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Unit II: Alloy Formation and Binary Diagram 

Syllabus 

• Cooling Curves, Isomorphous, Eutectic, Eutectoid solid Solution, Peritectic and other phase diagrams, 

• Alloying elements, Iron carbon phase diagram, T-T-T diagrams, 

• Types of Cast Irons, Types of Stainless Steels, 

• Elastic, anelastic and Viscoelastic behaviour. 

 
An alloy is a metal (parent metal) combined with other substances (alloying agents), resulting in superior properties 

such as; strength, hardness, durability, ductility, tensile strength and toughness. 

The parent metal is the majority of the alloy. 

For example, mild steel is 0.1 - 0.3% Carbon and 99.9 - 99.7% Iron. 

 
Alloys are sometimes described as a mixture of two or more metals. However, this is misleading, as often alloys are 

composed of just one metal, as well as other non-metal elements. 

Cast iron is an example, as it is a combination of iron (metal) and carbon (non-metal). 

Metal alloys have specific enhanced properties compared to their pa e t  metals. 

For example, steel. 

Steel is itself an alloy of iron and carbon. Iron is a very brittle metal, likely to break or snap if it receives a sudden 

blow/shock. Adding the alloying agent carbon, gives the new alloy the property of toughness and tensile strength. 

Steel can be used in the construction industry for bridges and large buildings. 

A bridge manufactured only from the parent metal, iron, would eventually collapse due to its inability to absorb 

shocks/blows. The table below gives three alloying elements that can be added to the alloy steel, to further improve its 

physical properties. 

Solid Solution 

When two metals are mixed together they form an alloy if one metal is soluble in the other one in solid state. Therefore, 

an alloy is a solid solution of two or more metals. 

Primarily there are two types of solid solutions – 

§ Substitutional – Solute atoms occupy the regular lattice sites of the parent metal (solvent). Substitutional solid solutions 

can be random (Cu-Ni) or ordered (Cu-Au). 

§ Interstitial – Solute atoms occupy the interstitial positions (Steel–C solute atoms in Fe). 

Random substitutional Ordered substitutional Interstitial 
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Hume-‘othe s ules 

For Interstitial Solid Solution Rules 

For interstitial solid solutions, the Hume-Rothery rules are: 

1. Solute atoms must be smaller than the interstitial sites in the solvent lattice. 

2. The solute and solvent should have similar electro-negativity. 

Hume-‘othe s ule fo  su stitutio al solid solution. 

For Substitutional solid solutions, the Hume-Rothery rules are: 

1. The atomic diameter of the solute and solvent atoms must differ by no more than 15%: 
 

2. The crystal structures of solute and solvent must match. 

3. Complete solubility occurs when the solvent and solute have the same valency. A metal will dissolve a metal of higher 

valency to a greater extent than one of lower valency. e.g. Zn is much more soluble in Cu than Cu in Zn. 

4. The solute and solvent should have similar electro-negativity. If the electro-negativity difference is too great, the metals 

will tend to form intermetallic compounds instead of solid solutions. (minimum chemical affinity to each other). 

Phase Diagrams 

A phase diagram is a type of graph used to show the equilibrium conditions between the thermodynamically-distinct 

phases; o  to sho  hat phases a e p ese t i  the ate ial s ste  at a ious T, p, a d o positio s e uili iu  is 
important: phase diagrams are determined by using slow cooling conditions ⇒ no information about kinetics. 

Phase diagrams provide valuable information about melting, casting, crystallization, and other phenomenon. Phase 

equilibrium diagrams are plots of the relationship between temperature, pressure and composition. 

Phase diagrams and phase transformation are used in the understanding of how microstructure evolves and their 

properties in relation to manufacturing and engineering processes. The details of the thermal history controls the way 

phase transformation takes place. The processing of most materials involves a thermal history such as the thermal history 

of solidification which is cooling from a high temperature process. 

Degree of freedom (or variance) F is the number of variables (T, p, and composition) that can be changed independently 

without changing the phases of the system 

Using Cooling Curves to Construct Phase Diagrams 

The cooling curve method is one of the oldest and simplest methods to determine phase diagrams and phase transition 

temperatures. This is achieved by recording temperature (T) of a material versus time as it cools from its molten state 

through solidification (at constant pressure). 

