
 Malleable cast Iron
This is obtained by heat treatment of white cast Iron which do not contain carbon in the free graphite form. There are two processes for manufacture of malleable iron which give rise to blackheart and whiteheart irons. These names are given because of the appearance of the surface of treated iron.

In the Blackheart process white iron castings are heated at a temperature of about 9000C for 2-3 days and then cooled very slowly at the rate of 30C per hour. A neutral atmosphere is maintained in the furnace during the treatment cementite in the white iron structure breaks down into ferrite and spherical aggregates of graphite. If the iron is cooled more rapidly, structures will consist of graphite in a matrix of ferrite and pearlite.

In the white heart process white iron castings are packed into boxes with hematite ore and heated to a temperature of 9000C for about 2-5 days. Because of hematite, carbon is oxidized away from the surface. The structure obtained is composed of ferrite at the edge of the casting and ferrite, pearlite and some graphite nodules at the centre. Malleable cast iron is used where ductility, machinability and high resistance to atmospheric corrosion is required.

It contains 2.0 to 3.0% carbon, 0.9 to 1.65% silicon, while sulphur and phosphorus are kept less than 0.18%. Manganese is added to take care of sulphur. Malleable iron has good machinability, castability and cost economy. Fig. 6.4 gives typical micro-structure of ferritic malleable iron. Typical properties of malleable cast iron are: 

Tensile strength
: 270 to
690 N/mm2, Elongation is 2 to 12%, Young’s modulus (E) = 170 x 103 N/mm2, Hardness = 110 – 285 HB and 
Co-efficient of thermal expansion = 10 to 12.5 x 10-6 /0K

Malleable cast iron is used for Steering brackets, brake carriers, 
Crank shafts, cam shafts, Switch gear parts, fittings for railway electrification systems.

 Chilled cast iron: It is produced by quick cooling of white cast iron. Chilling is carried out by putting the molten metal comes in contact with the chill, it gets cooled quickly and a hard surface is formed. Typical applications are jaw crusher plates, running surface or rail carriage wheels, etc.

Alloy Cast Irons: Cast iron produced by addition of alloying elements is known as alloy cast iron. It has increased strength, high war, corrosion and heat resistance depending upon the alloy8ing element. Alloy cast iron has applications in manufacture of crushing and grinding equipment parts, automobile components like cylinders, pistons, piston rings, brake drum etc.,
Pearlitic cast Iron: It contains 2% chromium and is used in for heavy duty castings.

Martensitic cast iron:
It contains 4.5% Ni and 1.5% Cr and is used in for manufacture of crusher rolls.

Ni-Cr-Si cast iron: It contains 18% Ni, 2$ Cr, 5% and 2% carbon and is used for acid resistant parts.

Ni-Mn cast iron: It contains 11% Ni, 1% Si, 6% Mn and 2.8% and is used for manufacture of pump parts to withstand effect of corrosion, erosion and abrasion.

Austenitic cast iron:
It is non-magnetic, heat and corrosion resistant.
Alloying Elements and their Effect


Besides carbon, cast iron contains sulphur and phosphorus as impurities from process, alloying elements such as silicon, manganese, which have significant influence on the properties of the cast iron. Nickel, chromium vanadium, copper are other metallic elements which are added in varying amount to have specific properties. Effect of different alloying elements is described below.

Sulphur:
It has effect of stabilizing the cementite and preventing the formation of flake graphite. Thus, it hardens cast iron. Sulphur forms iron sulphide (Fe S), hence causes embrittlement. It is therefore kept below 0.1%
Phosphorus:
It is present as iron phosphide (Fe3 P) in the cast iron. This phosphide forms a eutectic with ferrite in Grey C.I., and cementite white cast iron since these eutectics melt at only 9500C. High phosphorus irons has great fluidity. C.I. having 1% phosphorus is thus suitable for the manufacture of thin section casting. Since phosphorus also causes embrittlement and hardness in C.I., it must be kept low in castings where shock resistance and hydraulic soundness are required.

Silicon:
Silicon promotes the formation of flake graphite which softens the C.I. Addition of different amount silicon to a C.I. containing 3.0% carbon have the following effect, at a constant rate of cooling.

(1)Ferritic grey C.I is produced with silicon up to 3.0% (.2) Ferritic/Pearlitic C.I. is produced with 2% silicon.(3)Pearlitic C.I is produced with 1.5% silicon.(4)White C.I. is produced with silicon between 0.8 to 1.2% (5)Addition of excess silicon leads to increased hardness and brittleness.

Manganese:
It combines with residual sulphur and forms manganese sulphide (MnS) which is insoluble in molten iron. Manganese sulphide floats to the top of the melt and is removed along with the slag. Thus by removing the sulphur, manganese softens the C.I. and also eliminates the source of embrittlement. Excess manganese stabilizes the cementite and hardens the iron. However it does not cause any embrittlement. Manganese also promotes grain refinement and increase the strength of C.I. It is usually kept below 1.0%.
Nickel:
Nickel is used for grain refinement. IT promotes the formation of free graphite. Thus it gives toughness to the casting.

Chromium:
It stabilizes the carbides present and increases the hardness and wear resistance of the casting.
Vanadium:
It stabilizes the carbides and minimizes their tendency to decompose at high temperatures. Hence, it is used in heat resisting castings.

Copper:
Copper is used in a very small quantity as it is slightly soluble in C.I. It reduces the effect of atmospheric corrosion.

Factors Affecting structure of cast Iron: The structure of C.I. is affected by the following factors :

(a) Carbon content: The higher the carbon content of the iron, the greater will be the tendency for it to solidify grey. To ensure that the structure is completely graphitic, when cast, the carbon content is kept less than 2 per cent.

(b) Presence of alloying elements: Alloying elements like silicon and nickel, have a tendency to promote graphite in the structure of iron. Presence of silicon also reduces the rate of oxide formation at high temperature. Metal chips are sometimes put into the sand moulds, in areas where a high surface hardness is required.
(c) Rate of solidification: Casting made in sand moulds has a tendency to become grey on solidification. Slow rates of solidification result into graphite formation, while rapid solidification gives white iron structure. When iron solidifies from the molten state, the graphite crystals form irregularly shaped flakes. In this condition, the graphite makes the material brittle. A small amount of magnesium or cerium is inoculated immediately, prior to casting. This makes the graphite to solidify as spherical nodules. In this form, the iron is stronger and tougher than the iron containing flake graphite.
(d) Heat treatment: Heating of white C.I for longer period results into graphitization. This phenomenon is used as the basis for the manufacture of malleable iron. Irons for high temperature service must be in a fully graphitized state before being put into service.
(e) Ni-Hard –: Nickel increases the strength of cast iron by changing the coarse pearlite to fine pearlite and finally to martensite. Graphitizing effect of nickel is counter acted by addition of chromium. The combined effect of Nickel and chromium results in a better wear and abrasion resistant material is known as Ni-Hard. It contains about 3 to 5% nickel, 1 to 3% chromium. It has hardness of 550 to 650 BHN. Ni-Hard liners are used in grinding mills because of better wear resistance.

Tests for Cast Iron
(a) Tensile test:Tensile strength is the stress required to pull apart a test piece by an axially applied load. It is performed on a round machined test piece in which middle section of the length is reduced in diameter. It is the standard test by which the cast iron is specified. BS 1452:1961 gives the strength of grey cast iron for five standard diameters of as cast bars from which standard tensile specimen can be machined gives the minimum tensile strength for different grades of C.I. The tensile strength decreases with the increase in size of the test bar. Since the tensile strength between the test bar and castings very with the nature of the alloy being cast and the cooling rate, the castings for important services specify separate cast bar as a check on quality.

(b) Transverse test :
In transverse test, test specimen of specified size is supported at each end on rollers of suitable diameter. A load is applied to a point in the centre of the test specimen and the same is tested to fracture. Deflection which occurs before the fracture is noted to have an idea of the capacity of the material to deform. The test is generally carried out on unmachined test specimen. The transverse rupture stress (TRS) is given by the formula.
TRS = (WL)/ (4Z) N/mm2                Where 
W= Load in Newtons (N) and L=Span in mm

Z= Modulus of section 0.0982 d3 for round bar, where d is diameter of the bar in mm.

Z=BH2/6 for rectangular bar. B is breath of section in mm and H is height of section in mm.
Transverse stress of grey cast iron as obtained by standard test bar varies between 1.6 to 2.1 times the tensile strength.

(c) Compression test: 
The compression strength of grey cast iron is approx. 3 to 4 times its tensile strength. For grade 10 and 20, iron compression strength is 540 to 620 N/mm2 and 850 to 1160 N/mm2 respectively.

The compression test is carried out on a specimen with length diameter ratio of 2:1 Grey cast iron fractures at its maximum compression load. The malleable iron, steel deform plastically. Hence the effective load that can be carried by grey cast iron in compression is as high as that which can be carried by steel with 3 to 4 times its tensile strength. White iron has compression strength of 1460 to 1850 N/mm2.

(d) Hardness test: 
Hardness test method for cast is normally either Brinell or Vickers hardness test. These two methods depend upon the measurement of an identification made by applying a fixed load to a steel ball in case of Brinell and a diamond pyramid in the Vickers hardness test. It is expressed as 




Hardness = Applied Load, Kg / Contact area indent, mm2
In Brinell test the applied load (P) and the diameter of the ball (D) may be varied. The diameter of the impression is generally within 0.25 to 0.50 of the ball diameter. The mean diameter being 0.375D. The applied load for grey cast iron is 300 Kg with 10mm dia. Or 750 Kg load with 5 mm ball.

