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• Most metals originally cast from liquid to form ingots. Many go 
through subsequent hot/cold working; 

• homogenization of composition 

• healing of defects, pores/cracks 

• recrystallisation, annealing. 

• For Final castings (i.e. to finished or semi-finished shape) the 
alloy selection is more specific: 

• high fluidity 

• lower melting points (eutectic compositions) 

• short freezing ranges 

• low shrinkage 

• strength that doesn’t rely on cold working 

• eutectic 

• solid solution strengthening 

• precipitation hardening 

• fine grain size 

Casting Alloy Systems 
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• Sand and Salt 

• Coffee and Sugar 

• Water and Alcohol 

What is a Phase? 

How many phases in each? 

• A phase is a homogenous, physically distinct and mechanically 

separable portion of the material with a given chemical 

composition and structure. 

• For solids: Chemically and structurally distinct 

• For liquids: Miscibility 

• For gases: Always 1 phase 
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Equilibrium Phase Diagram 
• Graphic mapping of material under different 

conditions assuming equilibrium has been 

attained 

• Simplest P-T diagram for fixed composition mat’l 

• 4.1 gives the P-T diagram of water 

• @1 atm: water is solid < 0° and gas > 100°  

• At normal pressure find a temperature at which 

water is liquid 

• Reduce the temperature until it becomes solid 

• At that temperature reduce pressure and at one point, the solid directly 

goes to gas, without going to liquid phase – sublimation (process is 

called as freeze drying) 

• If we have phase diagram, we can calculate the conditions required 
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Temperature Composition Diagram 
• Generally engineering processes are done at 

constant pressure (mostly atmospheric) 

• Variations will be in temperature and composition 

• 4.2 gives the temperature composition diagram 

• A and B at the ends are pure metals  

• In between is the composition percentage of B in 

A 

• Constant composition at various temperatures give the cooling curve 

• Constant temperature at various compositions give isothermal scan 

• Cooling curves are the ones that we will be interested in for various 

alloy compositions 

• Example, salt added to water, reduces the freezing point, and used 

commonly in winter 
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Solubility 
• If we move away from pure metals, we have 

one metal dispersed over the other 

• If it is partially soluble Tin and Lead shown in 

4-5 

• Three single phase regions (α - solid solution 

of Tin in Lead matrix, β = solid solution of Pb 

in Sn marix, L - liquid) 

• Three two-phase regions (α + L, β +L, α +β) 

• Solvus line separates one solid solution from 

a mixture of solid solutions.  

• The Solvus line shows limit of solubility 

• 4-6 shows copper nickel diagram, which is 

completely soluble 

Solidus line 

Liquidus line 

Freezing range 
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Solidification 

• Each temperature and composition 

gives 3 different pieces of info 

• For composition X we have above L1, 

below S3 and in between 

• For temperature t2, we have below S2 

above L2 and in between 

• At point a, the tie line runs from S2 to L2 and the solid at this 2 phase 

mixture will have composition of S2 and the liquid will have that of L2  

• For alloy X, t1 is the temperature at which first amount solid starts 

forming with chemistry of S1 

• As t reduces, more solid forms and chemistries follow the tie line point 

• At t3, the alloy is completely solidified to give a single phase alloy X 

a 
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Intermetallic Compounds 

• Suffix ic tells one of the phase is liquid 

and oid tells all phases are solid 

• Eutectic reaction – transition between 

liquid and two solid phases mixture at 

eutectic concentration – e.g. L ↔ α + β  

• A peritectic reaction - solid and liquid 

phase will form a second solid phase at 

particular t & c - e.g. L + α ↔ β 

• A Monotectic reaction - liquid phase will 

form a second liquid and solid phase at 

particular t & c - e.g. L1 ↔ L2 + α 
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Iron-Carbon Diagrams 

• Steel is an iron carbon compound and of 

great engineering importance 

• Fe3C is used which caps C at 6.67 % 

• Pure iron forms delta ferrite at 1394° 

upon cooling which has BCC structure – 

not much engineering importance  

• 1394-912° FCC structure, austenite -  

good formability & good solubility of C 

• Austenite is used for hot forming because it is highly ductile 

• Below 912° ferrite or alpha-ferrite is formed (more stable BCC). But 

cannot take more than .02% of C without forming 2 phase structure 

• Below 770° (curie point) changes from non-magnetic to magnetic. No 

phase change, so not seen 
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Iron-Carbon Diagrams 