Whenever a phase change takes place in a metal or alloy, the total energy content changes because cooling or heating is 

the process of evolution or absorption of heat. 
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Suppose you allow a pure metal to cool down until it has all solidified (i.e. cooled under near equilibrium conditions from 

the liquid state), plotting its temperature as a function of time, the resulting cooling curve will show a plateau (B-C); this 

is also known as thermal arrest. The plateau corresponds to the beginning (at point B) and end of solidification (at point 

C). 

Sometimes the liquid may cool to a temperature below its freezing point before crystallization occurs and this is called 

supercooling (this is explained in the Physical Chemistry). 

While the process of solidification begins, the temperature drops and remains there until solidification is complete (C to 

D). 

Cooling curve for pure iron @ 1atm 
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By cooling alloys from the liquid state and recording their cooling rates, the temperature at which they start to solidify 

can be determined and then plotted on the phase diagram. If enough experiments are performed over a range of 

compositions, a start of solidification curve can be plotted onto the phase diagram. 
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Eutectic Alloys 

Pb-Sn alloy is a good example of a eutectic alloy system. 
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Eutectic is a term  used to describe two components which are completely soluble in each other in the liquid state, but 

only partially soluble in the solid state. 

I  a eute ti  s ste , the eute ti  allo  o positio  has the lo est elti g poi t i  the s ste . It is lower than the 

melting points of either of the pure components. 

 
 

 

Many eutectic alloy systems have been found to be useful as solders. A typical old-fashioned solder is Pb-Sn comprising 

0% lead a d 0% ti . This o i atio  is lose to the idealized eute ti  composition having a low melting point 

(comprising 38% lead and 62% tin). Because this alloy system melts and freezes cleanly over a very limited temperature 

range, they have been found to be useful for electrical work. 
 

 

 

Binary Peritectic Alloy System 
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Invariant Reactions 

To summarize: 5 invariant reactions (F = 0) 
 

1. Eutectic Liquid → α + β 

2. Eutectoid α → β + γ 

3. Peritectic Li uid + α →β 

4. Peritectoid α + β →γ 

5. Monotectic L1 → α + L  

The eutectic and eutectoid reactions are similar in that they both involve the decomposition of a single phase into two 

solid phases. The –oid suffix indicates that a solid, rather than liquid, phase is decomposing. 
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Time-temperature Transformation Diagram 

An isothermal transformation diagram is only valid for one specific composition of material, and only if the 

temperature is held constant during the transformation, and strictly with rapid cooling to that temperature. 

Though usually used to represent transformation kinetics for steels, they also can be used to describe the 

kinetics of crystallization in ceramic or other materials. Time-temperature-precipitation diagrams and time- 

temperature-embrittlement diagrams have also been used to represent kinetic changes in steels. 
 

 
 

Types of iron 
 

There are two major types of iron produced: wrought iron and cast iron. Within those, cast iron includes its own 

family of metals. 

Wrought iron 

The first type of iron produced and worked by blacksmiths was wrought iron. It is virtually pure elemental iron 

(Fe) that is heated in a furnace before being wrought (worked) with hammers on an anvil. Hammering iron 

expels most of the slag from the material and welds the iron particles together. 
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A typical cast iron bearing housing casting in its rough, un-machined condition 

During the industrial revolution and the associated acceleration of construction activities, a new use for wrought iron was 

discovered. Its high tensile strength (resistance to breaking when under tension) made it ideal to use for beams in large 

construction projects such as bridges and high-rise buildings. However, the use of wrought iron for this purpose was 

largely abandoned in the early 20th century when steel products were developed with superior performance to iron for 

construction applications. 

Wrought iron has become famous for decorative pieces. Churches of the 15th and 16th century contain fine wrought iron 

pieces produced by skilled artisans. In the modern world, railings, doors, and benches are still made from wrought iron as 

custom pieces. 
 

Cast iron 
Cast iron is a family of metals produced by smelting metal, and then pouring it into a mold. The primary difference in 

production between wrought iron and cast iron is that cast iron is not worked with hammers and tools. There are also 

differences in composition—cast iron contains 2–4% carbon and other alloys, and 1–3% of silicon, which improves the 

casting performance of the molten metal. Small amounts of manganese and some impurities like sulfur and phosphorous 

may also be present. Differences between wrought iron and cast iron can also be found in the details of chemical structure 

and physical properties. 