In case of Vickers hardness test, shape of the diamond is fixed, but the load may be varied. The Vickers indentor is a polished sharp pointed square pyramid of diamond with an included angle of 1360 between opposite faces. 

The Vickers hardness number (HV) is closer to Brinell number (HB) upto about 300 HB. The Brinell test is generally employed for hardness below 300-350, as the ball tends to distort appreciably above this figure. The diamond pyramid number (HV) is most suitable for hardness above 350. Other methods such as Shore-scleroscope or Rock well are generally employed for white and chilled iron.

Phosphorus produces significant variation in hardness i.e, between 420 to 700 HV. An increase of 1% phosphorus increases hardness of a casting by about 30 points Brinell. It acts as a centre for the deposition of associated carbides of iron, vanadium, chromium and molybdenum.
These carbides have hardness in the region of 800-1000 HV for Fe3C and up to 1475 HV for iron-chromium, iron-vanadium or iron-molybdenum carbides. Hardness tends to decrease as the graphitic carbon, silicon, and nickel increase. Silicon and nickel soften the iron by increasing the free graphite present in the structure. The lowest hardness will be obtained with low silicon or nickel content. 

(e) Shear strength:        
In general the shear strength of grey cast iron is between 1.1 to 1.6 times the tensile strength. The ratio increases as the tensile strength of iron decreases.

CARBON AND ALLOY STEELS

Carbon steels – Definition and Uses

Carbon steels are so widely used engineering materials, compared to the other ferrous and non-ferrous materials, that often one overlooks the fact that there are many types, each designed by the metallurgist, to have particulars properties required by the designer. It is basically an alloy of iron and carbon containing manganese (1.0% max.); silicon (0.5% max.); sulphur (0.04% max) and phosphorus (0.5% max). The last two elements are introduced as impurities by the raw materials used during manufacture of steel. These are kept as minimum as possible. Silicon is residue from the steel making process. Carbon and manganese have a significant influence on the mechanical properties and uses of steel. Reasons for which carbon steel is widely used are:

a) It has wide range of mechanical properties, which can be further improved, by the addition of alloying elements and suitably control ling carbon content.

b) It is comparatively cheap.

c) It is readily available in different sizes and shapes.

d) Its properties can be improved further by hear treatment.

e) It can be easily shaped into any form by bending, drawing or forging.

f) It can be machined and welded with ease.

g) It can be re melted and recycled again. About 40% of todays production of steel is by recycling.
h) It consumes less energy to produce carbon steel.

 Effect of Residual Elements on Carbon Steels

Carbon steels are alloys of iron and carbon containing between 0.1% and 1.5% of carbon. In addition to carbon it also contains following materials either as residual elements from process or by design. The residual elements affect the properties of carbon steel, as described below.

(a) Silicon: Silicon comes as impurity from the ore. It varies between 0.1% and 0.5%. It improves resistance to corrosion and oxidation. Excess of silicon results into breakdown of cementite. It is a powerful graphitiser and is therefore never added in large quantity in high carbon steel. It increases hardenability.
(b) Sulphur: Sulphur comes as an impurity from coke used in the blast furnace. It combines with iron and forms ferrous suphide (FeS) which causes embrittlement. However sometimes sulphur is added to low carbon steels to improve their machinability, where strength is not essential e.g., free cutting steels.

(c) Phosphorus: Phosphorus is also an impurity from ore. It makes the steel brittle. It is therefore limited to 0.05%. It improves machinability. In higher quantities it can improve the fluidity of casting steels where maximum strength and toughness is not the prime requirement.

(d) Manganese: Manganese is an essential constituent of carbon steel. It combines with residual sulphur and forms sulphide stringers which increases machineability of steel and reduces brittleness. It increases the yield point strength and toughness of steel by forming stable carbide. It is kept between 0.5% and  1.0% in medium and high carbon steels.

(e) Nitrogen: It increases the strength, harness and machinability of steel but decreases ductility and toughness. Nitrogen can reduce the effect of boron on the hardenability of steel. In aluminum killed steel, nitrogen forms aluminum nitride particles that control the grain size of the steel, thereby improving both toughness and strength.

(f) Oxygen: It can slightly enhance the strength but seriously reduces toughness. It is mostly observed in rimmed steels.
(g) Hydrogen: Hydrogen dissolved in steel during manufacture can embrittle it, which can cause flaking during cooling from hot rolling temperatures. Dissolved hydrogen rarely affects finished mills products as it backs out of the hydrogen during reheating the steel before hot forming.
(h) Arsenic and antimony: These increase susceptibility of steel to temperembrittlement.

(i) Tin: It can make steel susceptible to temperembrittlement and hot shortness.

 Types of carbon – Steels and their properties
Carbon steel is basically an alloy of iron and carbon. Its properties depend upon the structure i.e, iron-carbon system as described above. Ferrite is relatively a soft and ductile material. Pearlite is harder and less ductile. Carbon steel having these two substances will have therefore different properties.

The hardness and tensile strength increases with an increase in carbon content. However, toughness, machinability and ductility decrease with an increase in carbon content.

In case it contains other alloying elements its properties will change further. Therefore, it can be classified into three groups namely: low, medium and high carbon steel depending upon the percentage of carbon. Their properties and uses are described as under:
(i) Low carbon steel (Mild Steel): It contains carbon upto 0.25%. It is soft, tough, ductile and low tensile strength steel. It can be easily worked and welded. Mild steel is a general purpose steel and is used where hardness and tensile strength are not the most important requirements. Typical applications are body work for cars and ships, screws, nails, wires, structural steel etc.,

(ii) Medium carbon steel: It contains 0.3 to 0.55% carbon. Strength and hardness are improved while ductility is reduced. IT can be forged, rolled and machined. It is used for agricultural tools, fasteners, dynamo and motor shafts, crank shaft, connecting rods, gears etc.,

(iii) High carbon steel (Tool steel):  It contains 0.6 to 1.5% carbon. It is hardest of plain carbon steels, possess good tensile strength. It is therefore used for withstanding wear, where hardness is more necessary requirement than ductility. It is used for machine tools, saws, hammers, cold chisels, punches, axes, dies, taps, drills, razors. The main use of high carbon steel is thus as a tool steel. Hence it is also known as tool steel. These are always used in hardened and tempered condition.

The following table gives the typical applications of carbon steels with varying carbon content.
	Name
	% Carbon
	Application

	Extra Low C.S
	upto 0.1
	Car bodies, wire, rod, tubing nails. Sheet and strip for press work.

	Low C.S
	0.1 to 0.25
	Structural work chain links. Wire and rod for nails, screws.

	Medium C.A
	0.3 to 0.45
	Shafts, high tensile tubing, anchor bolts.

	Medium C.A
	0.4 to 0.55
	Shafts, gears, railway tyres, crank shafts.

	High C.A
	0.55 to 0.65
	Forging dies, rails valve springs.

	High C.A
	0.65 to 0.75
	Hammers, saws, cylinder liners, wrenches.

	High C.A
	0.75 to 0.90
	Forging die blocks, punches, leaf springs.

	Tool steel
	0.50 to 1.0
	Milling cutters, drills, taps, knivers, reamers.

	Tool steel
	1.0 to 1.1
	Helical springs, Shaper, Planner tools.

	Tool steel
	1.1 to 1.2
	Ball bearings, drills, lathe tools.

	Tools steel
	1.2 to 1.5
	Files, mandrels wire drawing dies, razors.

	Grey C.I
	3.0 to 3.5
	Machine castings, machine beds.


 Alloy Steels – Classification 

Steels having one or more alloying elements in addition to carbon are known as alloy steels. The alloying elements are added in varying amounts and/or in combination with one another to modify the properties of the steel. Alloy steels cover such a wide range of alloys that the classification is very difficult. Broadly alloy steels can be classified into three categories namely:

(i) Low alloy steels: A low alloy steel is one that possess micro-structure and require heat treatment similar to carbon steel. These generally contain 5.0 per cent of one or more alloying elements to improve the strength, toughness and hardenability. The low alloy steels are generally used for application similar to plain carbon steel, having same amount of carbon content.
(ii) Medium alloy steels:  Contain alloying elements between 5-10 per cent.

(iii) High alloy steels: 
High alloy steels possess micro-structures and require heat treatment different from those of plain carbon steel. High alloy steels contain more than 10 per cent alloying elements.

Properties of different alloy steels

Based upon the applications in engineering industry, allow steels are known by the following names:-

Stainless steel: Stainless steel derives its name from the remarkable resistance it has to atmospheric corrosion. This is due to alloying element chromium which forms a protective oxide film over the metal surface. Stainless steels are low carbon steels containing at least 13.0 per cent chromium with or without other alloying elements such as nickel, manganese, molybdenum, silicon, phosphorus, sulphur, nitrogen. The very common types are SS 304 and SS 316. According to the structure, there are three types of stainless steel namely.

 Martensitic stainless steel – These are magnatic. The chromium content is limited to 13 per cent, the carbon content 0.1 to 1.5 per cent. With more chromium content the steel becomes ferritic. When nickel is added it becomes austenitic. They can be hardened by heat treatment.