• 4th single phase is Fe3C iron carbide 

• Also called as cementite - quite hard 

and brittle 

• Exact mp of Fe3C is unknown and 

hence the liquidus line is not clear at 

high c % 

• 3 distinct phase reactions @ 1495° 

peritectic reaction for low C alloys 

• High temperature and single phase 

austenite below it, no significance 

• @ 1148° Eutectic reaction with 4.3% carbon. All alloys having more 

than 2.11% C go thro eutectic reaction and are called Cast Iron 

• @ 727° we have the eutectoid reaction of 0.77%C. all alloys with less 

than 2.11%C go though 2 phase mixture upon cooling (AKA steels) 
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Cast Iron  

• Iron with more than 2.11% C is cast Iron, 

excellent fluidity, inexpensive and easy to 

cast. Lot of applications 

• Generally contain significant silicon% 

• Typical values are 2-4% C, 0.5 – 3% Si 

less than 1% mn, less than 0.2% S 

• Adding Si  promotes graphite formation 

and 2 distinct stages of eutectics  

• Ferrite + Austenite & Ferrite + Graphite 

• Different cast irons (various composition) 

• Gray Cast Iron 

• White Cast Iron 

• Ductile Iron 

• Malleable Iron 
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• Optical micrographs of various 
cast irons.  

(a) Gray iron: the dark graphite 
flakes are embedded in an -
ferrite matrix. 500x.  

(b) Nodular (ductile) iron: the dark 
graphite nodules are surrounded 
by an -ferrite matrix. 200x.  

(c) White iron: the light cementite 
regions are surrounded by 
pearlite, which has the ferrite-
cementite layered structure. 
400x.   

(d) Malleable iron: dark graphite 
rosettes (temper carbon) in an  -
ferrite matrix. l50x.  

Cast Iron  
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• 2.5 - 4% C; 1 – 3% Si; 0.4 – 1% mn; Least expensive and promote 

graphite formation. Large 3d graphite flakes 

• Common in high carbon equivalent irons and heavy-section castings 

• Desirable properties such as damping capacity, dimensional stability, 

resistance to thermal shock, and ease of machining.  

• Higher tensile strength and modulus of elasticity values 

• Smooth machined surfaces are obtainable with irons having small flakes 

which are promoted by low carbon equivalents and faster cooling rates 

• Sold in class (increasing strength) 

Grey Cast Iron  
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Grey Cast Iron  

• Refinement and stabilization of structures result in an increase in 

hardness, tensile strength, and wear resistance.  

• In addition to composition (particularly carbon equivalent) and section 

size, factors such as alloy additions, heat treatment, thermal properties 

of the mold, and casting geometry affect the microstructure and 

therefore the properties of the iron.  
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Grey Cast Iron  
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White Cast Iron  

• 1.8 – 3.6% C; 0.5 – 1.9% Si; 0.25 – 0.8% mn; Carbon content is from 

Fe3C. Promotes cementite instead of graphite and rapid cooling 

• Hard and brittle, used in application where abrasion resistance is needed 
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Ni-Cr White Cast Iron  

• Low cost, Ni-Cr white irons are consumed in large 

tonnages in mining operations as grinding balls.  

• Class I type A castings are used in applications 

requiring maximum abrasion resistance, such as 

ash pipes, slurry pumps, roll heads, muller tires, 

augers, coke-crusher segments, classifier shoes, 

brick molds, pipe elbows carrying abrasive 

slurries.  

• Type B is recommended for applications requiring 

more strength and exerting moderate impact, 

such as crusher plates, crusher concaves, and 

pulverizer pegs.  
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• Class I type D, (Ni-Hard type 4), has a higher level of strength 

and toughness and is therefore used for the more severe 

applications that justify its added alloy costs. It is commonly used 

for pump volutes handling abrasive slurries and coal pulverizer 

table segments and tires.  

• The class I type C alloy (Ni-Hard 3) is specifically designed for 

the production of grinding balls. This grade is both sand cast and 

chill cast. Chill casting has the advantage of lower alloy cost, 

and, more important, provides a 15 to 30% improvement in life. 

All grinding balls require tempering for 8 h at 260 to 315°C (500 

to 600°F) to develop adequate impact toughness. 

Ni-Cr White Cast Iron  
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• Applications of High Cr White Cast Irons 

• The high-chromium white irons are superior in abrasion 

resistance and are used effectively in impellers and volutes 

in slurry pumps, classifier wear shoes, brick molds, impeller 

blades and liners for shot blasting equipment, and refiner 

disks in pulp refiners.  

• In many applications they withstand heavy impact loading, 

such as from impact hammers, roller segments and ring 

segments in coal-grinding mills, feed-end lifter bars and mill 

liners in ball mills for hard- rock mining, pulverizer rolls, and 

rolling mill rolls. 