 

 
Due to the presence of carbon in cast iron, it may sometimes be 

confused with steel. However, there are significant differences. 

Steel contains less than 2% carbon, which enables the final 

product to solidify in a single microcrystalline structure. The 

higher carbon content of cast iron means that it solidifies as 

a heterogeneous alloy, and therefore has more than one 

microcrystalline structure present in the material. 
 

It is the combination of high carbon content, and the presence of 

silicon, that gives cast iron its excellent castability. 

Cast iron products such as barbell weights 

can be found at local sports gyms 
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Gray iron 
 

Gray iron is characterized by the flake shape of the graphite molecules 

in the metal. When the metal is fractured, the break occurs along the 

graphite flakes, which gives it the gray color on the fractured metal's 

surface. The name gray iron comes from this characteristic. 

It is possible to control the size and matrix structure of the graphite 

flakes during production by adjusting the cooling rate and 

composition. Gray iron is not as ductile as other forms of cast iron and 

its tensile strength is also lower. However, it is a better thermal 

conductor and has a higher level of vibration damping. It has a 

damping capacity that is 20–25 times higher than steel and superior 

to all other cast irons. Gray iron is also easier to machine than other 

cast irons, and its wear resistance properties make it one of the 

highest volume cast iron products. 

White iron 

With the right carbon content and a high cooling rate, carbon atoms combine with iron to form iron carbide. 

This means that there are little to no free graphite molecules in the solidified material. When white iron is 

sheared, the fractured face appears white due to the absence 

of graphite. The cementite microcrystalline structure is hard 

and brittle with a high compressive strength and good wear 

resistance. In certain specialized applications, it is desirable to 

have white iron on the surface of the product. This can be 

achieved by using a good conductor of heat to make part of 

the mold. This will draw heat out of the molten metal quickly 

from that specific area, while the rest of the casting cools at a 

slower rate. 

One of the most popular grades of white iron is Ni-Hard Iron. 

The addition of chromium and nickel alloys gives this product 

excellent properties for low impact, sliding abrasion 

applications. 

White irons and ni-ha d i o s fall u de  a lassifi atio  of allo s efe ed to as A“TM A ; the “ta da d 
Specification for Abrasion-‘esista t Cast I o s . 

 
 

Malleable iron 

White iron can be further processed into malleable iron through a process of heat treatment. An extended 

program of heating and cooling, results in the breakdown of the iron carbide molecules, releasing free graphite 

molecules into the iron. Different cooling rates, and the addition of alloys, produces a malleable iron with a 

microcrystalline structure. 

Ductile iron (Nodular iron) 

Ductile iron, or nodular iron, obtains its special properties through the addition of magnesium into the alloy. 

The presence of magnesium causes the graphite to form in a spheroid shape as opposed to the flakes of gray 

iron. Composition control is very important in the manufacturing process. Small amounts of impurities such as 

sulfur and oxygen react with the magnesium, affecting the shape of the graphite molecules. Different grades of 

ductile iron are formed by manipulating the microcrystalline structure around the graphite spheroid. This is 

achieved through the casting process, or through heat treatment, as a downstream processing step. 
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Compacted graphite iron 

Compacted graphite iron has a graphite structure and associated properties that are a blend of gray and white 

iron. The microcrystalline structure is formed around blunt flakes of graphite which are interconnected. An 

alloy, such as titanium, is used to suppress the formation of spheroidal graphite. Compacted graphite iron has 

a higher tensile strength and improved ductility compared to gray iron. The microcrystalline structure and 

properties can be adjusted through heat treatment or the addition of other alloys. 