 Ferritic Stainless steel – It contains 13-27% chromium and less than 0.1 per cent carbon. They are magnetic and ductile and therefore can be drawn easily. They cannot be hardened by heat treatment but may be strengthened by work hardening.

 Austenitic stainless steel – Contains chromium and nickel as the main alloying elements. They are non-magnetic in fully annealed condition, but many become slightly magnetic during cold working. They have excellent corrosion resistance because of higher chromium content. They are tough and ductile. The most important austenitic stainless steels are:

(a) 18: 8 stainless steel (18.0% chromium and 8% nickel)

(b) 18:10:3 stainless steel (18% chromium, 10% nickel and 3% molybdenum).

The carbon content is kept less than 0.15 per cent minimize the formation of chromium carbides in the structure, as this would result into reduction in corrosion resistance. Carbide may form in these steels if they are allowed to cool slowly from high temperature, or if they are reheated in the range 500-7000C. As this latter condition may apply in the heat affected zones adjacent to welds, the type of corrosion failure that can occur, owing to the presence of carbide particles is known as weld decay.

Austenitic steels that are required for welding contain small stabilizing additions of titanium or niobium. These stabilizers prevent the intercrystalline corrosion, weld decay.

(a) Tool and die steels : The essential requirement for the tool and die steel is that they must be hard. In the case of cutting tools they retain hardness and cutting edge at high speed and at high temperature due to friction. The plain carbon tool steels are either oil or water hardened having 0.5 to 0.8% and 0.2 to 0.3% manganese respectively. IF the manganese in water hardened tool steels exceeds 0.35%, they are liable to crack during hardening. The harmful impurities like sulphur and phosphor are restricted to minimum. Tool and die steels are classified into following based upon quenching methods and other special characteristics.

(i) 
High speed steels: They are either tungsten or molybdenum type. Cobalt is added in certain cases to improve cutting qualities. They are best known tool steels. They possess high hardness, high compression strength and outstanding wear resistance in addition to heat resistance at high speeds. Cobalt is added to increase cutting efficiency at high temperatures. Molybdenum grade high speed steels are used for drilling and tapping operations. Tungsten high speed steels are used for all purpose tool steels.

(ii) 
Cold work tool steels: 
They possess high wear resistance and hardenability, average toughness and resistance to heat softening. Oil hardening tool steel possess good machinability as compared to high carbon high chromium steels.

(iii) 
Special purpose tool steels:  They contain low carbon, low alloy, carbon-tungsten percentage and are used for special purpose tools. Composition of widely used high speed tool steels is given in

(b) Maraging steels: Maraging steels contain 18% nickel, 7% cobalt and small amount of other elements such as titanium. The carbon content is generally less than 0.05%. These are very high strength materials that can be hardened to give strength up to 1900 N/mm2. To produce a uniform austenite structure to develop maximum properties, it requires solution treatment at 800-8500C followed by a rapid quench. After solution treatment they are soft enough to be worked and machined with comparative ease. It is used for the manufacture of under carriage components for aircraft. These steels have good weldability.

(c) Hadfields manganese steel: It contains 12-14% of manganese and 1-0% of carbon. The high manganese content makes this steel austenitic at all temperatures and non-magnetic. It has high resistance to abrasion. It is therefore used for pneumatic drill bits, rock crusher jaws, excavator bucket teeth, railways points and switches.
(d) Heat resisting alloys: Heat resisting alloys are used to avoid plastic deformation creep during continuous loading and in corrosion processes such as oxidation above 5400C temperature and attack by flue gases containing sulphur dioxide and hydrogen sulphide. By alloying steel with chromium and silicon; resistance to corrosion can be improved because of hard protective film formed on the surface of the alloy. Creep resistance is improved by addition of molybdenum, tungsten and vanadium. Typical examples of heat resisting steels are given under.
(i) 
Inconel - It contains 77% Ni, 15% Cr and 8% Fe. It has good corrosion resistance and mechanical properties at higher temperatures. It is a scale resistance steel, used for aero engine exhaust manifolds.

(ii) 
Nimonic alloys – It contains 80% Ni, 20% Cr and small amount of cobalt, titanium, aluminum and carbon. It has high creep strength, due to the addition of titanium and aluminum, good corrosion resistance and mechanical properties at elevated temperatures. It is used for rotor blades of aero gas turbines in the temperature range of 700-11000C.
e) 
Magnetic alloys: There are two types of magnetic alloys namely – hard and soft. Hard type is used for permanent magnets while soft type is used for transformer cores, motor and generator armatures. Hard type contains chromium, tungsten, cobalt or nickel, aluminum as alloying elements. Soft gets magnetized quickly and has high magnetic permeability. Typical examples of magnetic alloys are:

(i) Hard type – Alnico-It contains 10% A1, 18% Ni, 12% Co, 6% Cu.



 - Ticonal – It contains 8% AI; 14% Co, 3% Cu.

(ii) Soft type – Permalloy – It contains 78.5% NI, 21.5% Fe.

· Munz Metal: It contains 75% Bi, 25% Fe.
(e) Spring steel: Spring steels possess high elastic limit, good elongation and high fatigue 
resistance. They are used either in cold rolled condition or after heat treatment. Two types 
of spring steels are used for this purpose, namely:

(i) 
Medium and high carbon steels – plain carbon steels with higher amount of manganese to following standards: 
AISI 1045 to 1095 – 0.4 to 1.0 C, 0.5 to 0.9 Mn

(ii) 
Medium carbon alloy steels with manganese, silicon and other alloying elements e.g.,



AISI 9260
- 0.6 C, 0.9 Mn, 2.0 Si



AISI 6150
- 0.5 C, 0.8 Mn, 1.0 Cr, 0.15 V



AISI 8650
- 0.5 C, 0.9 Mn, 0.5 C, 0.6 Ni, 0.2 Mo

(f) High strength low alloy steels: These are used for structural members of bridge, buildings, railroad, cars etc., They possess high strength, toughness, resistance to corrosion, good weldability and workability which is due to their very fine grain size i.e, approx. 10 micrometers. This is achieved by highly controlled addition of alloying elements that combine during hot rolling of cast metals to produce an extremely fine distribution of tiny precipitates. These precipitates are very stable intermetallic compounds usually based on at least two metallic components such as niobium, aluminum, titanium or vanadium and two non-metallic components like carbon and nitrogen. These low alloying additions comprise only about 0.15 per cent of the total weight of the steel. The mean size of the particles is about 50 atoms in diameter. They can be seen only under powerful microscope.

(g) Concrete reinforcement steel: It is available plain as well as tor-steel. Tor-steel possess high 
yield strength and greater surface area which results into higher bond strength than the 
plain steel bars.

(h) Rail steel: Rail steel possesses good strength ductility, high impact and fatigue resistance. 
Medium carbon steels with eat treatment having manganese and chromium upto 1.0% are 
used for this purpose.

 Bearing alloys

The selection of materials for sliding and rolling contacts depends on matching of materials properties with demand for low friction and wear in the machinery involved. Properties of lubricants combined with mating bearing materials determine the level of frictional forces and the nature of wear processes. For compatibility good bearing material must have:

(i) Hardness and modulus of elasticity or oil film and boundary lubricated bearing materials 
should be as low as possible while providing sufficient strength to carry the applied load.

(ii) Ability to absorb foreign dirt particles to prevent scoring and wear.

(iii) For sliding bearings materials of intermediate compressive strength are usually desirable.

(iv) Higher fatigue strength in applications where load changes direction, e.g., in reciprocating 
engines.

(v) Should not be readily attacked by lubricants or any other corrosive media contacting the 
bearing.

(vi) It should have high thermal conductivity.

(vii) It should retain a thin film of lubricating oil so that there will be no metal to metal contact.

(i) White metal alloys: 
These are high lead and tin base alloys which are known as babbits. They offer unsurpassed combination of compatibility, conformability and embedability for use as bearing surfaces. Because of their good rubbing characteristics babbits are used as a thin surface coating under severe operating condition i.e, high loads, fatigue problems or high temperatures. Babbits are used in electric motors. A typical percentage composition and properties of tin and lead base bearing alloys are given in 

(ii) Copper lead alloys: 
Copper lead alloys consists of a copper matrix with 20-40% lead dispersed in pockets. The copper lead alloys owe their frictional properties to the spreading of thin film of soft lead over the surface of harder copper. These alloys are stronger than the babbits. These are used extensively in reciprocating engines where high fatigue strength and improved high temperature performance is required e.g., connecting rod bearings in I.C engines for automobile, aircraft, commercial vehicles etc.,

(iii) Bronze bearing alloys: Bronze bearing alloys possess adequate bearing properties, good compressive and fatigue strength, excellent casting and machining characteristics. Bronze can be grouped into leaded, tin and high strength bronzes each having successively higher hardness and strength. Leaded bronzes are used for bearings in machine tools, home appliances, farm machinery and pumps. Tin bronzes are used in high loads, low speed applications such as trunnion bearings, gear bushings for farm equipments, earth moving machines and rolling mill bearings.

(iv) Aluminum bearing alloys: 
Aluminum bearing alloys usually contain 7% tin and small percentage of copper and nickel. Bearings of aluminum alloys have high fatigue strength, excellent corrosion resistance and high thermal conductivity. They are used in connecting rod and main bearings in automobile and diesel engines, reciprocating compressors.