High Cr White Cast Iron  
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• Ductile iron replace gray iron 

because of its superior 

properties  

• Examples - crankshafts, piston 

rings, exhaust manifolds, and 

cylinder liners.  

• ductile iron provides increased 

strength and reduces weight  

• In agricultural and earth-moving 

applications, brackets, 

couplings, rollers, hydraulic 

valves, sprocket wheels, and 

track components of improved 

strength and toughness are 

made of ductile iron.  

Ductile Iron  
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• General engineering applications include hydraulic cylinders, 

mandrels, machine frames, switch gear , rolling mill rolls, tunnel 

segments, low-cost rolls, bar stock, rubber molds, street furniture 

such as covers and frames, and railway rail- clip supports. For these 

applications, ductile iron has provided increased performance or 

weight savings.  

• Ductile iron gears have performed well in noncritical engineering and 

agricultural applications, but austempered (heat treatment) ductile 

iron offers a combination of strength, fatigue properties, and wear 

resistance that makes it of great interest for heavy engineering and 

automotive gears-applications  

• However, many new engineering components are likely to be 

amenable to design with ductile iron 

Ductile Iron  



23 Lecture 5 

Ductile Iron  
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• Malleable Iron is a cast metal produced 

as white cast iron and heat treated to 

convert the carbon-containing phase 

from Fe3C to a nodular form of graphite 

called temper carbon.  

Malleable Iron  

• There are two types of ferritic malleable iron: blackheart and 

whiteheart. Only the blackheart type is produced in the United 

States. This material has a matrix of ferrite with interspersed nodules 

of temper carbon.  

• Malleable iron, like ductile iron, possesses considerable ductility and 

toughness because of its combination of nodular graphite and low-

carbon metallic matrix. Because of the way in which graphite is 

formed in malleable iron, however, the nodules are not truly spherical 

as they are in ductile iron but are irregularly shaped aggregates.  
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• Malleable iron and ductile iron are used for some of the same 

applications in which ductility and toughness are important. In many 

cases, the choice between malleable and ductile iron is based on 

economy or availability rather than on properties. In certain applications, 

however, malleable iron has a distinct advantage. It is preferred for thin-

section castings; for parts that are to be pierced, coined, or cold formed; 

for parts requiring maximum machinability; for parts that must retain 

good impact resistance at low temperatures; and for some parts 

requiring wear resistance (martensitic malleable iron only).  

• Ductile iron has a clear advantage where low solidification shrinkage is 

needed to avoid hot tears or where the section is too thick to permit 

solidification as white iron. (Solidification as white iron throughout a 

section is essential to the production of malleable iron.) Malleable iron 

castings are produced in section thicknesses ranging from about 1.5 to 

100 mm and in weights from less than 0.03 to 180 kg or more.  

Malleable Iron  
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Malleable Iron  
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• The requirement that any iron produced for conversion to malleable 

iron must solidify white places definite section thickness limitations on 

the malleable iron industry .  

• High-production foundries are usually reluctant to produce castings 

more than about 40 mm thick. Some foundries, however, routinely 

produce castings as thick as 100 mm (4 in.).  

• Automotive and associated applications of ferritic and pearlitic 

malleable irons include many essential parts in vehicle power trains, 

frames, suspensions, and wheels.  

• Ferritic and pearlitic malleable irons are also used in the railroad 

industry and in agricultural equipment.  

Malleable Iron  
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• Malleable iron castings 

are often selected 

because the material 

has excellent 

machinability in addition 

to significant ductility.  

• In other applications, 

malleable iron is chosen 

because it combines 

castability with good 

toughness and 

machinability.  

• Malleable iron is often 

chosen because of 

shock resistance alone. 

Malleable Iron  
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Plain Carbon Steels  Low carbon ( 0.20%C)     

( 1%Mn) Medium Carbon (0.2 – 0.5%C) 

  High Carbon ( 0.5%C) 

• Two methods of identifying grades of cast steels are extensively used in 

the United States. AISI designations for wrought steels are examples of 

the first method -first two digits indicate the alloy type, and the second 

two digits represent the carbon content. For example, a 1010 steel 

represents a carbon steel with 0.10% C, while a 1320 steel represents a 

manganese steel with 0.20% C. This system does not include 

mechanical properties or heat treatment. Accordingly, a cast 1040 steel 

(0.40% C) can exhibit a yield strength of 330 MPa (48 ksi) or of 496 MPa 

(72 ksi), depending on the choice of heat treatment.  