 

Summary of cast iron compositions 

Following table shows the different composition ranges for the various types of cast iron: 

Range of compositions for typical unalloyed cast irons 

Values in percent (%) 

 

Type of Iron Carbon Silicon Manganese Sulfur Phosphorus 

Gray 2.5 - 4.0 1.0 - 3.0 0.2 - 1.0 0.02 - 0.25 0.02 - 1.0 

Ductile 3.0 - 4.0 1.8 - 2.8 0.1 - 1.0 0.01 - 0.03 0.01 - 0.1 

Compacted Graphite 2.5 - 4.0 1.0 - 3.0 0.2 - 1.0 0.01 - 0.03 0.01 - 0.1 

Malleable (Cast White) 2.0 - 2.9 0.9 - 1.9 0.15 - 1.2 0.02 - 0.2 0.02 - 0.2 

White 1.8 - 3.6 0.5 - 1.9 0.25 - 0.8 0.06 - 0.2 0.06 - 0.2 

 

 
Mechanical properties of cast iron 

The mechanical properties of a material indicate how it responds under specific stresses, which helps to 

determine its suitability for different applications. Specifications are set by organizations such as the American 

Society for Testing and Materials (ASTM) so that users can purchase materials with confidence that they meet 

the requirements for their application. The most commonly used cast gray iron specification is ASTM A48. 

In order to qualify cast products according to their specifications, a standard practice is to cast a test bar along 

with the engineered castings. The ASTM tests are then applied to this test bar and the results are used to qualify 

the entire batch of castings. 

Specifications are also important when welding cast iron parts together. The weld must meet or exceed the 

mechanical properties of the material being welded together—otherwise, fractures and failures can occur. 

 
A few common mechanical properties for cast iron include: 

 

• Hardness – material's resistance to abrasion and indentation 

• Toughness – ate ial s a ilit  to a so  energy 

• Ductility – material's ability to deform without fracture 

• Elasticity – material's ability to return to its original dimensions after it has been deformed 

• Malleability – material's ability to deform under compression without rupturing 

• Tensile strength – the greatest longitudinal stress a material can bear without tearing apart 

• Fatigue strength – the highest stress that a material can withstand for a given number of cycles without breaking 
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What Is Stainless Steel? 

Stainless steel is an alloy of Iron with a minimum of 10.5% Chromium. Chromium produces a thin layer of oxide 

on the surface of the steel known as the 'passive layer'. This prevents any further corrosion of the surface. 

Increasing the amount of Chromium gives an increased resistance to corrosion. 

Stainless steel also contains varying amounts of Carbon, Silicon and Manganese. Other elements such as Nickel 

and Molybdenum may be added to impart other useful properties such as enhanced formability and increased 

corrosion resistance. 

When was stainless steel discovered? 

There is a widely held view that stainless steel was discovered in 1913 by Sheffield metallurgist Harry Brearley. 

He was experimenting with different types of steel for weapons and noticed that a 13% Chromium steel had 

not corroded after several months. 
 

How many types of stainless steel are there? 

Stainless steel is usually divided into 5 types: 
 

a. Ferritic – These steels are based on Chromium with small amounts of Carbon usually less than 0.10%. 

These steels have a similar microstructure to carbon and low alloy steels. They are usually limited in use 

to relatively thin sections due to lack of toughness in welds. However, where welding is not required 

they offer a wide range of applications. They cannot be hardened by heat treatment. High Chromium 

steels with additions of Molybdenum can be used in quite aggressive conditions such as sea water. 

Ferritic steels are also chosen for their resistance to stress corrosion cracking. They are not as formable 

as austenitic stainless steels. They are magnetic. 

b. Austenitic - These steels are the most common. Their microstructure is derived from the addition of 

Nickel, Manganese and Nitrogen. It is the same structure as occurs in ordinary steels at much higher 

temperatures. This structure gives these steels their characteristic combination of weldability and 

formability. Corrosion resistance can be enhanced by adding Chromium, Molybdenum and Nitrogen. 

They cannot be hardened by heat treatment but have the useful property of being able to be work 

hardened to high strength levels whilst retaining a useful level of ductility and toughness. Standard 

austenitic steels are vulnerable to stress corrosion cracking. Higher nickel austenitic steels have 

increased resistance to stress corrosion cracking. They are nominally non-magnetic but usually exhibit 

some magnetic response depending on the composition and the work hardening of the steel. 

c. Martensitic - These steels are similar to ferritic steels in being based on Chromium but have higher 

Carbon levels up as high as 1%. This allows them to be hardened and tempered much like carbon and 

low-alloy steels. They are used where high strength and moderate corrosion resistance is required. They 

are more common in long products than in sheet and plate form. They have generally low weldability 

and formability. They are magnetic. 

d. Duplex - These steels have a microstructure which is approximately 50% ferritic and 50% austenitic. This 

gives them a higher strength than either ferritic or austenitic steels. They are resistant to stress corrosion 

a ki g. “o alled lea  duple  steels a e fo ulated to ha e o pa a le o osio  esista e to 
standard austenitic steels but with enhanced strength and resistance to stress corrosion cracking. 