(v) Silver lead bearings: 
A layer of silver, 0.5 to 0.7 mm thick is electro deposited on the steel backing. Silver has ductility, good figure resistance and high thermal conductivity. However it has high coefficient of friction and is difficult to lubricate.

(vi) Porous metal bearings (Self-Lubricating bearing): 
Porous metal bearings are easily shaped to final dimensions and contain their own lubricating oil upto 35% volume. No external source of lubrications is required in porous metal bearing. They are popular in home appliance, small motors, machine tools, business machines, farm and other equipments. Porous bronze containing 90% copper and 10% tin is commonly used material. No external lubrication is required for this type of bearings.
(vii) Graphite bearing: Graphite bearings are used extensively with water and other low viscosity fluid in dry operation at temperatures upto 4000C. Common applications are in food, drug and textile equipment where contamination with oil and grease must be avoided and in chemical pumps where boundary lubrication properties permit operation on low viscosity, non lubricating fluids. However precautions should be observed in using graphite, as the material cracks and chips when struck on corner are subjected to high thermal, tensile and bending stresses.
(viii) High temperature bearing materials: Nuclear systems, supersonic aircrafts, guided missiles, gas turbines and compact compressors have created need for materials with improved tolerances for higher temperature. Selected graphites and solid film coatings are the usual choice upto 5000C. Hard metals and super alloys such as Mo alloys (TZM), Hastelloy c, Stelite 6, Inconal x, Stelite 19, Triballoy T-400 are some of the materials which are employed upto 8000C. For still high temperatures ceramics such as x-AI2O3, B4C, Si3N4-SiC, Haynes LTIB (19% AI2O3, 59% Cr, 20% Mo, 2% Ti) K162B 64-70% Tin, 25-30% Ni, 5-6% Mo) and graphite are used.
 Effect of alloying elements on the properties of the steels:
Most of the elements used in alloy steels form substitution solid solutions. This increases the tensile and impact strength of the alloy formed. IN general the alloying elements have the4 following effects on the various properties of steel.

(a) Strength and ductility: An increase in the carbon content increases the strength of the steel with a loss of ductility. Many of the commonly used alloying elements enter into the solution with ferrite and increase the strength of the steel with little or no reduction in ductility. Silicon is an example of such an alloy.

(b) Carbide formation: The alloying elements may form stable, hard carbides or nitrides and increase the strength and hardness. Manganese, chromium and tungsten have this effect.

(c) Graphite formation: The alloying elements may cause the breakdown of cementite and result into the presence of graphite in the structure of steel resulting into decrease in strength and hardness. Silicon and Nickel are therefore not added with high carbon steels. 

(d) Corrosion resistance: Alloying elements can improve the corrosion resistance. Some elements form the oxide layer on the surface of the steel and thus improve the corrosion resistance. Chromium, when added more than 12%, has such an effect. 

(e) Critical cooling rate: Most alloying elements reduce the critical cooling rate. The effect of this is to make air or oil quenching possible, rather than water quenching. It also increases the hardness.
(f) Machine ability:   They affect the machinability of the steel. Sulphur is added to improve the chip formation of steel.
(g) Grain growth: Faster grain growth leads to large grain structure and therefore to a degree of brittleness. The slower grain growth leads to a smaller grain size and thus improves the properties. Nickel and vanadium decrease grain growth. Chromium increases grain growth. Therefore care should be taken in heat treatment of steels to avoid excessive grain growth.
(h) Transformation temperature: The alloying elements may increase or decrease the alpha to gamma transformation temperatures of iron. Chromium, molybdenum, tungsten, vanadium, silicon and aluminum increase the temperature at which austenite is formed on heating the steel. This increased the temperature to which the steel has to be heated for hardening. Manganese, nickel, copper and cobalt lower the temperature at which austenite is formed on heating the steel. Lowering of this temperature means reducing the temperature to which the steel has to be heated for hardening by quenching.
 Alloying Elements and their Effects: 
Alloying elements can be classified into two groups namely:

(i) Austenite stabilizers – Ni, Mn, Cu, C, AI. (ii) Ferrite stabilizers – Cr, W, Mo, V.

Commonly used alloying elements and their effects are described below-

(a) Chromium: Small amount of chromium stabilizes the formation of stable carbides which are much harder than iron carbides. The large amount of chromium improves the corrosion and heat resistance of stainless steels. The disadvantage of chromium is, it promotes the grain growth. Therefore it is most important to heat treat chrome steels to avoid grain growth and brittleness due to grain growth.

(b) Nickel: Nickel improves the corrosion resistance. It promotes fine grains but tends to unstabilise (Graphitise) the carbides. Thus nickel and chromium work as complementary to each other when used as alloying elements. Hence with the controlled amount of nickel and chromium, it is possible to manufacture steel which has both stable carbides and fine grains.
(c) Molybednum: It raises the creep strength of alloy steels at high temperature, stabilizes their carbides, improves the red hardness of cutting tools and minimizes temper brittleness in Ni-Cr steels.
(d) Tungsten: Tungsten promotes the formation of very hard carbides and induces sluggishness into the heat treatment transformation in alloy steels. This helps alloy steels to retain their hardness at high temperature. This also enables alloy steels and die steels to be hardened by oil or air blast quenching with a corresponding reduction in the cracking and distortion. It is inert and find its application in Electronic-tuber Electrodes for are welding, electrical contacts.
(e) Cobalt: Cobalt improves the ability of tool steels to operate at high temperature without softening. It induces sluggishness into the heat treatment transformation.
(f) Aluminium: Aluminium forms a homogeneous dense oxide film which protects steels from the environment and prevents further corrosion. However when maximum corrosion resistance is required along with high mechanical strength, alloying elements like chromium, nickel together provide required properties.
(g) Tantalum: It is inert to practically all organic and inorganic compounds under 1500 except MF, fuming H2SO4, oxalic acid.
	Element
	Effects

	Chromium
	Increase strength, hardenability. Improves corrosion resistance. Forms hard and stable carbides such as Cr4C; (Fe Cr)3C, (Fe Cr)3 C2

	Nickel
	Improves strength, toughness and resistance to fatigue. Lowers the critical cooling rate hence increases hardenability. Promotes fine grains but tends to unstabilise the carbides.

	Molybdenum
	Inhibits grain growth. Improves strength and toughness. Improves creep resistance at high temperature. Forms complex carbides Mo2C; (Fe Mo)6C.

	Tungsten
	Improves machinability. Retains hardness at high temperature. Produces less tendency to decarburization during working. Raise the critical temperature range. Forms hard and stable carbides like WC, W2C, Fe2W3C, Fe4W2C

	Vanadium
	Restricts grain growth. Promotes formation of carbides. Improves strength and hardness. Enhances hot hardness of tool and die steels. Strong deoxidizer.

	Silicon
	Increases hardenability. Removes oxygen in steel making. Improves resistance to corrosion and oxidation.

	Phosphorus
	Improves machinability.

	Sulphur
	Improves machinability. Causes embrittlement (due to Fe S formation)

	Carbon
	Increases strength, hardness, wear resistance with increase in carbon content but decreases ductility and weldability.

	Manganese
	Combines with the sulphur to reduce brittleness. Improves strength and ductility. Improves hardenability by lowering the critical cooling rate. Used as a deoxidizer in steel. Lowers the eutectoid temperature. Forms hard carbides (Mn3C)

	Titanium
	Strong carbide forming element. 2% Ti renders 0.5% carbon steel un-hardenable. Generally resistant to corrosive effect of seawater, Brine solution.


COMPOSITES
Introduction

Materials comprising two or more different materials bonded together having combined properties of constituents are called composites. In its simplest form composite consists of two independent and dissimilar materials. The commonest examples of composites used in everyday life are plywood, R.C.C., vehicle tyres, etc, Plywood is the composite of thin sheets of wood with grains of alternate sheets perpendicular to each other and bonded together by a polymer in between them. R.C.C. has steel rods embedded in the concrete mix, which, itself, is a composite of cement, sand aggregate and water. The resulting R.C.C. structure can take loads which, otherwise. Cannot be carried by the concrete alone. Steel rods can be of different shape, size and provided in various directions. Vehicles tyres are rubber reinforced with woven cards. All these and many more composites have properties which are impossible to achieve in conventional materials.

Each of the materials in the composites serves one or more specific functions. The properties of composites are affected by the size and distribution of the constituents in relation to each other, the bond strength between them, shape, size, amount and properties of each material.

The base material surrounding other materials is normally present in higher percentage and is called matrix. Other materials which reinforce the properties of base material are called reinforcements. Cohesion between the matrix and reinforcement is essential and may take place in any or combination of the following ways :

(a) Chemical reaction at the interfaces of the constituents.

(b) Mechanical keying between the matrix and the reinforcement.

(c) Physical bonding between the matrix and the reinforcement by Vander Waals forces acting between the surface molecules of the various constituents.

The matrix and reinforcement are chosen so that their mechanical properties complement each other, whilst their deficiencies are neutralized. In particular cases there may be more than one type of reinforcement present at the same time. The effect of reinforcements is to increased both the tensile strength and the tensile modulus of the composites.