Steel Castings           a 
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• In the second method, letters and numbers are arbitrarily assigned to 

steels with well-defined compositions, which index the heat treatment 

as well as the mechanical properties. There are usually many steel 

grade designations that represent a single type of steel. For example, 

there are four ASTM specifications that together include 16 grades of 

chromium-molybdenum steels. These 16 grades, however, are made 

up of only three different steels. Although such a system may appear 

confusing because of the redundancy of designations, the system does 

offer the advantage of characterizing the cast steel end product as 

thoroughly as is needed for its end use.  

Steel Castings 

Plain Carbon Steels  Low carbon ( 0.20%C)     

( 1%Mn) Medium Carbon (0.2 – 0.5%C) 

  High Carbon ( 0.5%C) 
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• Low-carbon cast steels (less than 0.20% C) are mainly produced for 

electrical and magnetic equipment and are normally given a full anneal 

heat treatment.  

• Some castings for the railroad industry are produced from low-carbon 

cast steel. Castings for the automotive industry are also produced 

from this class of steel, as are annealing boxes and hot metal ladles.  

• Steel castings in this class are also produced for case carburizing, by 

which process the castings are given a hard wear-resistant exterior 

and a tough, ductile core.  

• The magnetic properties of cast low-carbon steels make them useful 

in the manufacture of electrical equipment.  

Steel Castings 
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• The medium-carbon cast steels (0.20 to 

0.50%C) represents bulk of steel 

casting production. Mostly heat treated 

by normalizing, which consists of 

cooling the castings in air from 

approximately 50°C above the upper 

critical temperature. A stress-relief 

treatment can be used to relieve 

stresses set up in the casting by cooling 

conditions or welding operations and to 

soften the HAZ resulting from welding. 

Steel Castings 
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• used in a wide variety of ways, 

including applications in the 

railroad and other transportation 

industries, machinery and tools, 

equipment for rolling mills, mining 

and construction equipment, and 

many other miscellaneous 

applications.  
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• High-Carbon Cast Steels. (more than 0.50% C) Because of their high 

carbon contents, these grades are the most hardenable of the plain 

carbon cast steels. They are therefore used in applications that require 

relatively high strength levels. 

Steel Castings 

• In addition to Plain carbon steels, there 

are steels with alloying elements 

• Low Alloy Steels (< 8% alloying elements) 

• High–Alloy Steel Castings   (including stainless steel castings) 

• Widely used for corrosion resistance, and for high temperature service in 

hot gases, liquids. 
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Steel Castings 



35 Lecture 5 

Steel Castings 
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• 1xx.x:  Controlled unalloyed compositions  

• 2xx.x:  Al alloys containing copper as the major alloying element  

• 3xx.x:  Al-Si alloys also containing magnesium and/or copper  

• 4xx.x:  Binary Al-Si alloys . 

• 5xx.x:  Al alloys containing magnesium as major alloying element  

• 6xx.x:  Currently unused  

• 7xx.x:  Al alloys containing zinc as the major alloying element, 

 usually also containing additions of either copper, 

 magnesium, chromium, manganese, or combinations of 

 these elements  

• 8xx.x:  Al alloys containing tin as the major alloying element  

• 9xx.x:  Currently unused  

Aluminum and Aluminum Alloys 
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Aluminum and Aluminum Alloys 
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Aluminum and Aluminum Alloys 
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Aluminum and Aluminum Alloys 
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Aluminum and Aluminum Alloys 
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Aluminum and Aluminum Alloys 
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• Group I alloys – that have a narrow freezing range of 50°C  

• Group II alloys – that have intermediate freezing range of 50 – 110°C 

between the liquidus and the solidus.  

• Group III alloys –that have wide freezing range over 110°C up to 170°C.  

Copper and Copper Alloys 
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Copper and Copper Alloys 
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• Plumbing hardware, pump parts, and valves and fittings – usually 

red and semi-red brasses. C83300 to C84800.  

• Bearings and bushings – Usually phosphor bronzes, Copper-tin-

lead, Manganese, silicon, and aluminum bronzes. 

• Gears – Tin bronzes, nickel-tin bronzes. C90700, C90800, C91600, 

C91700, C92900. 

• Marine castings – Copper-nickels (high strength) C96200, C96400; 

Bronzes. 

• Electrical components -  Pure copper, beryllium-copper, leaded red 

brasses, bronzes. 

• Architectural and ornamental parts -  Bronze C87200, Yellow, and 

leaded yellow brasses. 

Copper and Copper Alloys 
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Copper and Copper Alloys 
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Zinc and Zinc Alloys 



48 Lecture 5 

• Applications for Zinc Die Castings  

• The automotive industry is the largest user of zinc die castings: 

carburetor bodies, bodies for fuel pumps, windshield wiper parts, 

control panels, grilles, horns, and parts for hydraulic brakes. Structural 

and decorative zinc alloy castings include grilles for radios and 

radiators, lamp and instrument bezels, steering wheel hubs, interior 

and exterior hardware, instrument panels, and body moldings.  

