conductance of medium
10)	Humidity:- Rate of corrosion increases with increase in humidity. Above certain humidity called critical humidity, the rate of corrosion increases rapidly and abruptly.  Beyond the critical point water may creep into a metal causing severe rusting.
Rate of corrosion  Humidity
11)	Presence of impurities:-
SO2:- Presence of SO2 in atmosphere causes severe corrosion in the presence of a relatively high humidity.
CO2:- Rate of corrosion of Iron decreases with the presence of CO2.
H2S:- At temperatures above 600C H2S reacts with metal forming metal sulphide and liberation of hydrogen. This liberation causes hydrogen embrittlement. It is referred to as sulphide stress corrosion cracking (SSCC). The rate ofSSCC is maximum at 800C. High content of Nickel in steel greatly reduces SSCC.
12) 	Acid Fumes:- Industries use Sulphuric and Hydrochloric acid intensively. The exposure of metal parts of the plant to acid fumes makes it vulnerable to corrosion. 
Use of materials such as cast Iron which contains, duriron, chemical lead etc reduces the vulnerability to corrosion due to expose to sulphuric acid.
A high silicon Iron alloy containing molybdenum called durichlor and nickel alloy with high molybdenum content called chlorimet and Haste alloy shows resistance to HCl fumes.

	
		

	Corrosion Control
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		Deposition of a protective layer of metal over the surface of the base metal is known as metallic coating.
Anodic Metal Coating
The metal with lower electrode potential is coated on the base metal which has to be protected and which has higher electrode potential.
The metal with the lower electrode potential acts as anode and the one with higher electrode potential acts as cathode.
Even if the coating is ruptured, the base metal does not undergo much corrosion because of large anodic and small cathodic area.
	
		

		Hot Dipping  (OR) Galvanization
Coating of Zinc over Iron metal is called Galvanization[image: ]
The process of galvanizing is carried out in the following steps—
The impurities present in the metal surface are removed by treating with organic solvents.
To remove oxide layer, on the surface of the base metal, it is treated with dil.H2SO4. It is a process known as pickling.
The metal is then treated with Ammonium Chloride and Zinc Chloride which provides good adhesion capacity for the metal.
It is then treated with molten Zinc at a temperature of 4300C-4700C. The excess of Zinc is removed by passing through Rollers.
Applications –
Galvanised articles are used in roofing sheets, fencing wire, buckets, pipes, tubes etc.
Galvanised articles cannot be used to store food as zinc dissolves in acid and becomes toxic.
		Cathodic metal Coating
	The metal with higher electrode potential is coated on the metal with lower electrode potential. The metal with higher electrode potential acts as cathode and the base metal acts as anode.
If there is any damage to the coating, the rate of corrosion increases because of larger cathodic area and smaller anodic area.
			Tinning
Coating of tin on Iron is known as tinning.
[bookmark: _GoBack][image: ]
The process of tinning is carried out in the following steps-
 The Iron sheet is treated with organic solvents to remove the greasy impurities present on the metal surface.
 The metal surface is washed and pickled with sulphuric acid.
The metal is then treated with Ammonium Chloride which provides good adhesion capacity for the metal.
 The metal is then dipped in molten tin[2350C].
 It is dried and treated with Palm oil to prevent oxidation of tin from metal surface.
 The excess tin is rolled out and removed.



Advantages of tinning-
 Tin is non toxic hence it is used for coating food containers.
Tinning gives a film which completely covers the surface and provides corrosion resistant coating
Tinning by hot dipping is more economical than electroplating.
		

			Anodizing
	Aluminum, when made the cathode, allows passage of electrons but ceases to conduct when made the anode in aqueous solution of chromic acid and sulphuric acid (anodic passivity). The passivity of aluminum is due to formation of a thin compact layer of aluminum oxide over the metal. The phenomenon is known as anodizing.
Process:-
The article to be anodised is degreased and polished. It is made as the anode and copper or lead as cathode.
The electrolyte consists of 5-10% chromic acid , temperature of 350C is maintained
A potential is applied and gradually increased from 0 to 40V during the first 10 minutes. Anodising is continued for 20 minutes at 40V.
After 20 minutes, potential is increased to 50V and held at this potential for five minutes.
An opaque oxide layer of 2-8µm thickness is obtained.
Use of 10% sulphuric acid as electrolyte at 220C and at a potential of 24V, gives higher thickness.
Anode: Aluminium object
Cathode: Lead, steel, copper
Applications-
Due to its attractive appearance, anodised aluminium is used in providing attractive, low maintenance, and durable exteriors.
Roofs, fall ceilings, lobbies, etc find application of anodised aluminium. 
Anodised aluminium is used in computer hardware, home appliances and consumer products.
			Phosphating
	It is the process of depositing a coating of metal phosphate on a metal surface. A phosphating bath contains essentially three components-
Free phosphoric acid.
Primary phosphates like Fe, Mn or Mg phosphate.
Accelerators such as nitrates, nitrites, hydrogen peroxide etc.
	A temperature of 350C and a pH of 1.8-3.2 if immersion type and around 3.2 – 7.8 if spraying type is maintained.
The mechanism of phosphating consists of the following steps-
 Dissolution of the metal as metal ions
Metal ions reacting with phosphate ions to form a metal phosphate.
Deposition of the metal phosphate on the surface of the metal.
	Phosphating is always given as an undercoating before finishing because along with corrosion resistance, it also imparts a good paint adhesion property.