Properties

Composites have been developed to improve mechanical properties such as strength, toughness, creep resistance as well as certain physical or chemical characteristics. Properties like density and heat capacity depend on the amount of each phase and are independent of microstructure. These properties can be determined by suitable weighted average of each of the individual phase. One of the method can be as represented below :
Properties like elastic modulus, thermal and electrical conductivities depend upon geometry of the constituents as well as to their volume fraction. These are known as “Structure sensitive” properties. Depending upon the arrangement of phases, the properties vary between upper limit arranged in parallel and lower limit arranged in series in Fig.11.1. The upper limit can be calculated by equation 11.1 and the lower limit by equation 11.2 as given under:
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Fig. 11.1 Variation in properties of composite material with
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Depending upon the type and manner in which reinforcing materials are provided, the composites can be broadly classified as described in the following paragraphs.


.

Fibre reinforced composites

A fibre reinforced composite material consists of three ingredients namely matrix, fibre and the interface. Matrix is used to bind together the fibres and to protect their surfaces from damage or chemical attack. Matrix separates individual fibres and prevents brittle cracks spreading across the composites. The matrix material includes both thermoplastics and thermosetting plastics. Metallic fibres or wires, non-metallic fibres and whiskers are the materials used for fibres. Glass fires, mats or cloth are the most commonly used reinforcements. The fibre may be continuous running through the length of the composite or cross plied arrangement to make the composites strong in both directions. The continuous fibres give the highest tensile modulues and tensile strength but with a high directionality of properties.

The strength of fibrous composites is determined by the strength of fibres and the type of bond between the fibre and the matrix. The bond between the fibre and the matrix must be quire strong so as to avoid separation between the faces and pull out of the fibre under axial load.

The glass fibres increase the tensile strength and tensile modulus depending upon the type and amount of the same. The grades of glasses used for reinforcing fibre are as follows:


E-Glass -
(Electrical grade) It has good insulation properties.




It is used for making glass reinforced printed circuit breakers for the electronic 
industry. It is not attacked by water and alkali. 

C-Glass -
(Chemical grade) It is used for chemical plant equipment and has good 

resistance to acid attack. It is low in aluminum and calcium oxide.


M-Glass -
(High modulus grade) It is used for high strength application and costs high 

compared to other types.


S-Glass -
(High strength grade) Fibre is produced in continuous filaments for weaving into 

mats for pressure vessels and boat hulls.

Fibre reinforced plastic, commonly known as FRP, is the composite where the strength of plastic material is increased by addition of high strength fibres. Glass is the most commonly used fibre. The product is known as glass fibre reinforced plastics (GRP). GRP products are used for a number of goods like furniture, sport car bodies, bath tubs, dish stands, truck bodies, pipes and vessels for handling and storage of corrosive media, safety helmets, fan blades.

The strength along the direction of fibres could be up to 400-1200 N/mm2 depending upon the percentage of cross section are of glass fibre. The strain in the matrix and in the fibres is the same in continuous fibre composites when axially loaded. The stresses are distributed and given by


Rc = rm Vm + rf Vf and Ec-Em Vm + Ef Vf 

where ec rm rf are the stresses in composites, matrix and fibre respectively.


Ec, Em and Ef are elastic moduli of the composites, matrix and fibre respectively and Vm and Vf are the volume fractions of matrix and fibres respectively.

The following factors should be considered while selecting the matrix and fibre materials:

(a) The matrix should wet the fibres to reduce the probability of voids at the interface.

(b) The difference between the thermal expansion co-efficients of the matrix and the fibres should be minimum to avoid thermal stresses on heating and cooling the composites.

(c) There should be no detrimental reaction between the matrix and the fibres materials. The reactions, if any, can be prevented by fibre coatings. Glass fibres are generally coated with resins while aluminum fibres or whiskers do not require coating when used with epoxy resin matrix.

Fig 11.2 Shows tensile strength of glass fibre polyester for different percentage of cross sectional area of glass fibre.

Boron reinforced aluminum composites are used in air transport Boeings, large rockets and space vehicles, because of high strength, stiffness and low density of boron fibre combined with metallic properties of aluminum as matrix. Aluminum boron composites possess high electrical and thermal conductivity, ductility, toughness, abrasion, resistance and non-inflammability. These can be coated, joined, formed and heat treated.

Dispersion reinforced composites

 This type of composite is produced to improve the mechanical strength of the matrix. The fine dispersion of fine particles of hard material impedes the motion of matrix dislocations. The main variables in determining the effectiveness of a dispersion are the mean free path (mfp), inter dispersion separation (Dp), size (d) and volume fraction (Vp). The relationship between these parameters is given by:
Strength of a soft metal is increased by uniform dispersion of small particles of second hard phase material throughout the mass of soft materials. This is achieved by compacting a metal powder in a die and heating the same to a temperature high enough to bind together the particles. This process is known as Sintering.
Typical examples of the above are thorium oxide (7%), dispersed nickel (TD Nickel) and aluminum oxide (10%) composite, with aluminum matrix called, SAP. It relies on the formation of a thin oxide film on the aluminum powder. The thickness of oxide film is in the order of 100A. Aluminum in the presence of oxygen forms Al2O3-Aluminum oxide (alumina). When the aluminum powder is compacted, the surface oxide film (Al2O3) gets separated and dispersed throughout the mass of the aluminum powder and gives a stronger composite material. The tensile strength of sintered aluminum composite is approx. 400N/mm2 compared with that of about 90 N/mm2 for commercial annealed aluminum. Copper containing 3.5% by volume of Al2O3 in fine dispersion is also produced by this method.
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Fig. 11.3  Rupture stress for dispersion composites and other alloys.




Fig.11.3 shows the variation in rupture stress of some dispersion strengthened composites and other alloys.
Particles Reinforced Composites (Cermets)

Particulate reinforced composites, also known as cermets, are composites of metals and ceramics. The particles size is more than 1.0 micron and their volume fraction is generally more than 20%. These are also termed ad cemented carbides. The ceramics have high strength, high tensile modulus, high hardness but are brittle materials by themselves. On the other hand, metals are weaker, less stiff and ductile in nature. By combining the two a composite can be produced which is strong, hard and tough, Carbides (tungsten, titanium, silicon, molybdenum), borides, (chromium, titanium, molybdenum) and oxides (Aluminum, chromium, magnesium) are ceramics used in cermets. The metals are cobalt, nickel, chromium, iron or tungsten. Typical cermets and their applications are given in Table 11.2.
In this type of composites the load is shared both by ceramics and metals, Cermets are widely used for cutting tools, drills, electrical contacts, magnets and rocket nozzles etc. Other applications of cemented carbides and burner nozzles, gauges and plugs used for inspection of materials, grinding balls and liners in grinding mills. The cermets are prepared by powder metallurgy techniques.

Tungsten carbide (70% to 98%) in a matrix of cobalt is used for cutting tool bits for cutting of all types of steels. Cutting efficiency for tools is further improved by addition of titanium and tantalum carbides. Cemented carbides possess hardness in the range of 1100 to 1800 vickers.
Filler particles are used to improve the properties of matrix materials, e.g., finely divided carbon powders are used with rubber. The effect of filler particles is to restrain the movement of matrix. Tensile modulus of the composite rubber (Ec) is given by



Ec = E (1+2.5f + 14.1f2)

where 
E = Modulus of the unfilled rubber;
f = Volume percentage of carbon
Laminated composites

Products obtained by two or more laminations or layers of different or same materials bonded to each other possessing improved properties are called laminated composites. Clad metals are example of metal to metal laminates where the outer layers are selected to provide corrosion resistance. While the inner layers are selected to give strength. Rubber fabric belts are an example of organic laminates.
Plywood, laminated card board, Galvanised steel, Aluminum-Copper alloy with aluminum cladding are some of the examples of these type of products which give better properties, like corrosion resistance, surface hardness, impact resistance and heat transfer etc. compared to conventional materials.
Plywood is manufactured by bonding together thin plys of wood with their grain directions (cellulose fibres) right angle to each other. Individual sheets have the properties which are directional. The resulting plywood has no such limitations. Similarly, the laminated wood is obtained by joining together the thin sheets of wood with their grain directions right angle to each other. Large beams and arches can be made from this type of wood in place of solid wood thus conserving the environments. Corrugated card boards consisting of paper corrugations sandwiched between layers of plain paper is another example of laminated composites. It is stiffer in the direction parallel to the corrugations than the paper alone.

Aluminum alloys with aluminum cladding give better corrosion resistance than that of the alloy alone. It protects the high strength aluminum alloy core from atmospheric corrosion. Al-clad sheets are widely used for aircraft to obtain light weight thus saving costly fuel. Similarly, copper clad stainless steel sheets are used for utensils which give uniform cooking thus saving energy.

Sandwich materials can be termed as laminated composites. These materials usually consist of a thin facing material and a low density core. The core forms the bulk of a sandwich structure. These are strong enough to withstand normal shear and compressive loads. The core is in the form of cell of foam. Cellular cores are usually made from metal foils joined by welding, brazing or adhesive bonding. The foam cores are made from plastics like polystyrene, urethane, epoxy and silicones.