• Also: electrical, electronic, and appliance industries, business 

machines and other light machines of all types (including beverage 

vending machines, and tools. Building hardware, padlocks, and toys 

and novelties are major areas of application for zinc die castings. 

Zinc and Zinc Alloys 
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• Other Casting Processes for Zinc Alloys  

• Sand Casting. The ZA alloys, especially ZA-12 and ZA-27, are being 

increasingly used in gravity sand casting operations. The use of chills 

or patterns that promote directional solidification is recommended.  

• Permanent mold casting is done using both metallic and machined 

graphite molds. Cast iron or steel is most commonly used for metallic 

permanent molds. The use of graphite molds permits as-cast 

tolerances similar to those obtained in die casting. Machining time is 

reduced or eliminated, making the graphite process attractive for 

intermediate production volumes (500 to 20 000 parts per year).  

• Squeeze casting  - employed to cast MMCs with ZA alloy matrices and 

SiC or alumina fibres. 

Zinc and Zinc Alloys 
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• Consider the 3 alloys AZ91A, AZ91B, & AZ91C.  

Magnesium and Magnesium Alloys 

• 1 indicates that the rounded mean of zi is 0.6 - 1.4 % 

• Final letter A in the first example indicates that this is the first alloy whose 

composition qualified assignment of the designation AZ91  

• B and C in other examples signify alloys subsequently developed whose 

specified compositions differ slightly from the first and from one another 

but do not differ sufficiently to effect a change in the basic designation. 

• A represents Al, the greatest 

alloying element present 

• Z represents Zi, second 

greatest alloying element 

• 9 indicates that the rounded 

mean of al is 8.6 - 9.4 % 
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Magnesium and Magnesium Alloys 



52 Lecture 5 

• General Applications  

• The most important feature of magnesium castings is their light weight.  

• Magnesium castings have found considerable use since World War II in 

aircraft and aerospace applications 

• Due to general requirement for lighter weight automobiles to conserve 

energy, there has been a growing use of magnesium as die castings  

• Magnesium has other important casting advantages over other metals:  

• It is an abundantly available metal  

• It is easier to machine than aluminum.  

• It can be machined much faster than aluminum, preferably dry  

Magnesium and Magnesium Alloys 
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• In die casting, MG can be cast up to four times faster than aluminum. 

Die lives are considerably longer  

• Modern casting methods and the application of protective coatings 

currently available ensure long life for well-designed components.  

• Able to produce complex parts having thin-wall sections. The end 

product has a high degree of stability as well as being light in weight. 

• Mg castings of all types have found use in many applications, where 

their lightness and rigidity are required, such as for chain saw bodies, 

computer components, camera bodies, and certain portable tools. 

Magnesium alloy sand castings are used extensively for aerospace 

components. 

Magnesium and Magnesium Alloys 
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• The term castings considered inferior to wrought products.  

• This is not true with titanium cast parts.  

• They are comparable to wrought products in all respects and superior 

• crack propagation and creep resistance can be superior  

• So, titanium castings can reliably replace forged/machined parts 

• Allotropic phase transformation at 705 to 1040°C, which is well 

below the solidification temperature of the alloys.  

• As a result, the cast dendritic structure is wiped out during the 

solid state cooling stage  

Titanium and Titanium Alloys 
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• Product Applications  

• since 1960s, used in corrosion-resistant service in pump and valve parts 

• Aerospace use of castings in the early 1970s for aircraft brake torque 

tubes, missile wings, and hot gas nozzles.  

• As the more precise investment casting technology developed and the 

commercial use of HIP became a reality in the mid-1970s, titanium casting 

applications quickly expanded into critical airframe and gas turbine engine 

components.  

Titanium and Titanium Alloys 
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• Today, titanium cast parts are routinely produced for critical structural 

applications such as space shuttle attachment fittings, complex airframe 

structures, engine mounts, compressor cases and frames of many types, 

missile bodies and wings, and hydraulic housings.  

• Titanium castings are used for framework for very sensitive optical 

equipment due to their stiffness and the compatibility of the coefficient of 

thermal expansion of titanium with that of glass.  

• Applications evolving for engine airfoil shapes include individual vanes 

and integral vane rings for stators, as well as a few rotating parts that 

would otherwise be made from wrought product.  

• Growth will continue as users seek to take advantage of the flexibility of 

design inherent in the investment casting process and the improvement in 

economics of net and near-net shapes.  

Titanium and Titanium Alloys 