“upe duple  steels ha e e ha ed st e gth a d resistance to all forms of corrosion compared to 

standard austenitic steels. They are weldable but need care in selection of welding consumables and 

heat input. They have moderate formability. They are magnetic but not so much as the ferritic, 

martensitic and PH grades due to the 50% austenitic phase. 

e. Precipitation hardening (PH) - These steels can develop very high strength by adding elements such as 

Copper, Niobium and Aluminium to the steel. With a suitable agi g  heat treatment, very fine particles 

form in the matrix of the steel which imparts strength. These steels can be machined to quite intricate 
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shapes requiring good tolerances before the final aging treatment as there is minimal distortion from 

the final treatment. This is in contrast to conventional hardening and tempering in martensitic steels 

where distortion is more of a problem. Corrosion resistance is comparable to standard austenitic steels 

like 1.4301 (304). 

 

Elastic, anelastic and Viscoelastic behaviour 

What are elastic materials? 

Elasticity is the tendency of solid materials to return to their original shape after forces are applied on them. 

When the forces are removed, the object will return to its initial shape and size if the material is elastic. 

What are viscous materials? 

Vis osit  is a easu e of a fluid s esista e to flo . A fluid ith la ge is osit  esists otio . A fluid ith lo  
viscosity flows. For example, water flows more easily than syrup because it has a lower viscosity. High viscosity 

materials might include honey, syrups, or gels – generally things that resist flow. Water is a low viscosity 

material, as it flows readily. Viscous materials are thick or sticky or adhesive. Since heating reduces viscosity, 

these materials don't flow easily. For example, warm syrup flows more easily than cold. 

What is viscoelastic? 

Viscoelasticity is the property of materials that exhibit both viscous and elastic characteristics when undergoing 

deformation. Synthetic polymers, wood, and human tissue, as well as metals at high temperature, display 

significant viscoelastic effects. In some applications, even a small viscoelastic response can be significant. 

Elastic behavior versus viscoelastic behavior 

The difference between elastic materials and viscoelastic materials is that viscoelastic materials have a viscosity 

factor and the elastic ones do t. Because viscoelastic materials have the viscosity factor, they have a strain rate 

dependent on time. Purely elastic materials do not dissipate energy (heat) when a load is applied, then removed; 

however, a viscoelastic substance does. 

What are uses of a viscoelastic material? 

Viscoelastic materials are used for isolating vibration, dampening noise, and absorbing shock. They give off the 

energy absorbed as heat. 

Anelasticity 

Anelastic solids represent a subset of viscoelastic materials: they have a unique equilibrium configuration 

and ultimately recover fully after removal of a transient load. After being squeezed, they return to their original 

shape, given enough time. Transient strain is recoverable after the load or deformation is removed. The time 

scale for recovery may be very short, or it may be so long as to exceed the observer's patience or even lifetime. 

Elastic deformation is usually time independent. Upon release of the load, the elastic strain is completely 

recovered (i.e., the strain returns to zero immediately). However, in some materials, there also exists a time- 

dependent elastic-strain component and some finite time is required for complete recovery after the load has 

been released. This time-dependent elastic behavior is known as anelasticity, and it is due to time-dependent 

microscopic and atomistic processes that are attendant to the deformation. 

Anelasticity has been observed in polymers, metallic alloys, polycrystalline ceramics, and bulk metallic glasses. 

The underlying mechanisms of the anelasticity in different materials are different. For example, phase 

transformations, reversible motion of twins, grain reorientation, and cooperative motion of many atoms at 

grain boundaries are the dominant mechanisms for the anelasticity in Cu–Al–Ni alloys, In–Ti alloys, yttria- 

stabilized zirconia, and nanocrystalline Au, respectively. Note that none of these materials is a single crystal, 

and the polycrystalline feature of these materials is a key factor for anelasticity. 
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We hope you find these notes useful. 

You can get previous year question papers at  

https://qp.rgpvnotes.in . 
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