Tensile Modulus of composite

Assume a composite cylinder made up of continuous fibres, all parallel to the axis of the cylinder in matrix. Each component in the composite shares the applied force. Thus.
Total force 
= force on matrix + force on fibre




= stress on matrix x area of matrix




+ stress on fibre x area of fibre (: force = stress x area)

	Total force

Total area
	= (stress on matrix) x
	  Area of matrix

  Total area


	
+ (stress on fibre) x
	  Area of fibre

   Total area


Stress on composite = (Stress on matrix) x (percentage area of matrix + stress on fibre x percentage area of fibre)   









….. (11.7)
Strain on composite = strain on matrix = strain on fibre




….. (11.8)

From equations 11.7 and 11.8 we get

: Tensile Modulus of composite = modulus of fibre x % area of fibre + modulus of matrix x % area of matrix










….. (11.9)

Example 11.2  Calculate the tensile modulus of a composite consisting of 60% by volume of glass fibre having tensile modulus 80 KN/mm2 in a polyester matrix of tensile modulus 5 KN/mm2

Sol. Tensile modulus of composite = (modulus of fibre x % area of fibre)






+ (modulus of matrix x % area of matrix)

= 80 x .6 + 5 x 4 KN/mm2 = 68 KN/mm2
whiskers

Whiskers are single hair like crystals having very high tensile strength compared to carbon fibres. Crystal size ranges from 0.5 to 2.0 micron in diameter to 20 mm long. Tensile strength of whisker is approx 21 GN/m2 compared to 3 GN/m2 for carbon fibre. They are difficult and costly to manufacture. Boron and carbon whiskers are used in a polymeric matrix. Alumina whiskers are used to reinforce the metal nickel.

Carbon fibre

Carbon fibres are produced by the decomposition of polyacrylonitrite filaments at high temperature in an inert atmosphere. The atoms other than carbon are driven off. The carbon fibres are kept in tension during pyrolysis (decomposition of polymer at high temperature) to maintain their properties, which are affected by the final heating, which may be higher than 20000C. These fibres are categorized as high strength or high modulus fibres. Carbon fibres are used in fan blades for gas furbines, racing car body panels and other sports items. Their properties are given in table 11.1
DEFORMATION OF METALS
Change produced in a metal without any fracture even after removal of external load is called deformation. The change can be either axial or angular in nature. The property which enables metals to deform without any fracture is called plasticity. Thus Plasticity can be defined as the ability of the materials to get deformed without rupture during the application of the force which exceeds yield value of the materials. When an external force is applied to a plastic metal, it undergoes first elastic deformation, thereafter permanent deformation and finally fracture. Against this a brittle material like cast iron will fracture suddenly without showing any plastic deformation (see Fig.3.3). The plastic deformation of a metal or alloy depends on the following:

(i) Microstructure (ii) Grain size (iii) Composition

An ideal material deforms without undergoing any strain (work) hardening. The stress strain diagram for an ideal plastic body will be a straight line corresponding to the yield stress of the material. However, in case of certain materials elastic deformation proceeds plastic strain resulting into a curve. Such materials are called elasto-plastic bodies and are used in structural jobs.

Another property of metallic material which enables it to regain its original shape and size after removal of the forces, within the elastic limits, is the elasticity. It shows the rigidity or stiffness of the material. A stiff material requires comparatively high load before it deforms. In case of elastic metal each and every atom will return to its original position if the external force is removed before reaching the elastic limit.

Thus the deformation of metal can be categorized into:

(i) Elastic deformation (ii) Plastic deformation.

Tough materials will resist permanent deformation well in advance of fracture. Some materials may be tougher and can absorb high energy before fracture e.g. alloy steels. Other may be very soft like lead and require less energy to deform. Copper is soft but absorbs more energy before it fractures.
Elastic deformation

Deformation of a metallic material which disappears totally, when the external force is removed within elastic limits, is called the Elastic deformation. In principle it follows Hook’s law. Thus the phenomenon is reversible, it does not change the structure of material. The tensile load increases the inter-atomic spacing while the compression load decreases the same. When the load is removed the atoms return back to their original position. The shape and size is regained and the extra energy is converted to heat energy.

The strain produced is proportional to the stress. The ratio between stress and strain is known as Young’s modulus or modulus of elasticity. The ratio of lateral strain to the original strain is called poisson’s ratio. The crystal structure of metal is also subjected to shearing load and causes shearing strain. The ratio of shearing stress and shearing strain is called shear modulus or modulus of rigidity.

Elastic after effect

Certain materials when subjected to sudden loading and unloading show the behavior as shown in Fig 4.1. The behavior of the specimen is called Elastic after effect or delayed elasticity. Initially there is a sudden increase in strain due to impact load. Thereafter it increases gradually if the load is continued. Again if the load is removed suddenly the strain comes down, which is equal to the initial increase in strain. Thereafter it decreases slowly. Rubber is the example of this type of behavior.
[image: image3.jpg]Strain M

t

£ E,
|

l ;

4.1.

Elastic after effect.




If a sudden load is applied at time t = 0, strain initially shows value of E1 thereafter it increases gradually. Total strain is E0 = E1 + E2. Similarly if the load is removed suddenly strain drops instantaneously by E1 and thereafter gradually to zero, as shown in the Fig 4.1, without any plastic deformation.

 Plastic deformation

Plastic deformation is observed when the stress is more than elastic limit. It takes place by the process of slipping. The displacement of atoms during plastic deformation is permanent. The crystals do not return to their original position even after removal of the stresses. IT is based on the bonding forces between the atoms. The rate of plastic deformation can be varied by the change in strain rate, applied stress and temperature. This property of plastic as drawing, rolling, pressing, stamping, extrusion is utilized while manufacturing many products, such as rails and I-beams, drawing of wire, extrusion rivet holes, forging of shafts.


Factors responsible for plastic deformation are:

(a) There may be number of possible slip planes within a crystal.

(b) The different grains may not have the same elastic stresses, when they are loaded.

(c) The resolved shear stress very with grain orientation.

(d) The critical shear stress required for slip formation depends upon crystals orientation and crystal planes.

Above factors show that crystalline materials does not have a unique elastic limit. Plastic deformation is not sudden phenomenon but a gradual initiation takes place. Yield strength is the stress for finite number of plastic deformation.

The plastic deformation takes place by two processes namely by slip and twinning.

Deformation by slip (Shear deformation)

In this case a large displacement of one part of the crystal with respect to another takes place. The place and direction in which it occurs are known as slip plane and slip direction respectively. This slip may take in more than one plane or direction depending upon the structure of crystals.

It is a function of temperature and composition. When a crystal undergoes plastic deformation, the arrangement of atoms in the crystal remains same. There is a very small variation in the density. Thus there is no change in the volume.

It is non-reversible process. Atomic blocks do not return to the original shape after withdrawal of the forces. The shear which produces slip is called the critical resolved shear stress. Theoretical value of shear strength is about one sixth of shear modulus (G/6). IN actual practice shear stress required to produce a slip is much smaller. Energy (E) required for the dislocation line is given by



E α L.G.b2
where 

L = Length of dislocation line



G = Shear modulus; b = Burger’s vector

Energy required for deformation will be minimum when the shear modulus (G) and Burger’s vector (b) are minimum. Dislocations having the shortest slip vector (b) are easiest to generate and develop for plastic deformation.

Critical resolved Shear stress

The stress required to initiate slip in a crystal is called Critical Resolved Shear Stress. Assume a single crystal having cross-section area A is subjected to force F along the axis of the crystal. Slip takes place along the plane as shown in Fig. 4.2. The critical resolved shear stress (τcr) is given as below:
	Critical resolved shear stress (τcr) =
	  Component of load on slip plane
   Area of slip plan

	(τcr) =
	F cos α
A/cosβ
	=


	F

A


	Cos α. Cosβ, τcr=σ.cos α cos β                              ….(4.1)


where 
A/cos β =  Area of the slip plane.

F.cosα = Component of the applied load.


σ = Applied tensile stress = F/A


α = Angle the slip direction makes with the axis.


Β = Angle the slip plane makes with the normal to the axis, such. That α + β = 900.

The above equation (4.1) is known as Schmid’s law and the term cos α cos β is called Schimd’s factor. If the slip plan and slip direction are inclined at an angle 450 to the tensile axis, critical shear stress will be given by



τcr=σ.cos 450 cos 450


[image: image4.jpg]YF
Fg.4.2. Critical resolved Shear Stress.




 This shows that the critical resolved shear stress will always be less than half the tensile stress. The component of shear stress in the direction of slip is called “critical shear stress” and is a constant for each materials, and depends upon the type of material. It is affected by the rate of deformation, temperature and purity of the material etc with the increase in temperature, value of critical shear stress decrease, as the thermal mobility of material increases.

Deformation by Twinning

Sliding of one plane of atoms over the next is known as twinning. The total movement at any point is proportional to the distance from the twinning plane. Twinning differs from slip in the sense that in twinning each plane of atoms moves a definite distance, instead of a complete block of atoms as in the case of slip. Each of the two parts produced by twinning are symmetrical about the twinning plane and are mirror image of each other. (Sec Fig 4.3). Twinning is generally caused due to impact, thermal treatment and plastic deformation. As a result of strain or low temperature, when the applied stress is higher than required, thin lamellar twins appear. These are called Newmann bands. Twinning occurs in body centred cubic (B.C.C) and Hexagonal close packed (H.C.P) structure.
There are two types of twinning


(i) Twinning produced due to applied stress under shock loading known as strain twins or mechanical twins.


(ii) Twinning produced as a result of annealing process known as annealing twins.
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Table 4.1 Difference between slip and twinning
	Twinning
	Slip

	(a)
	Each plane of atoms moves a definite distance.
	Consists of a shear displacement of an entire block.