Applications-
Used as an undercoating before painting automobile metal parts, and home appliances.
Phosphating of galvanised iron which is otherwise difficult to paint.
		Corrosion Inhibitors
	Inhibitors are organic and inorganic substances that retard the anodic or cathodic reactions forming a protective film over the anodic or cathodic regions.
Corrosion inhibitors may be of two types-
		Anodic Inhibitors
	Anodic inhibitors are oxidizing agents such as chromates, molybdates, tungstates and nitrites that oxidize the surface of the anode forming a thin layer of oxide that decreases the rate of anode reaction. 
	Chromates and nitrites maintain the protective layer even in the absence of oxygen. Chromates are used as inhibitors in IC engines, cooling towers etc. Nitrites are used in internal surfaces of gasoline pipe lines.
The concentration of inhibitors must exceed a certain critical value. If the concentration is below the critical value, rate of corrosion is increased as the inhibitors behave as active depolarizers.
			Cathodic inhibitors
	Cathodic inhibitors act by retarding cathodic reactions which involve absorption of H+ or liberation of H2 in acidic medium or absorption of O2 or liberation of OH- ions in alkaline medium.
Organic cathodic inhibitors such as amines, mercaptans, thioureas, and heterocycliccompounds, are effective in acid medium. They prevent the evolution of hydrogen and decrease the rate of corrosion.
 Retarding the diffusion of O2 is done by addition of reducing agents like hydrazine or sodium sulphite.
			N2H4+O2N2+ H2O
			Na2SO3 + O2 Na2SO4
	Liberation of OH-  can be prevented by the addition of sulphates of Mg, Zn, Ni etc.
Zn+2 + 2OH-Zn(OH)2
This results in the formation of metal hydroxide layer which in turn prevents the diffusion of OH- 

				Cathodic Protection
	Cathodic Protection is a method of protecting the metal from corrosion by converting it completely into a cathode so that no part of it is allowed to act as anode.
	It may be achieved either by sacrificial anodic method or impressed current method. 
		
		Sacrificial Anodic Method
In this method, the metal which has to be protected is converted into a cathode by converting it to a more active metal. This active metal is known as auxiliary anode.
	Metals such as Zn, Mg, and Al are used as Anode. These metals are corroded and the cathode metal remains unaffected. Since the anode metal is sacrificed to prevent the metal structure, this method is known as sacrificial anodic method.
[image: ]
	Sacrificial anodic method is simple and cost effective as they do not require electrical power supply, but consumed anodes need to be continuously replaced.
			
			Impressed current method
The metal to be protected is made cathodic by connecting to the negative terminal of the external source of current.
The anode is usually an inert metal like lead which is connected to the positive terminal. The supply current is to be more than the corrosion current. The metal to be protected being cathodic does not undergo corrosion and as anode is inert, it remains unaffected.
Impressed voltage method is used for protection of marine structures, water storage tanks and offshore oil rigs and pipes.
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Galvanic Series
	The electrochemical series provides a list of metals arranged in the order of their standard electrode potentials, but even though a metal that is anodic and has lower electrode potential is more vulnerable to corrosion, there are 
certain exceptions.
	Al is above Zn in electrochemical series but is less vulnerable to corrosion; this is because of the formation of strong oxide layer that makes their potentials more positive
 This makes it necessary to have a list of metals in the order of their vulnerability to corrosion. This list is known as the Galvanic series where even the alloys have been allocated positions according to their vulnerability to corrosion.
 Thus Galvanic series helps in the choice of use of metals as well as alloys in applications.





	Electrochemical series
	Galvanic Series

	Standard Electrode potentials of metals are measured only when they are in contact with their ions in solution at standard conditions.
	Corrosion of metals & alloys are carried out in unpolluted sea water & their corresponding potentials are arranged as a series with more anodic metal at the top of the series.

	Based on electrode potential value, position of metal is fixed.
	Metal may have a different position in the galvanic series depending on the corrosion aspect.

	No position given to alloys.
	Alloys are given a position based on their corrosion behavior.

	It predicts electrochemical behavior in redox systems as well as displacement reactions.
	The relative corrosion tendencies of metals and alloys can be predicted.
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The metal ions (Fe2+) liberated at anode and some anions (OH-) formed at cathode
diffuse towards each other through the conducting medium and form a corrosion
product some where between the anode and cathode as
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