	(b)
	Twinning portion of the grain is the mirror image of the original lattice.
	The slipped portion of a grain is of same orientation as that of the original grain.

	(c)
	The direction of shear is limited to that which produces the twin image
	Direction of shear can be either positive or negative.

	(d)
	Stress required to produce twinning is more
	Stress required to produce slip is less.


Dislocation Theory

Liner disturbance of the atomic arrangement in a crystal is called dislocation. It may take place.


(i) Due to growth of crystals from their molten or vapour state.


(ii) Because of slip of atomic planes one over the other.

A dislocation in a crystal can be either perpendicular or parallel to the slip plane. The dislocations interact with each other which account for a number of plastic deformations. The dislocations multiply during the process of deformations and the pile up at the grain boundaries. The piled up dislocations work as obstacles to further movements and result in to strain hardening of single crystals. This reduces the strength of single crystals below its theoretical value.


There are two types of dislocations namely


(i) Edge dislocation
(ii) Screw dislocation


A number of dislocations are the combination of edge and screw dislocation which give a composite dislocation. Besides, there may be partial or full dislocation in a crystal. In partial dislocation, the original dislocation splits into two parts which move together as a unit.


When the dislocation moves in a direction perpendicular to the slip plane it is termed as dislocation climb. When the dislocation plane moves upwards by one inter-atomic distance, it is called positive direction of climb. When it moves downwards it is called negative direction of climb. When a dislocation moves from one slip plane to another it creates a step called Jog in dislocation line.
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Fig. 44. Sequenice of events for multiplication of dislocations




The process in which many dislocations are produced one after the other automatically is known as multiplication of dislocations. Frank-Read sources (generator) is the most common mechanism for multiplication of dislocations.
(a) Dislocation anchored at both ends A, B.

(b) Dislocation starts to bow outwards when the applied force is increased.

(c) Dislocation starts to sweep around fixed ends.

(d) Dislocation continues to expand and becomes a bow.

(e) Dislocation loop completes.

(f) Dislocation line AB reproduces itself again and process of dislocation continues and starts a new cycle.

Imperfections in crystal structure

Except a few, most of the crystals have imperfections/defects which influence the properties of metals like mechanical strength, electrical conductivity, chemical reactions. The imperfections in the structure are mostly due to disruptions in space lattice and are known as lattice imperfections. These are categories as po0int defects, line defects, surface or plane defects and volume defects.

(a) Point defects

Point defects may be due to any of the following, as shown in Fig. 4.5:

(i) Absence of an matrix atom, this defect is known as vacancy.

(ii) Presence of foreign atom in place of a matrix atom. This defects is known as substitutional impurity.

(iv) At atom displaced from its normal place to a position within the lattice of the other atoms known as self-interstitial defect.

Above type of defects are localized imperfections. Close packed structures have fewer vacancy defects as additional energy is required to force the atoms to higher energy level.
Impurities such as slag, a small sized atom occupying the void space in the crystal without dislodging any of the parent atom from their site, is called interstitial defect. Such defects affect the thermal and electrical conductivity of metals and alloys.

When an atom is displaced from a lattice site into an interstitial site resulting in creation of vacancy, it is called Frankel imperfection. Additional energy is required to force the atom into a new position, hence such defects are rare in closed packed structures. An imperfection do not affect the overall electrical neutrality of the crystal. Displacement of cation ions into the void space is the case of Frankel imperfection. This is not possible in case of anion ions as the void space is too small for their size.
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Missing of one cation and one ion from an ionic crystal is called Schottky imperfection. Electrical neutrality is maintained in this type of imperfection which is observed in alkali halides.

(b) Line defects
Line defects are one dimensional imperfections and are called dislocations.


There are in general two types of line defects:

(i) Edge dislocations

In this case a linear disturbance of atoms appear at the edge of the crystal. When a row of atoms is either removed from a lattice or displaced at a unit distance, an edge dislocation is formed. Because of this the upper part of crystal is under compression while the lower part is under tension. Due to the presence of two different zones of compression and tension there is always a net increase in energy along with the dislocation.

If the additional plane of atoms is above the slip plane, it is shown by the symbol, τ and is called negative edge dislocation.

(ii) Screw dislocation
In this type of imperfection displacement is parallel to the linear defect. It is seen by a boundary between slipped and unslipped crystal. The atoms are displaced in two separate planes perpendicular to each other and the dislocation follows a helical or a screw path. It may be a right hand or left hand screw dislocation. The energy required for screw dislocations greater than that required to initiate an edge dislocation.

The vector which defines this dislocation is called Burger Vector. The process in which a plane of atoms glides over another by one or interatomic spacing is called slip. The distance by which the plane shifts is called the Burger Vector and is denoted by the letter b. The plane in which slip taken place is called the slip plane. Fig  4.6  shows the top portion of the crystal, shifted by a distance b, the Burger vector. It defines the magnitude and direction of ‘slip’. Hence, it shows in which direction and by how much above the slip-plane, the lattice has moved.
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Fig. 4.6 Burger Vector.
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In case of edge dislocation, Burger vector b is normal to the dislocation line, while for screw-dislocation, it is in the same direction.
If the line is perpendicular to Burger vector, the dislocation is an edge dislocation. If the dislocation is parallel to the Burger vector, the dislocation is screw dislocation Fig 4.7 (a) and 4.7 (b) shows the edge and screw dislocations in a simple cubic crystal.
Dislocation caused due to edge and screw together is called mixed or crystal dislocation. The crystals, in practice, show a much less strength compared to calculated values due to the presence of dislocations. The calculated value of critical stress at which the plastic deformation begins, should be equal to G/2 where G is the shear modulus. 
(c) Surface defects
The outer surface of a material marks the abrupt ending of the periodicity of a crystal lattice and hence plays a very important role in determining its properties. Any imperfection on the external surface affects the mechanical, electrical and chemical properties. Surface defects include imperfections due to grain boundary, stacking etc. The surface atoms have neighbors on only one side, while the atoms inside the crystals have neighbors on both sides. They possess higher energy than internal atoms. Hence the external surface of the metal itself is having imperfection, as the atomic bonds do not extend beyond it.

Imperfections due to grain boundaries separate grains of different orientation in poly crystalline aggregates during crystallization. Boundary atoms do not have a perfect complement of surrounding atoms. The mismatch with the orientation of the adjacent grain produces a less imperfect packing of atoms along the boundary. The lower atomic packing along the boundary favours atomic diffusion.
Tilt boundary is another type of surface defect. It is similar to grain boundary with angular orientation less than 10 degrees. Germanium crystal having diamond structure is known to have tilt boundary.

Twin boundary is yet another type of surface imperfection which separate two similar orientations which are mirror images of one another. Twins come into form during the growth of crystal.

Stacking fault is another type of imperfection arising from the stacking of one atomic plane out of sequence on another while the lattice on either side of the fault is correct. This type of fault takes during crystal growth.
(d) Volume defects
Volume defects are inclusions of foreign particles, voids, non-crystalline regions of at leat a few angstroms.

Force acting on Dislocation

For yield to take place the force (f) acting on dislocation is given below f=τ x b
where τ = shear stress, b = Burger vector

The force must be great enough to overcome the resistance (friction opposing dislocation) to the motion of dislocation plus additional strength achieved due to alloying or work hardening. The above formula holds good for any dislocation i.e, edge, screw or a combination of both.

Deformation of polycrystalline Materials

Deformation of polycrystalline materials is different from single crystal metals in which grains have random orientation. They deform easily. In a polycrystalline material the adjacement grain boundaries act as physical barriers. This results in pilling up of dislocations at grain boundaries which offer resistance to slipping. Following affect plastic deformation in case of polycrystalline materials :

(i) Grain and sub-grain boundaries;

(ii) Solid solution alloying additions;


(iii) Dispersion of second phase particles.

Greater the number to grain boundaries, higher is the resistance offered to the plastic deformation. Hence the crystalline metals show higher strength than single crystals. Because of this effect a fine grained material possess higher strength and better mechanical properties than coarse grained materials.

Season Cracking

Season cracking results when the material is subjected to the combined effect of internal stresses and inter-crystalline corrosion due to the corrosive media in industrial atmosphere. Internal stresses left in any object for a long period, after cold working, are susceptible to corrosion. The cracks normally pass around the inter-crystalline grains. The fractured surfaces are then separated by the tensile stresses produced due to the effect of season cracking e.g., alpha brass (60% copper and 40% zinc) is susceptible to inter-granular cracking in ammonia atmosphere. This can be prevented by annealing the brass as 200-3000C.

A simple test to check the material against season cracking is carried out by immersing the specimen in an aqueous solution containing 1% mercuruous nitrate and 1% nitric acid. If the specimen is under stressed condition it will crack within few minutes.

The effect of season cracking is also observed in boiler steel plates around the punched holes under the combined action of stress and a high concentration of hydroxyl ions in the environment. This is known caustic embrittlement and can be prevented by annealing the plates at 6500C or addition of phosphates prevents caustic cracking.
Stress corrosion of austenitic stainless steel occurs in chloride environment. The crack in this case is transgranular. It propagates across the grains. Addition of molybdenum or increased nickel content in the stainless steel reduces this type of corrosion. Inter-granular corrosion can be prevented in 3 ways:

(a) By reducing the carbon content in the s.s. to less than 0.50%;

(b) By quenching the s.s. to prevent chromium carbide precipitation;

(c) By adding strong carbide forming elements such as Nb or Ti so that carbon precipitates as niobium carbide or titanium carbide and not as chromium carbide. An improperly heat-treated 18/8 s.s. may show inter-granular corrosion due to precipitation of chromium carbide at the grain boundary or due to prolonged exposure to high temperature.

Bauschinger Effect

It is observed that yield strength of the material, during plastic deformation, increases in the direction of plastic flow when subjected to force beyond elastic limit. The plastic deformation would start at a lower yield stress if the stress is applied in the opposite direction. This is due to the fact that under the reversed load, the residual stresses caused by initial deformation increase the stress. This phenomenon is known as Bauschinger effect, as shown in Fig. 4.8.

When a material is subjected to a gradual tensile load it produces higher stresses than the yield stress. Again if the load is removed gradually and the material is subjected to a compressive load it will show compressive stress lower than the tensile stress with permanent strain (OD), as shown in Fig. 4.8 instead of zero strain, when the load is removed totally. The same phenomenon is observed whether material is first subjected to compressive loading and then to a tensile load. The tensile stress observed is less than the compressive stress. The reduction in stress is due to presence of residual stress even after the load is removed, which is the cause of dislocations. The reduction in compressive (tensile) stress after the tensile (compressive) loading of the specimen is known as Bauschinger effect. It is seen in the metals after cold working.
Work (or Strain) Hardening

The increase in tensile strength and Hardness, due to cold working of a metal is called ‘ work-hardening’ and is due to permanent deformation. Initially, a minor amount of plastic deformation, above the elastic limit, result in substantial increase in work-hardening. Therefore it decreases rapidly until fracture takes place. There after the rate of work hardening decreases rapidly until fracture takes place. It decreases the ductility and electrical conductivity. It is denoted as & hard, ¾ hard and extra hard. Example as copper, aluminum, nickel, lead, tin and zinc etc., as they can crystallize at room temperature.

Preferred Orientation

The development of certain lattice directions in the grains of metal, which has undergone severe deformation, with the principal direction of flow, is known as Preferred Orientation. It signifies similar ion orientation in all the crystals of a specimen of metal. It is very important with respect in the physical and mechanical properties of the section as a whole.

Plastic deformation produces a preferred orientation of the grains of a metal which has been mechanically worked. The formation of strong preferred orientation results in an anisotropy (variation in properties in different directions) in mechanical properties. Even though the individual grains of metal are anistropic w.r.t mechanical properties when these grains are combined in a random manner into polycrystalline aggregate, the mechanical properties of the aggregate have tendency to be Isotropic (i.e, uniform in all directions).
The preferred orientation, resulting from deformation is greatly dependent on the slip and twinning systems available for deformation. But it is not affected by process parameters like die angle, rill speed, roll diameter etc., The simplest preferred orientation is produced by the rolling or drawing of a wire. In an ideal wire, a definite crystallographic direction lies orientation to the wire axis and the preferred orientation is symmetrical around the wire.

Cold and Hot working 
(a) Cold Working
When a metal is subjected to a mechanical process like drawing, cold rolling, bending etc., below the recrystallization temperature, it undergoes a plastic deformation. The process is termed as cold working. Most of the cold working processes are performed at room temperature. Since the process is below the recrystallization temperature there is no recrystallization of grains. Strength and hardness increases with corresponding decrease in ductility while the metal is deformed, it gives rise to severe stresses inside the metal which are known as residual stresses. These stresses are due to piling up of dislocations near barriers on the slip plans like grain boundaries. These residual stresses increase the hardness and corrosion resistance of the metal, required. These stresses can be removed by a suitable heat treatment below the recrystallization temperature metals lose their stored energy during the process of recovery, recrystallization and regain original structure and properties.
The pressure (mechanical energy) required in cold working is more than that required in hot working e.g., cold working for tungsten is 12000C as against 8000C hot working for steel. The metal is not deformed permanently until the stress exceed the elastic limit of the material. It gives a better surface furnish and closer dimensional tolerances than by hot working. The metal will fracture if the cold is excessive. Therefore it is done in stages with intermediate annealing operations to soften the metal and restore ductility.

Since most of the cold working is carried out at ambient temperature, use of soaking pit and furnaces is avoided. There is no handling of hot materials. Hence it is a faster process. There is not loss of metal due to oxidation. However the energy required to deform the metal is more.

(b) Hot working

When a metal is subjected to a hot working process, above the recrystallization temperature, it undergoes plastic deformation. The process is called Hot Working. During this process the metal is in a plastic state and it readily takes the desired shape. Because of higher temperature scaling, oxidation of the metal surface takes place. Forging, hot drawing, hot cupping, hot extruding are some of hot working processes.


Advantage of hot working are :


(i) Elimination of porosity and below holes,


(ii) Refinement of coarse grains,


(iii) Improvement in physical properties,

(iv) Increase in strength and better homogeneity,


(v) Better resistance to impact loading.


(vi) Improvement in ductility.


During hot working, most of the metals are in plastic condition hence pressure required in forming is less. Therefore, less power, is needed, compared to cold working. However, hot working has got certain limitations. Surface finish and dimensional tolerances are poorer than those for cold working. Also the cost of equipments and handling is high, because of material being hot. Structure and other properties are not uniform throughout the cross-section of metals for further study refer chapter 13.0
Recovery (Stress Reliving)

The process by which strainfree state of cold worked metal is achieved by heating without significant changes in its microstructure is known as recovery  or  stress relieving. It is relatively a low temperature process, below the melting point and is important for releasing internal stresses in forgings, welded and fabricated equipments, boiler tubes, without affecting the strength achieved during cold working.

Electrical conductivity and ductility of materials increases rapidly towards the annealing value during recovery. The internal stress is also reduced significantly. The strength and hardness properties which are controlled by dislocations are not affected at recovery temperature, but it increases the ductility of the metal. Dislocations which pile up during cold working re-arrange themselves and get reduced during recovery. This is known polygonisation.

Re-crystallisation

Because of residual stresses, a work-hardened material has a tendency to regain its symmetrical lattice structure. During heat-treatment, new grains are formed, and re-crystallization takes place. The increased heating time and cold work done earlier, lowers the temperature required for re-crystallization. The formation of new grains during this process reduces the internal forces, decreases mechanical strength and hardness and recoups ability to withstand plastic deformation. Table 4.3 gives the comparison recovery and recrystallization.


The temperature at which about 50% of the cold-worked metal re-crystallises in one hour, is known as re-crystallization temperature. Re-crystallization temperature for some of the common materials is given below:


Aluminum
-
1500C

Magnesium
-
1500C


Copper

-
2000C

Iron

-
4500C


Nickel

-
6200C

Silver

-
2000C


Steel

-
8000C

Tungsten
-
12000C


Table 4.3 gives the comparison between recovery and recrystallization.

Table 4.3 comparison between recovery and re-crystallization

	Recovery
	Re-crystallization

	1.
	It involves lower temperature.
	It involves higher temperature.

	2.
	It restores strain free state without any change in micro-structure of the cold worked metal.
	Cold worked structure is replaced by a new strain free grain structure

	3.
	There is no change in grain size.
	There is slight increase in grain size.

	4.
	Internal stresses are released without decreasing the strength achieved by cold working.
	Internal stress are completely removed.

	5.
	Electrical conductivity and ductility is increased rapidly towards the annealing value during recovery.
	There is a slow improvement in electrical conductivity and sharp increase in ductility.

	6.
	Strength and hardness are not affected
	It results in a decrease in hardness and strength.

	7.
	Dislocation of the same slip planes align themselves into walls to form small angle sub-grain boundaries and arrange themselves during recovery.
	The elimination of sub-grain boundaries is a basic part of a re-crystallization process.

	8.
	Rearrange of dislocations and lowering of lattice energy takes place due to above.
	The driving force for re-crystallization comes from the stored energy of cold work.


Grain Growth
When the new strain free grains obtained after re-crystallization worked metal, are heated at a temperature higher than that required to cause re-crystallization, a progressive increase in grain size is achieved. This is known as grain growth. It is temperature dependent. In a polycrystalline material the yield stress (σy) increases with decrease in grain size; as per the following equation



σy = σi + kd-½  


where
σi = Yield stress for a crystal having no grain boundaries.



D = Grain diameter,
K = Hall Petch constant
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When the temperature is increased above the re-crystallization, these grains grow in size. The grain growth takes place due to the combination of individual grains, thereby reducing their boundary area and grains become stable (See Fig. 4.9)


Grain growth depends upon a number of factors such as annealing temperature, and time, degree of previous cold work, effect of insoluble mixtures to the metal, addition of certain alloying elements, rate of heating and cooling.


Grain size is affected considerably by the fine dispersion of second phase particles. They restrict grain boundary movement.


There is a slow decrease in hardness and strength values during grain growth. There is a further increase in electrical conductivity and ductility of metal. Surface appearance is also governed by grain size.


Example 4.1 : Find out the yield stress for a Polly Crystalline alloy when the grain size is ASTM 8(0.002 mm) Assume  σi = 80MNm-2  and K = 0.63 MNm-3/2 


Sol. As per Hall petch equation

Yield stress  σy = σi + kd-½  

